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1. INTRODUCTION

Unimolecular electronics (UME) narrowly defined (sensu
stricto),1 or molecular-scale electronics,” is the study of electrical
processes measured or controlled on a molecular scale.' UME
also includes the study of monolayers, when single molecules
conduct independently of their neighbors. In contrast, molecular
electronics loosely defined (sensu lato)," or molecule-based
electronics (MBE) or organic electronics,2 encompasses
electrical processes in molecular assemblies of any scale,
including crystals and conducting polymers. MBE grew from
the study of organic metals and superconductors,” as well as of
conducting polymers,”> and is “maturing” in organic light-
emitting devices ( OLEDs)®™® and “emerging” in organic
photovoltaics.” The status of UME was reviewed by this author
in 2003'° and also in 2012,"" but recent progress has prompted
the present update.

UME holds promise in that electronic components at the 2 nm
scale would present potential technological solutions for denser
and faster circuitry and computing. UME was first discussed in
the United States Defense Department as a potentially promising
subject in the late 1950s; it was presaged, albeit indirectly, by
Richard P. Feynman’s visionary comments (“there is plenty of
room at the bottom”).'> UME started in earnest in 1974, when
Ari Aviram and Mark A. Ratner (AR) proposed electrical
rectification, or diode behavior, by a single molecule with suitable
electronic asymmetry."® Unimolecular rectification has now been
confirmed experimentally, and new insights have been made into
the interface between metal electrodes and molecules. UME was
popularized by several conferences chaired by the late Forrest L.
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Carter in 1981, 1982, and 198576 that gathered seminal ideas
but also some exaggerated hype, as well as by conferences
organized by Aviram'’~*° or inspired by him.*'

Researchers in intramolecular electron transfer and in artificial
photosynthetic systems had been studying electron transfer
within large molecules. In the 1950s and 1960s, Henry Taube
proved that electron transfer across an organic bridge between
two dissimilar metal ions occurs more slowly across aliphatic
bridges than across conjugated aromatic bridges.”” Intra-
molecular electron transfer (adiabatic or nonadiabatic, by direct
exchange or by superexchange) has been put under the
theoretical microscope, because of the pioneering work by
Willard F. Libby,23 Rudolph A. Marcus,>* Noel S. Hush,™
Harden M. McConnell,26 and others.”’

Since the mid-1990s, UME was rekindled by many direct
measurements of the electronic behavior of single molecules, of
Langmuir—Blodgett (LB) monolayers of molecules,*®* or of
self-assembled monolayers (SAMs)**~** (typically, thiols on
gold). Finally, we can “touch” molecules and measure their
individual electrical behavior! We can touch a single molecule by
a scanning tunneling microscopy (STM) tip or by a conducting-
tip atomic force microscopy (C-AFM) tip, between two Au tips,
or a monolayer by making electrical contacts to sandwiches of
organic monolayers placed between superthin inorganic metal
pads (with areas from 1 ym® to 1 cm®). We can measure the
current versus voltage (IV) characteristics either of a single
molecule, of a monolayer of molecules, or of many layers, either
locally, by scanning tunneling spectroscopy (STS), or as a
macroscopic average, over a pad.

UME could become an alternate vehicle for technologically
useful active electronic devices. There are concerns about how
much smaller silicon-based integrated circuits can be shrunk to
make electronic components closer and, therefore, the speed of
computing faster. Gordon E. Moore found in 1965 that the
computing power doubled every two years:** this empirical rule
of thumb, driven by commercial interests and technological
innovation, held unabated until about 2008. Indeed, as the
“design rules” (DR) for integrated circuits (ie., the smallest
distance between adjacent components) get smaller and smaller,
the circuit clock cycles (CC) can become shorter and shorter.>*
Intel Corp. is now building a 28-nm DR (14-nm half-pitch)
fabrication laboratory in Arizona at a cost of $5B. This shrinkage
cannot go on forever. Quantum tunneling and heat (phonon
release in Si) have become serious problems; at present CC is
limited commercially to 3 GHz. Electronic excited states in Si can
only decay by phonons; in contrast, molecules can also decay
from excited states by photon emission and may present a
realistic advantage. Breakthrough advances in silicon-based
electronics may become a moving target for UME. However, it
is fun to try to be both successful and maybe useful.

Several monographs with “molecular electronics” in their title
have appeared,® * and symposia and topical issues of journals
have been dedicated to the subject. Many review articles have
appeared. ¥~

UME may seem to be a perennial adolescent, trying to grow
up! A recent summary agrees with this “adolescence” view-
point;80 several suggestions have been made for future
progress.”"7>*® We should always remember Yogi Berra’s
dictum, “It is very difficult to make predictions, especially
about the future.”

This review summarizes experiments and theories from several
convergent research fields that bear upon the molecule/metal
interface, discusses the present status and future prospect of one-
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molecule electronic devices, and connects several constituencies
interested in closely related problems: (i) the photoelectron
spectroscopy community, (ii) the scanned probe, (iii) the
mechanical break junction community, (iv) some theoretical
chemists who seem insulated from the richness of physical
phenomena being unraveled, (v) some physicists who seem
unaware of certain profound insights of physical organic
chemistry, (vi) aficionados of spintronics, and (vii) some
semiconductor engineers who still remain skeptical of UME.

Incidentally, chemists tend to use the term “electron transfer”,
while physicists prefer “electron transport”. The former may refer
to coherent unistep hopping, while the latter may refer to
incoherent multistep hopping;54 in the present discussion, this
distinction will not be made.

2. SUMMARY OF SIGNIFICANT RESULTS

Here is a brief, subjective list of significant advances in UME:

(1) Experiments with the scanning tunneling spectroscopy
(STS) mode of the scanning tunneling microscope (STM) by
Paul S. Weiss and co-workers showed that the electrical currents
across alkanethiols and aromatic thiols bonded to a Au(111)
surface are larger when the molecules are aromatic chains than if
they are aliphatic,*"** confirming directly an earlier result by
Taube.”

(2) Two-electrode mechanical break junctions (MB]Js)
(pioneered by Moreland and Ekin** and then by Jan van
Ruitenbeek and co-workers®*) were used by Mark A. Reed and
co-workers to probe the conductance of a single 1,4-
benégnedithiol molecule covalently bound to two Au electro-
des.

(3) The two-electrode electromigration break junction (EBJ)
was developed by Paul L. McEuen, Daniel C. Ralph, Hector D.
Abrufia, and students®® to interrogate a Dbithiol-terminated
Co(II)hexapyridine complex between two Au electrodes at 0.1
K. This was labeled a single-atom transistor (an analogue to the
single-electron transistor (SET))®” but is in reality an
addressable Coulomb blockade (CB) device with zero power
gain, called an SET because a single electron can affect the
conductance.®®

(4) The STM and C-AFM were used in a two-electrode
scanning break junction (SBJ) mode pioneered by Nongjian Tao
and student® to study the conductivity of single dithiols and
diamines just before the metal—molecule bond is broken.

(5) Field-effect transistor (FET) behavior was observed by
Cees Dekker and co-workers by STM for a single-walled carbon
nanotube (SWCNT) curled over parallel Au lines, with the STM
acting as a gate electrode; the power gain was only 0.33.”° FET
behavior had been seen earlier in LB multilayers of conducting
polymers®® and in thin-film organic semiconductors, such as
sexithiophene.”>**> Any thin semiconductor can be the “active”
material in an FET!

(6) Electrical bistability was observed by James Heath and Sir
Fraser Stoddart et al. in an LB monolayer of a [3]catenane
closed-loop molecule, with a naphthalene group as one “station”
and tetrathiafulvalene as the second station, and a tetracationic
catenane hexafluorophosphate salt traveling on the catenane, like
a “train” on a closed track. The current—voltage plot is
asymmetric as a function of bias (which moves the train on the
track), and a succession of read—write cycles shows that the
resistance changes stepwise as the train(s) move from the lower-
conductivity station(s) to the higher-conductivity station(s).”*
However, its practical implementations in crossbar memory gave
disappointing results.”

DOI: 10.1021/cr500459d
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(7) The electronic bistability found by Reed et al. in SAMs of
certain substituted terphenylenes at low temperature led to
negative differential resistance (NDR) and negative resistance.”®
This effect, already known in Esaki tunnel diodes,””*® could
provide power gain in two-electrode diode logic, so that devices,
operating in NDR mode, would not need third electrodes!
However, practical implementations for these NDRs failed.

(8) Following the 1974 AR proposal,’® unimolecular
rectification across an LB monolayer of hexadecylquinolinium
tricyanoquinodimethanide was detected between Mg and Pt
electrodes by John Roy Sambles, Geoffrey J. Ashwell, and co-
workers,””'% and confirmed by Metzger and co-workers
between Al electrodes'® ~'* as well as between oxide-free Au
electrodes;'**'% however, the direction of rectification differs'’
from the AR Ansatz."

(9) The discovery of graphene by the group of Konstantin
Novoselov, André Geim, and co-workers." ©

3. CONTACTS FROM MOLECULE TO METAL AND
ENERGY LEVEL SHIFTS

How should we make electrical contact with molecules? With
metal electrodes connected to measuring instruments. But
should we really “touch” molecules with inorganic metals? If so,
which metal is best? Most recent work has used Au electrodes, Au
nanoelectrodes, template-stripped Au electrodes (Au’®),'%”'%
or atomically sharp Au tips (Au NT), drops of Hg, and drops of a
Ga—In eutectic, graphite, or doped highly degenerate Si.

Au is very malleable, and under bias, Au' and even Pt
atoms will move during electrical measurements by electro-
migration, causing either electrical short circuits or the
appearance of stalactites or stalagmites of metal atoms within
the monolayer (which drastically increase the conductivity
without shorting); this retreads metal “whiskers” research of the
1960s. Compared to Au, Pt and Pd are more expensive and
difficult to work with,"''7***

Ti is not suitable, because it interpenetrates aliphatic
monolayers.""> Al has a defect-prone ALO; covering, which
will reduce the overall current. Mg99,100,116—1 ' is very reactive to
moisture and must be protected by a noble metal layer like Ag. Is
it better to use carbon nanotubes, graphene, graphitic pyrolized
photoresist,'*" a derivatized Si surface, Hg (liquid) with its thin
oxide HgO?'* or Galn eutectic liquid (with its own thin oxide
Ga,0;), rebaptized as “EGaln”?'**~ ' Each metal electrode has
advantages and drawbacks.

Futhermore, if many molecules must be interrogated electri-
cally in paralle], then the flatness of the electrode surface becomes
an issue. Graphite and a single layer of it (“graphene”)'% are
atomically flat, as is the layered mineral MoS,; Cdl, is another
layered mineral, with only van der Waals forces between layers.
Electropolishing is a very successful commercial process of the
semiconductor industry, whereby a Si wafer to be flattened is
bombarded by a patented slurry of abrasives plus acids and ionic
solutes under an applied electric field: thus, on a 4-in. or 6-in.
diameter Si wafer, one can achieve 0.05 nm flatness. One can use
such superflat degenerate n-level or p-level Si wafers as
substrates, but there will be an oxide covering (which can be
displaced if derivatized trichlorosilanes are chemisorbed onto the
surface). As mentioned earlier, the relative flatness of Si can be
replicated on Au or Ag by depositing a 100-nm thick Au (or Ag)
film on top of a flat Si wafer; the outer Au (or Ag) surface is
bonded to a second Si wafer by an epoxide resin. Finally, the Au
or Ag film is lifted off the flat Si surface, is bonded by epoxy on the
second substrate, and exhibits the 0.05-nm flatness of template-

110
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stripped Au"S or Ag'S 107108 Sapphire, a gemstone version of

corundum, @-Al,O; with trace metal contaminants, can also be
super-polished to a flatness of <0.05 nm."?¢

To discuss the metal—organic interface, one must worry about
the work function ®@j of the metal, defined as the energy required
to pull an electron out of the metal and move it in vacuum to an
infinite distance away: the latter is the vacuum level. The @y
values for inorganic metals do depend (by 0.1—0.2 eV) on the
Miller indices of the exposed crystal face.

In a bulk inorganic metal the Fermi level Ep(metal) (or
Egermi(metal)) is placed at the topmost filled (at 0 K) or half-filled
(at finite T) energy level within the metal conduction band. The
energy difference between the vacuum level at infinity (VL-
(m,00)) and Eg(metal) is the work function ®j. At 0 K the Fermi
level is called the Fermi energy Eg. Inside a bulk semiconductor
the Fermi level Ep(semiconductor) is really a statistical
concept;'*” it is traditionally placed halfway between the top of
the (filled) valence band (VB) and the bottom of the (unfilled)
conduction band (CB).

A molecule has, inter alia, a highest occupied molecular orbital
(HOMO) and a lowest unoccupied molecular orbital (LUMO);
when it is accosted to another molecule or to a metal, it is best to
refer to the shifted HOMO as the donor level (DL) and to the
shifted LUMO as the affinity level (AL).% If there are enough
molecules present (how many?), then HOMOs are very closely
spaced and merge into a VB; similarly, LUMOs are also closely
spaced and merge into a CB. The energy difference between the
bottom of the conduction band and the top of the valence band is
defined as the band gap E.

At finite temperature the high-energy tail of the Fermi—Dirac
distribution accumulates electrons at the inner surface (Faraday’s
law) and gegenions (holes) probably about 1 nm within the
metal. This creates a relatively small positive energy barrer A,
and a static electric dipole moment y;; both A}, and y; will
depend strongly on absolute temperature T but only weakly on
which metal it is. Typically, A, is of the order of fractions of an eV
and vanishes at 0 K.

The donor level and the affinity level are also broadened by
approximately Gaussian envelopes associated with the vibronic
sublevels of the HOMO and LUMO. For “floppy” molecules
these envelopes are broader; for very rigid molecules (e.g,
tetrapyrroles, phthalocyanines, fullerenes, or polyacenes), the
envelopes are much narrower (e.g, Soret bands). When we
accost a single molecule, an organic monolayer, or a bulk organic
semiconductor to an inorganic metal (some organic metals do
exist),> then two possible levels of interaction exist: zero
interaction and significant interaction (Figure 1).

For zero interaction, the Schottky—Mott rule-of-thumb'*®
(named after Walter Schottky'**'*° and Sir Nevill F. Mott)
states that, if there is zero or negligible interaction between the
metal and the molecule(s), then a vacuum level alignment
occurs: the vacuum level remains constant over both molecule(s)
and metal (this zero interaction case is not shown in Figure 1).

When, instead, there are significant metal—-molecule inter-
actions, then a fairly large vacuum level shift will form (also called
dipolar stabilization energy) A, (e.g., VL(m,00) versus VL(org)
in Figure 1), which is negative, and with it, a second static electric
dipole y, will form within a diffusion region W (ca. 20 nm wide);
all this is known as the Schottky barrier."*" A, is typically of the
order of 1-2 eV. At thermodynamic equilibrium,
Ep(semiconductor) must move to match Eg(metal): the
chemical potential or partial molar Gibbs free energy becomes
equal across the interface (dotted line in Figure 1). For an

DOI: 10.1021/cr500459d
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A, =VL(m,s)-VL(m,)=difference between vacuum levels at the metal surface
(due to tailing of Fermi-Dirac distribution at finite temperature), and at « distance ;
A,=VL(m,s)-VL(org) (due to polarization charges + image charges). For A=A;+A,,

an overall induced interfacial dipole moment p is formed

VL(m A, «-VL(m,s)
A EA (solid)
_(*J—*_ 0 Frsoo] s
Conduction AT =
band ] °
(for solid i |EA (gas-phase)
semiconductor) LUMO (qas-phase)
Dg ‘ Pel
Valence band D
(for solid . IR — P
semiconductor)| *, [Ba] Affinity ev:e:l tleve (gas-
e phase
E Polarization
,,,,,,,, o FEee] [oagesiel | |
® 0O u ( :h o) .
------- = XM (phypicy) : -
g @ < ! ' IP (solid
Org8lwady () @) L]
L) 1@9lIBp Donor level =
(s 5@8 i ¢_lhole transport level
HO) CN
Y e | I el 2
Image i
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charges : W For monolayer semiconductor:
if ASO ! =20 {|pand bending = 0; diffusion layer W= 0;
DM §| valence & conduction bands are very
i narrow; but
<] i polarization energies P # 0, Py, 20
_ J
Metal

Semiconductor

Figure 1. Depiction of a junction formed between (left) a metal and
(right) a molecule, a monolayer, or a bulk organic semiconductor.

organic or inorganic semiconductor, this equalization can be
achieved by band bending with space-charge formation,"*” i.e.,
local imbalance of electrical charge inside the bulk semi-
conductor, matched by more image charges formed within the
metal. In this equalization, all the semiconductor energy bands
move uniformly upward (see the arcs inclined upward in the
diffusion region W of Figure 1). Experiments are usually
discussed in terms of a sinsgle overall A = A; + A, and a single
overall u = p, + "> "*° and in terms of a decrease A in the
work function measured at the outer surface of an organic adlayer
(O — A); in some cases A is negative.

Both alkylthiolates and partially fluorinated alkylthiolates on
Au(111) are tilted ca. 30° from the normal to the surface.*® The
Au—S bond is calculated to be nearly apolar (despite the “polar?”
entry in Table 2);'*” the experiment agrees with a low polarity for
the Au—S bond."*®

Experimental results for the shift (decrease) A in work
function due to a SAM adlayer are A = 1.01 (n=2) to 1.35eV (n
15) for alkanethiolates CH;(CH,),SH of different chain
lengths 7 on Au(111)"*° (the work function decreases), but A =
0.12 (n =13, m = 0) to —0.46 eV (n = 15, m = 9) for partially
fluorinated alkylthiolates CF5(CF,),,(CH,),_,,SH on Au(111);
the effective work function increases with fluorinated adlayers.'*®
Similarly, measured shifts are A = 0.8 eV for Au hexadecane-
thiolate’® but A = —0.6 for Au 1H,1H,2H,2H-perfluorodeca-
nethiolate."* They are A = 1.2 and 1.3 eV for Au dodecylamine
and for Au hexadecylamine, respectively.'*’

Theoretical results are y; (along normal axis) = 2.1 to 2.3 D
for alkylthiolates on Au(111), with the moment in the direction
shown in Figure 1 (positive end in the hydrocarbon, negative end
in Au)"*® but 4, = —0.7 to —1.8 D (opposite polarity) for
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partially fluorinated alkylthiolates on Au(111)."*® Calculated
shifts are A = 1.44 (n=0) and 1.32 eV (n = 1) for alkanethiolates
CH,(CH,),SH on Au(111),"*” =0.72 (n = 0, m = 0) and —1.02
eV (n =1, m = 0) for partially fluorinated alkylthiolates on
Au(111),"” A = 1.44 eV for Au methylthiolate and 1.32 eV for
Au ethylthiolate, but (note the change in sign) —0.72 for Au
trifluoromethylthiolate and —1.02 for Au 1,1,1-trifluoroethylth-
iolate."*!

For an organic semiconductor with large intramolecular
energies and small intermolecular energies, the discussion thus
shifts to polarization energies (due to polarizable molecules),
which work in two mutually opposite directions.'** Indeed,
polarization will raise the energy from the HOMO (with vertical
ionization energy Ip(gas-phase)) to the donor level (or hole
transport level) by a polarization energy for holes Py, so that the
top of the VB is at an energy IP(solid) = IP(gas-phase) — P,
below the vacuum level.

In contrast, polarization will lower the energy from the LUMO
(with vertical electron affinity A,(gas-phase)) to the affinity level
(or electron transport level) by a polarization energy for
electrons P, so that the affinity level is at an energy A, (solid)
= A,(gas-phase) — P, below the vacuum level: thus, polarization
acts in opposite directions for the VB and the CB of an organic
semiconductor.

As a special case, a single molecule does not have the energy
bands of a bulk semiconductor. Therefore, no band bending can
occur for a single molecule; ™% rather, two effects exist for
that molecule. First, the Schottky barrier will form, shifting the
donor level and the affinity level uniformly upward (or
downward) in energy to match the Eg(metal) and will also
distort the molecular orbital amplitudes in the immediate
proximity of the metal surface to accommodate the formation of
the interface dipole u,. Second, the molecule-to-molecule
polarizability will shift the donor level and affinity levels toward
each other."?

Other contributions to A, are (i) formal electron transfer
between the metal and the organic layer; (ii) the reorientation of
any permanent dipoles that may already exist within the organic
layer; and (iii) the compression of the tail of the metallic electron
density reaching outside the metal surface (push-back or pillow
effect: the adsorbate wave functions are mixed with the metal
wave functions).'*147

If the polarization becomes very large, then a “compression” of
the donor level and the affinity level toward each other occurs.'*!
If the polarization becomes even larger, then the donor level (or
the affinity level) also becomes pinned to the Fermi energy of the
relevant electrode.'*® This can be verified when chemical
modifications of the molecule, which will shift the molecular
HOMO or LUMO energies considerably, do not affect the
electron transport across the barrier: the donor or affinity levels
are as if glued (pinned) to the Fermi level of the metal
electrode."**'*

Figure 1 also shows, in red, the direction of the induced dipole
moment vector g formed by the polarization charges within the
molecule and the corresponding image charges in the metal. Alas,
the vector g can be oriented in two opposite ways: physicists
orient ¢ from negative to positive charges, while the chemists,
following Linus Pauling, orient g with the arrow tail starting from
the positive charges and the arrowhead toward the negative
charges.

The left part of Table 1 provides experimentally estimated
polarization energies for holes Py, and for electrons P, (they are
between 1 and 2 eV) for electron donor (D) molecules 1—11 and

DOI: 10.1021/cr500459d
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Table 1. Vertical Gas-Phase Ionization Potentials I, and Electron Affinities A,, Measured by Direct and Inverse Photoelectron

Spectroscopy, Respectively™? <>

molecule crystal In(g) In(c) Py, Ax(g) Ax(c) Py Dy E\ /2,00 Ei/ared
benzene (1) self 9.244 7.58° 1.6° —1.15¢ 04" LS 230" —3.42
-0.72
naphthalene (2) self 8.12°¢ 6.4¢ 1.7¢ 0.15 -2.5V
anthracene (3) 7.4 577 165 0.58" 1.09¢ -1.96¢
pentacene (4) self 6.64 5ot 163" 1.35 -1.30/
Au 6.58° 5.1k 1.5* 137 2.8*
pyrene (5) 7.37° 5.8° 1.6° 0.56 116 -2.10/
741! 0.39™ 0.58"
0.406°
perylene (6) self 6.90° 52° 1.7¢ 0.97 -1.67
Au 0.973%
0.9931
Pc (7) self 6.41" 5.20° 121 —0.66
CuPc (8a) self 6.38" 5.00° 1.38 3.4F —0.54"
C flat 6.38" 5.15% 123 43" 265" —1.65
4.82%
Au/up 4.75% —0.54
self 5.4
ZnPc (8b) self 7.37" 5.28* 2.09 3.34* —0.89"
MgPc (8c) self 4.96° -0.91°
Cu—F(Pc (8d) C flat 5.65"
Au/up 6.50%
Au 6.3* 4.5*
TMPD (9) 6.2 0.10°
6.84°¢
TTF (10) self 6.83°° 5.0° 1.8 0.35%¢
self 6.4°¢ 5.0¢ 1.4¢
BEDT-TTEF (11) 6.7% 0.54%¢
1,4-benzoquinone 9.9974 191 —0.48%
9,10-anthraquinone ~~ self 934% 700" 234 1.59%¢ 277" 12 121 -098Y
chloranil (12) self 9.74° 8.1° 1.6° 0.01°%
TCNQ (13a) self 9.5° 7.4° 2.1¢ 0.127%
Pt 9.6% 7.8* 1.8 3.39" (3.9)*° —-0.6
TCNQF,(13b) self 8.34% 0.53%
Cu (3.72)* 5.24* -15
PBI (14) 106" —136*
Alg, (15) Au 7.25% 5.80F 1.45 1.0°" 2.2F -12 035" —2.68"Y
Au 7.25% 5.70 1.55 3.25%
Cy (16) Au 7.58%  62Y 1.4 2,65 4.5 -1.9 —0.18%%
SWCNT (17) 4.8%7
graphite self 4,445 4440 44440
graphene self 4.62%¢ 4.62%¢ 4.62%¢
Au(polyxt) 5228
Au(111) 52654
Au(110) 5.207¢
Ag(polyxt) 4.3b4
Ag(111) 446"
Ag(110) 4.14%¢
Ag(100) 4.22°¢
Al 4.06—4.26
Cu 446"
Zn 433k
“Gas-phase (“g”) values for single molecules and their condensed-phase (“c”) values estimated for films either on the specified solid metal surface or

for the pure crystalline solids when “self” is listed. The superscript % means that A, was estimated from electrochemical data.'*' “Au/” means
Au(111) topped by a SAM of CgH,,SH. The chemical structures of compounds 1—17 are given in Figure 2. The polarization energy for holes is Py,
= Ip(g) — Ip(c); the polarization energy for electrons is Py = A,(g) — A,(c). Also listed are metal work functions @y as well as the solution half-
wave 0x1dat10n (Ei/5,0) and reduction (E;,,) potentials, relative to the standard calomel electrode (SCE) (or converted to this standard if so
indicated). ®The solution E, /,0x a0d E /5 .4 electrochemical values listed in Table 1 can be converted, approximately, to gas-phase I, or A4 by adding
to them two quantities: (1) the difference in solvation free energies of the neutral molecule and the anion (or cation), which is about —2 eV;**" (2)
the difference between a datum referenced to vacuum and the datum referenced to a solution reference electrode (RE), i.e., (2a) either 4.44 (+0.02

5060 DOI: 10.1021/cr500459d
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Table 1. continued

V)" or between 4.50 to 4.75 V'?” if the RE was the standard hydrogen electrode; (2b) 4.68 V'52 or 471 V'*? if the RE was the saturated calomel
electrode (SCE); (2¢) 5.24 V'** if the RE was the Ag/Ag" electrode; and (2d) S5.21 VISt if the RE was the ferrocene/ferricinium electrode. “The
older literature values for the work function of Au, affected by Hg vapor from diffusion pumps,'** quote ®,(Au) between 4.3 and 4.83 eV.'**™">?
More recent results are ~5.1 eV;'¢%1¢! 531! t0 526 eV'*? for Au(111); 5.20 eV'? for Au(llO) 5.22 eV162 for Au(100); and for polycrystalline Au
522" or 5.1 eV."*" “Ref 163. “Ref 164./Ref 165. *Ref 166. "Ref 167. "Ref 168. /Ref 151. “Ref 147. 'Ref 169. ""Ref 170. "Ref 171. “Ref 172. PRef
173. IRef 174. "Ref 175. “Ref 176. ‘Ref 177. “Ref 178. "Ref 179. *Ref 180. *Ref 181. *Ref 182. “Ref 183. ““Ref 184. “URef 185. ““Ref 186. ““Ref
187. ““Ref 188. “Ref 189. “8Ref 190. “"Ref 121. “Ref 191. “Ref 192. “kRef 193. “Ref 194. “""Ref 195. “"Ref 196. “*Ref 197. “FRef 198. “IRef
199. “"Ref 200. “*Ref 201; after subtracting 0.38 V2 from the listed value®®* vs Fc/Fct in MeCN. “"Ref 203. ““Ref 204. ““Ref 205; after subtracting
0.38 V2°? from listed Values S vs Fc/Fct in MeCN. ““Ref 206. “*Ref 207. “’Ref 208. ““Ref 209. ?*Ref 210. PPRef 152. PRef 211. P“Ref 162. P°Ref
212. Y/Ref 213. PERef 214. Y'Ref 215.

electron acceptor (A) molecules 12—17 (see Figure 1). The

reduction in the energy gap between the affinity level and the © . ~

donor level, due to nonzero Py, + P, has also been called gap

renormalization.'®® The third-last column of Table 1 lists the

work functions @y, for inorganic metals. i \ { 7
The last two columns of Table 1 list relevant electrochemical

half-wave potentials in solution for oxidation to the monocation OO

(Ey5,) and for reduction to the monoamon (Eipy), for NH N’_
molecules of interest (updating a previous list)," in particular
for strong electron donors and acceptors: such data are more

readily measured than gas-phase I, or A,.

Table 1 shows that the polarization energies are of the order of N’CH3 [ >’< j
+1 to +2 eV. The polarization shifts P,, = In(gp) — Ip(on m)
and P, = A,(gp) — Ax(on m) affect indirectly the break junction 8a: M=Cu, R=H
experiments described below. Large A values probably increase | [SISHSISJ g‘t::. M:yngﬁ:l:'
the coupling energy between metal and molecule and hence & CHs 8d: M=Cu, R=F

increase the molecular conductance: these A can estimated by
calculations of the molecule plus the metal (see below). How
should the molecules be connected to the electrode? Physisorbed
Langmuir—Blodgett (LB) (vertlcal transfer)zg’29 or Langmuir—
Shaefer (LS) (horizontal transfer)?’ monolayers are kinetically
ordered during transfer but may rearrange while seeking
thermodynamic equilibrium or when a voltage is applied. Both
LB and LS films are obtained after transfer to a solid substrate of a
Langmuir film, which was defined precisely by George L. Gaines,
Jr. (1930—1995) as an insoluble film at the gas—water interface.
The present author baptizes these films at the air—water interface
Pockels—Langmuir films, to honor both Agnes Pockels (1862—

1935) and Irving Langmuir (1881-1957), as well as to Figure 2. Electron donors and acceptors.

differentiate them from the LB or LS films formed after transfer

onto solid supports. Ordered physisorption, either by the LB***° or the LS$>'
Chemisorbed monolayers (also known as self-assembled methods, achieves a monolayer that is relatively defect-free, not

monolayers, SAMs; see Table 2) or chemisorbed single single-domain, but weakly bound.

molecules are sturdily attached by covalent bond(s) to the Orientation of the molecule, relative to a planar metal

metal electrode(s) (most often organic thiols on Au) and will substrate, affects strongly the coupling of the molecular orbitals

budge less, but SAMs have less long-range order than LB or LS of the molecule to the conduction band of the metal: for instance,

monolayers. The chemisorbed SAMs displace any adventitious for a film of the almost planar CuPc molecule, the ionization

impurities that may have physisorbed previously on the potential for the standing-up thin film is 0.40 eV greater than the

electrode, while LB and LS films merely cover them. Remember ionization potential for the lying-down film, while for the

that the Au surface is hydrophilic when freshly made but terminally fluorinated F,;CuPc I, = 6.50 is 0.85 €V higher than

develops a carbonaceous surface coatln% within 15 min of for the lying-down film, because of the opposite polarities of the

exposure to air and becomes hydrophoblc 104105217 Nolecules C—H and C—F bonds.'®

can be connected to an atomically sharp tip or to a planar surface The most studied SAMs have been reviewed recently.219

either by physisorption (small enthalpy of attachment, typically When thiols (R—SH) are chemisorbed onto Au, a homolytic
<40 kJ/mol = 0.41 eV/molecule, due to van der Waals forces) or cleavage of the S—H bond occurs, with loss of one hydrogen

by chemisorption (larger enthalpy of attachment, 40—500 kJ/ atom per thiol (presumably two H atoms then escape as a H,
mol = 0.41—5 eV/molecule) due to the formation of a covalent molecule); the R—Se radical then forms a bond to Au that is
bond or a strong ionic bond. partly covalent, forming R—S—Au, and partly ionic, forming R—
Physisorption from the vapor phase normally produces an S™ Au” (estimates of 50%—50% exist). When dithiols (R—S—S—
orientationally disordered adsorbate, and there is no control over R) or thioesters are bonded, the same R—Se radical forms. Thus,
which end of an electroactive molecule is closer to an electrode. for chemists the R—S—Au bond may be polar (but see below);
5061 DOI: 10.1021/cr500459d
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Table 2. Partial List of Molecules R—X That Either Chemisorb

or Physisorb onto Planar Substrates®*>'? (ITO = Indium-
Doped Tin Oxide; RLR = Representative Literature

Reference)
molecule R—X substrate bound species RLR
R-CN Ag, Au phgfsislor;Jed 220
polar
R-COO~/R—COOH Al 05, Fe, 03, Nj, phgfsisorbed 221,
ITO polar) 222
R—-COO-00C-R Si(111):H, physisorbed 223
Si(100):H polar)
R—CH=CH, Si R— 224
R-C=CH Si(111):H R-C=C— 225
R—-C;HN Au physisorbed 89
R-NH, FeS, physisorbed 226
Au physisorbed 227
R-NC Pt phersisorbed 228
polar)
R-N=N*X" pyrolytic graphite R— 229
R-N=N'BE,” Pt, GaAs(100), R— 230
Si(111):H
R-OH Fe,0,, Si—H R-O— 231,
232
Si R-O0— 224
R,—P FeS, R,P— 226
R—PO;™% R—P(0) Al, AI-OH, GaAs, phgrsisorbed 233
(OH), GaN, polar)
mica physisorbed 234
éolar)
TiO, physisorbed 235,
éolar) 236
ZrO, physisorbed 236,
a;olar) 237
R-PO,™? Al O3, Nb,O4 phefsisorbed 238
polar)
Ti, 05, TiO, physisorbed 239
polar)
R—-SH Ay, Ag, Cu R-S— (polar?) 240
Hg R—S— (polar ?) 241
Ni R—S— (polar?) 242
R-S—Ac Ag, Au R—S— (polar?) 243,
244
R-S—R’ Au R—S— (polar?) 245
R—-SeH Ag, Au R—Se— (polar?) 246,
247
R-SiX, (X = H, Cl, ITO, HfO, PtO,  R—Si— 248,
OC,H;) Si—-O 249
R-Hg—0—p-S(0)— Au R— %0
C(H,~CH,
R,—SnX Au R,—Sn— 251
(X = 0—C(O)CF;, O—p—S(0)—C¢H,CH,;, O—S(0)—CF;)
R—Sn—(CHj); Au R— (or maybe R— 252

Sn—)

for physicists, the resulting local dipole moment is associated
with a Schottky barrier. Furthermore, a thiol binds to the Au
surface by lifting one Au atom significantly above the plane of the
other Au atoms.”> SAMs are sturdily anchored at the right
distance from the metal substrate; however, perfect monolayer
coverage, easily achieved kinetically for LB films, is very difficult
to obtain in SAMs.

The chemical stability of thiol SAMs has been reviewed.”®
Three conclusions therein are emphasized here: (i) All-trans-
alkanethiols tilt by ~30° from the normal to the surface because
van der Waals forces stabilize the adsorbate when the adsorption
sites would not be commensurate to close-packed alkanes***
(similar tilting occurs in LB films and even in alkane crystals). (ii)
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The preferential bonding of thiols on Au is an instance of “hard”
versus “soft” acid—base chemistry;>> upon exposure to ozone, or
even air, or UV radiation over time (several weeks), the thiolate
absorbates can become sulfonates>>* or sulfinates, particularly at
defect sites. (jii) Displacement reactions are possible.®

The enthalpy of bond formation for chemisorbed species is not
measurable directly: the heats involved are too small. The bond
energy for Au—S is estimated as 1.74 eV,*%3 while the net energy
for adsorption of alkanethiols on Au was computed to be —0.22
eV (exothermic).*® The bond energy for the Au—N bond is
much smaller, 0.35 eV.****° Estimates for the enthalpy of bond
formation of chemisorbed species are now available from
temperature-programmed desorption and helium scattering: a
desorption enthalpy of 1.31 + 0.02 eV/molecule for a thiol on
Au(111) was obtained, independent of alkyl chain length.*®’
Similar measurements for packed monolayers of long-chain
alkanes on Au show a desorption enthalpy of 0.063 eV/CH,
group (and, therefore, 1.01 eV/hexadecane molecule);258 this
value is large because of intermolecular attractions within the
monolayer, which are absent for a single molecule. For 2-
phenylethanolamine chemisorbed onto powdered SiO,, silica
sites of different acidities grield desorption energies between 0.46
and 0.98 eV/molecule.”®

The HOMO and LUMO energies of highly conjugated
oligomers decrease gradually with the molecular size and
ultimately converge into a single value at the work function of
grapheme, which can be thought of as an infinite, two-
dimensional, planar, aromatic molecule. In summary, the gas-
phase ionization energies and electron affinities decrease by 0.5—
2 eV, as the molecule or monolayer comes into contact with a
metal; this effect, attributable either to polarization or to image
charges, decreases the energy difference between the donor level
and the affinity level, i.e., decreases the energy gap.

To reduce the electrical bias V needed to achieve resonant
electron flow to (or from) metal electrodes and donor levels (or
affinity levels), Table 1 suggets that the donor (affinity) levels
become as small (as large) as possible, respectively. However,
this design principle may have to be modified to accommodate
what both Marcus theory and experimental results teach us about
intermolecular electron transfer rates, as is explained later.

4. MARCUS THEORY OF ELECTRON TRANSFER WITHIN
A MOLECULE

The speed (and/or efficiency) of electron transfer (or transport)
across a single molecule or monolayer of molecules has not been
measured electrically, but it is estimated spectroscopically.
Relatively efficient and fast electron transfer (as well as reduced
back-transfer) have been vital goals in artificial photosynthesis;
the design criteria for molecular wires and devices should be
aware of the implications of Marcus theory.

Within a molecule, an intramolecular coupling energy I'; .ol
(lowering of potential energy barrier) must be considered: if
there is resonance between a molecular energy level and the
Fermi level of at least one metal electrode, then the elastic regime
of electron transfer must be considered (with large currents).
Here I} amol is large and the currents should be relatively larger,
by ~2 orders of magnitude.

Semiclassical intramolecular electron transfer is best treated

within Marcus theory;p"260 the electron transfer rate kg is given
by
2
kpr = (2 /)Tl Fpy (1)
DOI: 10.1021/cr500459d
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where 7 is Planck’s constant h divided by 27, Tt , is the electronic
coupling energy between the electron donor moiety D and the
electron acceptor moiety A, and Fp, is the thermally averaged
(ie, density-of-states weighted) Franck—Condon rearrange-
ment factor, or vibrational overlap integral, between an electron
donor region D and an electron acceptor re(gion A connected by a
rigid group ¢ in a molecule D—06—A>** In the classical limit
Fp, becomes

Fpy = (472kgTY V% expl — (AG® + 1) /4AkyT] ®)

where, in turn, A is the nuclear (molecular geometry)
reorganization energy and AG° is the standard free energy of
reaction (AG® < 0 for exergonic reactions). There are three cases:
normal, ideal, and inverted, shown in Figure 3. The free energy
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Figure 3. Simplified representation of three cases for Marcus electron
transfer theory. The relevant Gibbs free energy surfaces are represented
as a parabola centered around the equilibrium coordinate(s) of the
reagent (DA) and as a displaced parabola for the product (D*A”) after
the transfer of one electron. In all 3 cases the Gibbs free energy of
reaction AG® is assumed to be negative (exergonic process). (a) Normal
case: the free energy of activation AG* is positive, and the
reorganization free energy A is larger in absolute value than AG®: 4 >
—AG". (b) Ideal case: AG* = 0 and 1 = —AG". (c) Inverted case: 4 <
—AG®. For (a) and (c), AG* = (1/4)(4 + AG®)*A™". Reprinted by
permission from ref 58. Copyright 2008 Royal Society of Chemistry.

difference AG° contains inter alia the difference (I — A,). As (Ip
— A,) increases from zero, Fpy, initially remains close to 1, so the
reaction speeds up as IAG°l increases; if I, — A, becomes too
large, Fpp, becomes small (big Franck—Condon effect), so the
rate slows down by several orders of magnitude. Figure 4 shows
the experimental evidence for the inverted case.”*"*** The
important messages are (i) the difference (I, — A,) should be
minimized; (ii) in a device, and under bias, (I, — A,) becomes
smaller than in the gas phase; (iii) if (I, — A,) is too large, then
the rate of electron transfer may become unacceptably slow
because of the Franck—Condon factor. It is a waste of time to
make unimolecular devices that are supersmall but superslow.
In the early days of molecular electronics, inspired by the
pioneering paper of Aviram and Ratner,"® a goal was to increase
the chance for resonant electron transfer from metal to molecule
to metal by using components with the smallest possible I,(gp)
and the largest possible A,(gp) (see Table 1). Obviously, using
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Figure 4. Intramolecular electron transfer rate constants k (s™') as a
function of the free energy difference for the reaction biphenyl(—)
androstane-A — biphenyl androstane-A(—), estimated from the
electrochemical reduction potentials in 2-methyltetrahydrofuran; the
inverted region for electron transfer rates is prominent. Redrawn by
permission from refs 262 (copyright 1984 American Chemical Society)
and 58 (copyright 2008 Royal Society of Chemistry).

graphite or graphene for which I (gp) = Ax(gp) = 4.5 eV would
not work: this would confer no directionality to the organic
device. The important lesson from Figure 3 is that, for very small
Ip(gp) or for very large A,(gp), the electron transfer rate would
undergo an unwanted decrease because of large reorganization
energies.

Thus, there is some wisdom in using either medium I,(gp) or
Ax(gp) (with small reorganization energies), e.g., PBI (14), or
very rigid molecular geometries, e.g., Cq (16), which narrows the
vibrational spectrum and reduces the molecular reorganization
energy. For the excellent strong electron acceptors TCNQ (13a)
or TCNQF, (13b), the Franck—Condon factor Fp, becomes
very small (the considerable change in geometry between neutral
and quinonoid TCNQ_and the benzenoid TCNQ™ monoanion
is tracked very well in respective crystal structures). As will be
discussed again later, one view is that the Franck—Condon factor
Fp, is NOT involved in the conduction from metal to molecule
to metal.*®

5. ELECTRICAL CONDUCTIVITY, CLASSICAL AND
QUANTIZED: OHM’S LAW AND TUNNELING

If one puts either a single molecule or a monolayer of molecules
between two identical metal electrodes (typically Au, but also Pt,
Pd, or Al), a metal 1imoleculelmetal 2 sandwich ensues. Many
people use the term “junction”, but with two junctions on two
sides of a molecule or monolayer the term “sandwich” may be
palatable'" (with apologies to John Montagu, the fourth Earl of
Sandwich (1718—1792)!). If the second electrode has the same
macroscopic dimensions as the first one, as well as the same
crystallinity (same average crystal face), then the electrodes are
considered symmetrical. If the second electrode is an STM tip,
and the first electrode is a metal plane, then there are corona
effects: a nanotip (NT) concentrates the electric field, as
discussed earlier. If both electrodes are atomically sharp tips, as in

DOI: 10.1021/cr500459d
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a break junction, the electric field at the tips can be very intense,
of the order of GV m™.

The most appropriate theoretical language, which will describe
adequately the dynamical situation when the current is flowing
through the molecule, is still evolving. Many theories deal with
electron transport across monolayers or other thin films
(“electron transfer” is the term preferred by chemists).
Discussing some concepts may be helpful: mechanisms,
characteristic lengths, and times for each process, compared to
the working length d of a single molecule (say d = 2 nm).

In vacuum, or in thin films over very short distances (e.g., <d),
quantum-mechanical tunneling is a crucial concept and can be
the dominant process. Tunneling events are very fast; remember
that, for a photon in vacuum the speed is 3.0 X 10" nm s, so in
vacuum 2 nm are traveled in 6.7 as; however, a detailed estimate
for the characteristic time £, for a tunneling event is of the order
of 1 fs,46 i.e., faster than the time for a molecular vibration.

Tunneling implies an energy barrier @y (eV) and a width d
(nm), within which a quantum-mechanical wave function has
finite amplitude (which approaches zero asymptotically as d —
00). The wave function can be conceived as a wave coming from
the left, partially reflected back to the left, and partially
transmitted to the right through the barrier with probability
amplitude y and probability P = ly I,

Elastic (or ballistic) transport happens if the electron in a
material medium does “feel” the dielectric constant it travels in
but does not interact with either phonons (acoustic or optical) or
excitons; this ballistic electron has a transmission probability P =
1. For an electron in Cu metal, the instantaneous speed is 1.6 X
10" nm s~ (0.53% of the speed of light).

If the electron does interact with phonons or excitons, then
scattering occurs, the transfer slows down, and the transport
becomes inelastic. The elastic mean free path / is defined as the
length between successive scattering events.

Coherent transport occurs if the phase of the wave is
conserved: the phase-coherence length L,, is not so important
in the present discussion. The coupling of nanoscopic objects to
measuring electrodes can be weak, intermediate, or strong; alas,
this classification is somewhat imprecise.

When scattering is the dominant mechanism limiting
conduction, then temperature-dependent phase-incoherent
hopping between energy levels occurs, the electron spends
some time localized in each intermediate state, the current
decreases in a complicated way with distance, and Ohm’s law
applies,”®

G=1/R=1I/V (3)

where G is the conductance (siemens = 1/ohms), R is the
resistance (ohms), Iis the current (ampéres), and V'is the voltage
(volts).

Maxwell found*** that, for a sample of contact radius r, cross-
sectional area 1%, and volume conductivity ¢ (Siemens/m), the
conductance G is given by

G=2r6=2r/c 4)

where p is the volume resistivity (ohm/m), provided that contact
. . 40
radius r is greater than the mean-free-path /.

Using Fermi—Dirac statistics for electrons in metals, and in
particular the Fermi wavevector kg for a metal, eq 4 can be
rewritten,**% using e as the electronic charge and & as Planck’s
constant of action, as

G = (2¢*/h) (kgr/2)* = Gy(ker/2)* ()

5064

where

Gy = (Zez/h) = 77480.9 nanoSiemens (6)

Gy is the Landauer quantum of conductance,”**™>* discussed
further later.

The temperature dependence of resistivity p in ordinary
metals is well-described experimentally in terms of a finite
temperature-independent term p, plus a linear temperature
dependence above a certain temperature T

p(T) = p, + a(T = T,) (7)

Theoretical expressions for p(T) have a more complicated
power-series dependence on T.

There are three effects that should be discussed:

(1) Superconductivity: for several metals (and even many
cuprates and ferrates), below a critical temperature T and a
critical applied magnetic field Hc, electrons with equal but
opposite momenta close to the Fermi level form Cooper pairs,
which creates a collective lower-energy superconducting state
with zero resistivity (py = 0 in eq 7) and diamagnetic
susceptibility (flux exclusion, or Meissner effect). Super-
conductivity has not yet been reported in unimolecular
electronics.

(2) Kondo effect: in nonmagnetic metals with a small added
paramagnetic impurity (e.g., with spin S = 1/2), at a finite, low
temperature now called the Kondo temperature Ty, the
resistivity has a broad minimum (the conductance has a broad
maximum). This was explained by Jun Kondo as a many-body
effect that produces a logarithmic singularity in the resistivity:*”’
around Ty, the impurity spin-couples with an itinerant spin to
form a local S = 0 state, which removes that itinerant spin from
scattering processes. Later theorists showed that the con-
ductance G reached not infinity but the Landauer limit G, eq
6.2”" Kondo-like effects have been seen in semiconducting GaAs
quantum dots,””>*”*> and Kondo physics became a popular area
of study. The term “quantum dot” was coined by Mark Reed.””*

(3) CB*” can occur in semiconducting quantum dots, single-
walled metallic carbon nanotubes (SWCNTs), or metallic islands
while measuring current I as a function of applied voltage V; for
some voltage ranges no current is seen, ie., the electron has
trouble getting on or off the dot. This CB is seen if, and only if,

kyT < Ec (8)

where E is the charging energy, or energy required to put one
more electron onto a quantum dot:

Ec = ¢*/2C 9)

The CB can also be seen in the single-electron transistors
(SETs)*"2757277 discussed later.

During measurements, because of high electric fields (a
potential of 2 V across a 2-nm thick monolayer is a field of 1 GV/
m), electromigration of Au can occur, either causing short
circuits or else forming Au whiskers, which then dominate the
device conductance.'%'"°

One can also discuss the different relevant time scales for
electron travel from metal to molecule to metal.**%® Using the
Heisenberg uncertainty principle and /2 = 6.583 X 107" eV s, we
can define, for elastic tunneling, a Landauer—Biittiker time® T}
= h/AE, where AE is the energy gap between the Fermi level of
the electrode and the molecular donor level or affinity level; for
AE = 2 €V, the formula yields T}z = 0.33 £5.5 If the itinerant
electron interacts with (gets trapped by) a molecular vibrational
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Figure S. One-dimensional tunneling: (A) direct tunneling across a rectangular barrier (no metal present). (B) Fowler—Nordheim (cold emission)
tunneling across the triangular top part of a trapezoidal insulating barrier between two metallic electrodes, and Simmons tunneling through the lower
rectangular part. (C) Schottky emission. (D) Frenkel—Poole conduction. (E) Hopping conduction through defects (slow) or virtual states
(superexchange, fast). (F) Richardson thermoionic hot electron emission.

level (AE ~ 2000 cm™' & 0.25 eV) then a vibrational residence
time becomes Ty, & 2.6 fs. If the itinerant electron interacts with
a surface plasmon polariton, then the times increase further.
Finally, if the electron (or hole) gets trapped in a molecular
energy level, then very long residence times (us to s) become
possible.

Image charges in the metal electrodes are dealt with by classical
electrostatics. Polaron theory discusses new states in the gap
between HOMO and LUMO (or donor level and acceptor level)
due to (partial) charge formation within a molecule (usually in a
polymer or in an assembly of identical molecules), which is
balanced by induced counter-charges (gegen ions) within the
metal. When molecules interact with metal nanoparticles, then
surface plasmon-polaritons (also called surface plasmons) can be
excited in the nanoparticle.

While solutions of the time-independent Schrodinger
equation rely on the comforting reassurance provided by the
Ritz variational theorem,*”® quantum-mechanical treatments of
time-dependent electron transport do not benefit from similar
reassurances. Let us first consider the rectangular barrier (Figure
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SA) for which the Schrodinger equation can be solved
analytically. First of all, for any energy barrier of height @y, if
the electron has energy E > ®g, then the barrier is ineffective and
the eigenfunction of the free particle is

w(x) = A exp(ikx) + B exp( — ikx) (10)

where k is the wavevector. If the electron energy E < @y, then
tunneling becomes possible. As shown in Figure SA, an electron
of mass m, and energy E in vacuum can tunnel through a
rectangular barrier of width d and height @y (E < ®3) with a
probability P that can be calculated by elementary quantum
mechanics:**’

P~ 16 exp( — 2ad)(ak)*/(K* + o*) (11)
where

k= (2mE)/*n! (12)

a = [2m(E, — E)]'/*n (13)

The resultant conductance G is
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G = G,P = (2¢*/h)P (14)
where G, is the Landauer quantum of conductance.”*>*’ The
current I across the barrier is

(13)

IfE < @y and d = 1 nm, then P is small. For instance, if E=1 eV =
1.602 X 1077 ], @y =2 eV, m,=9.109 X 107> kg, and d = 1 nm,
then one gets @ = k= 5.134 X 10° and P = 1.389 X 10™*, whence
G = G,P = 10.76 nanoSiemens. Further, if V= (E — ®g)/e=1V,
thenI=GV=1.076 X 10* A=6.7217 X 10" electrons s . To fit
results in actual materials, an effective mass m™* is often used as an
adjustable parameter instead of m,: this m* can be up to 2 orders
of magnitude larger (or smaller) than m,. Finally, combining eqs
11, 14, and 15 with V= (E — ®@y)/e, one gets that the current I, if
dominated by tunneling, is

I=GV

I={(32h Y[ (ak)*/(K* + a*)* ]}V

exp[ — (ZmeV)l/zdfl_l] (16)

which is linear in V at low bias.

6. WKBJ OR QUASI-CLASSICAL METHOD

If the electron source is a metallic electrode, then approximate
quantum-mechanical formulas are used. One starts from the 1-
dimensional time-independent Schrédinger equation,

(7*/2m,)(dy(x)/dx*) + [E — U(x)]w(x) = 0 (17)
where E is the energy and U(x) is the potential energy. Exact
analytical solutions exist for eq 17 for only a limited menu of
potentials U(x), so often approximate numerical methods
become necessary. The approximate Wentzel—Kramers—
Brillouin—Jeffreys or WKBJ] method (also called the quasi-
classical method)* first considers the electron momentum

p(x),

p(x) = £[2m(E — U(x))]""? (18)
and proposes the formally simple trial solution,
y(x) = explifi”'s(x)] (19)
which yields the WKB]J differential equation,
(1/2m,)(ds(x)/dx)* — (ih/2m.)(ds(x)/dx*)
=E - U(x) (20)

which is simpler than the Schrédinger equation. Next, s(x) is
expanded in powers of (#/1):

s(x) = so(x) + (A/D)sy(x) + (R/i)'s(x)

+ (1/i)’sy(x) + .. (21)

In this asymptotic expansion, one often ignores all terms
involving powers of 7 and also neglects the second term on the
left-hand side of eq 21; the result is the first-order differential
equation

(1/2m,)(dsy(x)/dx)* = E — U(x) (22)

which can be integrated formally and simply,
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so(x) = + / ™ L (B = UG d

=ax=b
[ e (23)

where the limits a and b are the carefully chosen classical turning
points (a < b) at which the momentum p(x) in eq 18 goes to
zero. The non-oscillatory approximate eigenfunction of eq 19
becomes

w(x) = exp{—(i/h) f =ax=b [2m,(E — U(x))]"* dx}
(24)

For the tunneling case (E < U(x)), the momentum is imaginary
and y(«x) decays exponentially as x increases. The WKBJ method
is valid if and only if 1(d/dx)[%/(ds(x)/dx)]l < 1. Using the
definition of the de Broglie wavelength A = 2zfip~", this
condition becomes 1(d/dx)(4/2x)l < 1; the WKBJ approx-
imation is valid if the de Broglie wavelength of the particle varies
only slightly over the particle’s extent. The WKBJ result fails
dramatically at the classical turning points of the motion, where
[2m,(E — U(x))]"? becomes zero before changing sign, as the
particle reverses its motion. At these classical turning points a and
b, the de Broglie wavelength A becomes infinite, and the classical
mechanics limit is reached.

For the free-particle case, E > U(x), eq 24 becomes real, and
the WKBJ quasi-eigenfunction is complex and oscillatory. Close
to E = U(x), and also for the exact solution of eq 17 for a
trapezoidal barrier,”®' the eigenfunctions consist of Airy
functions, which for practical values of the relevant parameters
resemble sine or cosine functions.””*

We now evaluate the probability P(E,) for the tunneling case
(E < U(x)) in the absence of metals:

P(E,) = w*(x)y(x)/w*(0)y(0)

x=b
- exp[(-z/n) / [2m,(E — U(x))]""? dx]
(28)
If the tunneling barrier has width d, then

x=d
w(d) = y(0) exp{— [ et - pm dx}
(26)
whence the tunneling probability P(d) becomes

P() =y p () (0w (0)
= exp{ -2 £=0x=d [Zme(U(x) — E)]l/zh_l dx}

(27)

For different shapes of the tunneling barrier, the integrand in eq
23 is handled in different ways.

7. FOWLER—NORDHEIM EQUATION

When a single metallic electrode is covered by an insulator, then
the current density ] exiting the insulator in the x-direction can be
evaluated from

E =00
J=e /E . NE)RE) o8
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where N(E,) is the electron supply function and P(E,) is the
electron transmission coefficient or transmission probability.>”*
The supply function N(E,) is obtained from the Fermi—Dirac
distribution function @(E) = {1 + exp[(E — p) /ksT]} ™", where p
is the Fermi level of the metal relative to the bottom of the
Fermi—Dirac distribution, kg is Boltzmann’s constant, and T is
the absolute temperature; the integration over dE,, is simple
(and is carried out only in the two directions transverse to x), by
changing variables from energies to momenta and integrating the
distribution function in the y and z directions in plane polar
coordinates:

N(E,) = 27 fp 7 fp T ewl(U)

+ E, + Pyz + Pzz - ﬂ)/kBT]]_l dPy sz (29)

The result is
N(E,) = (4amk,T/h)
In {1 + exp[ — (U(x) + E, — ) /kgT]}

We now derive the equation for Fowler—Nordheim tunneling
(Figure 5B(i)),”®" since this equation is not well explained in
sources familiar to chemists. When two metallic electrodes are
involved in a metal 1linsulatorlmetal 2 sandwich, the Fermi
functions of metal 1 and metal 2, ¢, (E) and @,(E), respectively,
both must be included in the discussion, so, by 5 successive

approximations, J is calculated, starting from the Tsu—Esaki
formula:**>~>%

(30)

J = Grom /1) [ zoEzwdEyz[qal(E) — (B)]

Emax
[ e a,
(1)

Approximation 1: at T = 0, the integral over dE,, simplifies to

szOE:m dE,.[¢,(E) = »,(E)]

=p, —pu, (f T=0andE, < p,) (32)
=pu, —E (fT=0andp, <E <pu) (33)
=0(Gf T=0andE, > ) (34)
This becomes two integrals:

3 E=p,
7= Gren/i)] [ 7 G = w)P(E) <,

E=p

[T Gy - BR(E)
E.=n, (35)

Approximation 2: the first integral of eq 35 is neglected, leaving

J = (4mem/h*) /

E:=n,

Ee=n
(u, — E)P(E,) dE,

(36)
Approximation 3: assume the same metal for metal 1 and metal 2.
The Fowler—Nordheim equation describes cold emission from a
metal; to derive it, assume a triangular barrier (i.e., the triangular
upper part of a trapezoidal barrier, Figure SB above) with the left
electrode grounded and a positive bias V (volts) applied to the
right-hand electrode. The transmission coefficient P(E,) in eq 36
now becomes
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x=d(u+Py—E,)/V
P(E) = expy = (/m) [ (2, + @,

— Vx/d — 1/2
Vx/d — E,)] dx} (37)

A formal integration then yields

P(E,) = exp{ — (2/h)(2m,)"/*( = 2d/3V)

x=d(u,+@3—E)/V

[, + @5 = Va/d = E)*],, }

(38)
P(E,) = exp{—(4d/3aV)(2m,)"*[u, + @y — E,J/*}
(39)
Then the remaining integral of eq 36 becomes
Ee=n,
] = Grem/) [, - B)
E=n,
exp{ — (4d/3hV)(2m,)""*[u, + @y — E, > dE,}
(40)

Approximation 4: Equation 40 cannot be solved analytically, so
we expand [y, + @ — E,]*? in a Taylor expansion around @y

[ﬂl + FB - Ex:|3/2 ~ (DB3/2 + (3/2)(Ex - /’t)(DBI/2 (41)
Inserting eq 41 into eq 40 and defining ¢ = E, — ®zand A = (2d/
AV)(2m,) 2@y yields

J = (4mem, /%) exp{—(4d/3hV)(2m,)" *®,**}

e=0
/ exp{Ae}e de
E=H,—H (42)

J = (4mem, /H°2%) exp{—(4d/3RV)(2m, )" *®;>'*}
exp[A(u, — u)1[A(u, — )]

Approximation S: If y, > ), then eq 43 finally reduces to the

Fowler—Nordheim equation for cold-electron emission (tem-
. L \.281

perature-independent coherent tunneling):

J = (¢%/87h)(V*/®yd?) exp[—(87d/3ehV)(2m,)"/ *®5>'*]
(44)
Ifin eq44 disin A, Vis in volts, and @y is in eV, then the Fowler—

Nordheim exponent —(87d/3ehV)(2m,)"*®5>> becomes
—0.0022784V1d,>2,

(43)

8. SIMMONS EQUATION

Simmons also used the WKB] method and barrier (for a
generalized, arbitrarily shaped barrier, but with the tunneling
electrons feeling the applied voltage 6V throughout the whole
rectangular thickness of the barrier, rather than only the upper
triangular part of it, as in Fowler—Nordheim theory) and smaller
voltages V than in Fowler—Nordheim theory. Figure 5B shows
both Fowler—Nordheim and Simmons tunneling. Because
Simmons explained his derivations very well, we simply quote
his equation for the current density:*"*%>3%

J = (e/4n*hd*){(®y — eV /2)
exp[ — (2d/h)(2m)"/* (g — eV /2)"/?]
+ (@y + eV/2) exp[ — (2d/h)(2m,)"*

(@ + eV/2)"* ]} (45)
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Equation 45 covers electron flows from metal 1 to metal 2 (first
term inside the braces) and also from metal 2 to metal 1 (second
term inside the braces).

At small bias (0 ~ V < ®@y), the Simmons equation becomes
approximately®*>%%3°!

J o (2/12d®) (2m,®y) >V expl — (2d/h)(2m,®y)"?]
(46)

So, except for the exponential factor, the sandwich becomes
ohmic.2802%2

At large bias the first term in eq 45 becomes dominant:*°

J = (e/27hd*)(®y — eV /2)

exp[—(2d/h) (2m,)"/* (@, — eV /2)?] (47)

When the bias V is even higher, then the Simmons equation
reduces to the Fowler—Nordheim equation, eq 44.***"' The
inclusion of image forces softens the edges of the energy
barrier.”*> The Stratton equation for direct tunneling is much
simpler:*%%3%>

I=A sinh(2_1/Zh_leVdmel/z‘DB_l/2) (48)

9. NEWNS—ANDERSON EQUATION AND EIGENVALUE
STAIRCASE

The inverse-tangent equation was derived for other applications
as the Newns—Anderson equation®***** but has been discussed
for conductivity within molecules by several groups,®**~3%*

I = A{tan"[2(leyomo — #l + €V/2)/B]

- tan_1[2(|8H0Mo - ﬂl - eV/Z)/B]} (49)

where A and B are constants, 4 is the chemical potential or Fermi
level of the metal electrode, and &0y 0 is the donor level of the
monolayer (& highest occupied molecular orbital of the single
molecule). The constants A and B in eq 49 have been defined as
A=4NI'T,e/A(, +T,) and B= (I', + T,), where I, (T,) is the
molecular energy level broadening at the first (second)
electrode—molecule interface.>*

In eq 49 the zero of energy is placed in the middle of the gap. If
the most significant molecular orbital coeflicients of the eyopo
are approximately centered at a fractional distance p from, say,
the right <elect1‘0de,305’306 then the arguments of the two inverse
tangent functions become (2leyopo — il + peV) and (2leyono —
ul + (1 = p)eV), respectively,

I = A{tan™"[2(legomo — #l + peV)/B]—tan™'[2(Igenomo
—ul+ (1 = p)eV)/B] (50)

assuming that a lever rule is applicable;**® if p is far from 0.5, then
mildly asgfmmetric IV curves should ensue even for molecular
wires 305306

When a molecular device with only one accessible electronic
energy level E; for the electroactive moiety (electron donor or
acceptor) situated at a fractional position p (0 < p < 1) within a
gap between two metal electrodes is addressed by an applied
voltage V, then the current I is described by*%

1= D’ {tan '[(E, + epV)/D] — tan"'[(E, — epV)
/D1} (s1)
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where D is a normalization constant. Equation 51 can be derived
from eq 45.*° If (T, + T,) /2 < leomo — U, then eq 49 simplifies
to a Lorentzian line shape,

I = (2NeVIIL,/h)[(leyonmo — Hl + reV)? — (yev/2)’ ]
(52)
where the parametery (—1/2 <y <1/ 2) estimates where within
the insulator layer (molecule or monolayer) the HOMO is
localized.

The function tan™'Vin egs 49, 50, and 51 predicts a plateauing
of the current at higher V30 and, when several eigenvalues are
sequentially accessible, an eigenvalue staircase.*””*°® This
eigenvalue staircase (not to be confused with the Coulomb
staircase discussed later) is intellectually appealing, but for
unimolecular rectifers a plateau has been seen only rarely (e.g,,
Figure 13 of ref 105), presumably because dielectric breakdown
occurs before the plateau is reached; eigenvalue staircases have
not been observed.

10. OTHER TUNNELING REGIMES

Other tunneling regimes shown in Figure 5 and listed in Table 3
are (i) Richardson thermoionic or hot emission tunneling;**>>**

Table 3. Behavior of the Current Density J for Various
Conduction Mechanisms: @y Is the Energy Barrier”

conduction mechanism behavior scheme refs
direct tunneling (low V) ] o V exp[—(2d/h) A 280
(2m D))
Fowler—Nordheim J o« (v/d)? exp [—(4d/3enV) B 281
tunneling (cold field (2m)"?2®3?
emission)
Simmons J o (Dy—eV/2)d™* exp[—(2d/ B 282
7)(2m)"X( @ — ev/2)"]
Schottky emission = AT exp[— @y + (eV/ C 283-285
4eined)'?) [y T)
Frenkel—Poole J o (V/d)T? exp[—®y + (eV/ D 286, 287
conduction 7E, d)2)/ ks T)
hopping conduction via ] o Vexp [—~AE/kgT] o E 26
defects or exp(—pd)
superexchange
Richardson hot J o T? exp[—AE/ksT] F 283,284
thermoionic emission
Mott—Gurney space- J = 9¢ €, 4V*/8 & 132
charge-limited
conduction (SCLC)
SCLC with exponential ~ J=[(2+1)/(I + 288

1)]1/1/4Neq171[1808in5/(l +1)
N IV*Yd* ] for 1> 1

J & (V/d) exp[~AE/kT]

distribution of traps

activated ohmic
conduction

ionic conduction

J & (V/dT) exp[—AE/kyT]

“V is the applied voltage, d is the thickness of the insulating barrier, €;,,
is the dynamic dielectric permittivity (~relative dielectric constant) of
the insulator, y is the electron mobility, m, and e are the electronic
mass (effective if desired) and charge, respectively, 7 is Planck’s
constant divided by 27, kg is Boltzmann’s constant, T is the absolute
temperature, AE is the relevant Arrhenius activation energy, Ay is the
effective Richardson constant (A = emkp?/2mH%), and B is the
superexchange decay constant. Schemes A—F are shown in Figure S.
In jest, “there are nearly as many models as there are publications.”*”

(ii) Schottky emission;>** (iii) Frenkel—Poole conduction;*****’

(iv) ionic conduction; and (v) hopping conduction through
either defect states or virtual states linked by quantum-
mechanical superexchange.26 For hopping conduction, if I'yymol
is small, then nonresonant phase-coherent temperature-
. . . 26
independent superexchange-modulated tunneling dominates,
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with an exponential decay of the current I with a distance d within
the molecule,

I=1I, exp( — fid) (53)

(Figure SC). When d is given in A, then typically f ~ 0.6—1.4
A1 but # = 02—0.6 A™! for highly conjugated bridges.** In
contrast, in a vacuum, for a barrier @, = 5 eV, f = 2.4 A™1%

This superexchange model is used routinely for length-
dependent incoherent tunneling in biological systems. The
McConnell superexchange®® mechanism is distinct from the
magnetic spin superexchange theory of Kramers,>” Ander-
son,>*? Goodenough,su’312 and Kanamori,>"® which concen-
trates on spin exchange (rather than charge exchange); both
originate in the exchange Coulomb repulsion integrals in
Hartree—Fock theory. The McConnell mechanism allows
electrons to tunnel across a succession of virtual states in very
short times.

If Tiqamol 18 large and an available energy level is available
within the molecule, then resonant phase-coherent temperature-
independent tunneling occurs. The current is typically at least 2
orders of magnitude larger than those for comparable molecules
where superexchange dominates.

If phase-incoherent temperature-dependent hopping between
stationary states occurs, then superexchange is no longer
invoked, but experimentally

J o« A exp(—®@y/kyT) (54)

where A is some constant; this hopping leads to Ohm’s law.
Experimentalists often compare eqs 53 and 54 to describe their
results, even though they imply different mechanisms. The
kinetics derived from superexchange in DNA have been linked
theoretically®'* to Ohm’s law.>*®

11. LANDAUER EQUATION

Quantum theoretical calculations of tunneling have also

prospered. As discussed in eq 24, the elastic conductance

through a nanoscopic system in one dimension can be conceived
o 40,266,267,315

as a transmission problem,

1=ve=@em [ TUh® -LOREE

where f,(E) and fy(E) are the Fermi—Dirac distribution
functions of the electron reservoir of the left and right electrodes,
respectively,

£ (B) = {1 + exp[(E — p)/kgT1Y" = f,(E — pu)
(56)

fR (E) = {1 + eXP[(E - ﬂR)/kBT]}_l Ef()(E - luR)

(57)
where y; and yy are the Fermi levels and P(E) is the transmission
probability discussed earlier. At 0 K and an applied voltage V, the
Fermi levels become Fermi energies, and f|(E) = fx(E) = 1
below py + eV/2 (or below ug + eV/2), but f,(E) = fr(E) = 0
above them.

In the tunneling regime, when the coupling between the (now
3-dimensional) electrodes and the nanoscopic channel (mole-
cule, thin film, nanotube, etc.) is large, then the current I is given
by the Landauer—Imry—Biittiker—Keldysh formula (simp?r, the
Landauer formula, based on Fermi’s golden rule):**72% the
total current I from the left metal electrode L to the right metal
electrode R, due to the presence of either one or many molecules
(or strings of metal atoms) in the gap, is given by

5069

1=@em) [ 1 ®) - £ EITHE O E)EE)

I'(e)} dE (58)

where G*(E) and G"(E) are the advanced and retarded Green’s
functions for the molecule, respectively, T"(E) and I'*(E) are
matrices that describe the coupling between the molecule and the
right and left metal electrodes, respectively, and Tr{ } is the trace
operator. The use of nonequilibrium Green'’s functions is due to
Keldysh;>® the best explanation of eq 58 is due to Imry.”*® The
Landauer formula assumes elastic scattering of the electrons
across the molecule or other nanoscopic object.® The
computations implementing eq 58 have been discussed.*’

As presented already in eq 14, the Landauer quantum of
conductance,

G, = 2¢*/h = 77481 nS = 1/12.9064 kQ (59)

is the maximum conductance allowed for a two-probe measuring
geometry (the factor of 2 is due to the two spin states). The
quantum of resistance, Ry, the reciprocal of G, is also known as
the von Klitzing constant.>'® If four-probe measurements on a
single molecule were ever to become possible, then the intrinsic
conductance of the molecule, independent of the electrodes,
could vastly exceed G,,.

For simple cases the transition probability P(E) in eq SS
becomes a Lorentzian or Breit—Wigner function,

P(E) = 4TI /[(E — eV)* + (I} + I})*] (60)

where I'y (I'p) is the coupling energy from the left (right)
electrode to the gap. Equation 60 ignores the energy levels of the
molecule or molecular wire within the gap.*”*'* The tunneling
rates into (out of) the left (right) gap are I' /7 (I'y/R).

We next try to include details about the molecule in the gap.
Marcus theory, eq 1, can be applied to the rate constant kp, for
intramolecular electron transfer within a D—B—A (donor—
bridge—acceptor) molecule, by writing*®

kpa = 27/ R0 pTaRPIG A (E)PEp, (61)

where I' , and I'yy are the coupling energies between the left
electrode and the donor (D) end of the D—B—A molecule and
between the acceptor (A) end of the molecule and the right
electrode, respectively. '}, and I'yy in eq 61 are more specific
coupling energies than I'y and ' in eq 60. Gp, (E) is the Green’s
function for the molecule D—B—A,

Gpa(E) = [E < ili > —H(E)]™" (62)

where <ilj> is the overlap integral between relevant molecular
orbitals i and j and H(E) is the Hamiltonian operator for the
molecule.*® In eq 61 Fp, is again the Franck—Condon factor.
One can connect eq 61 with a vast simplification of eq 58; to
wit,**3'° the conductance from left electrode L to the molecule
D—B—A to the right electrode R is now given by

Gi_ppa-r ® (8‘32/”2FLDFAR)’<DA (63)

This formally introduces coupling energies I'ip and 'y
between electrodes and molecule and also includes the
Franck—Condon factor Fp,. In contrast, it was stated* that
the factor Fp, should be omitted from eq 61 “because the
reorganization energy ... does not affect the conduction through
the molecule”.*® If only McConnell superexchange26 is operative
within D—B—A, eq 63 should definitely be divided by Fp,.
However, if resonant tunneling occurs through the molecule,
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then Fp, must be involved. This nontrivial difference of opinion
may affect future molecular design.

The coupling energies I' ; and I'yg (in general, I') between
metal electrodes and molecule are the lowering of the energy
barrier to electron transfer between metal and molecule. One
must also consider the barrier to intramolecular electron transfer
U, which is the HOMO~-LUMO gap, or, better yet, the energy
difference between the affinity and the donor levels of Figure 1.
Th;;re are three regimes, depending on the size of the ratio I'/
U:

(1) T > U, if a strong covalent bond couples a single
molecule to an electrode (or if the molecule lies down directly
onto the plane of the electrode and its molecular orbitals acquire
a partial metallic character)*'” and also if the molecular orbitals
are accessible from the Fermi levels of the metal electrodes, then
I is considered large (compared to the HOMO—LUMO energy
gap, kzT, and ¢/2C); the Landauer—Imry—Biittiker—Keldysh
approach described later will best estimate the elastic through-
molecule currents.

(2) If T is intermediate (I' & U), then at low enough
temperature an unpaired spin (e.g,, a trapped magnetic impurity
or a localized spin on a molecule) may generate a Kondo
conductance maximum;>’® in this (typically many-body) effect, a
local spin-pairing with that spin decreases the number of
conduction electrons available for scattering and resist-
ance 86270271,318

(3) If T" is small (I" << U), then for a certain bias window CB
may occur; sometimes the CB can coexist in the same system
with a Kondo-type conductance maximum.>’**7®

12. TWO-PROBE CONDUCTIVITY MEASUREMENT
TECHNIQUES

Macroscopic measurements of the electrical conductivity of
macroscopic crystals and bulk polymers can be done by either
two-probe or four-probe methods. The conductivities obtained
by two probes always include the resistance of the probes and the
probe—crystal interfaces. The four-probe method can eliminate
the resistance due to probes or contacts.

A two-probe macroscopic measurement of the electrical
conductivity of a monolayer (of nanoscopic thickness) is shown
in Figure 6: typically, 10"'—10"> molecules are probed beneath
each pad. Smaller areas (typically S X 10° molecules chemisorbed

000
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(Ga/In eutectic, Organic monolayer  ay top pads
Aupaste,or . (2to3nm thick) (17 to 30 nm
Ag past_e) anq \ thick)
measuring wire
\ -
e== i *;&9

Figure 6. Macroscopic two-probe setup for measuring the conductivity
of an organic monolayer (typically 2—3 nm thick). Each top pad contact
area is typically 1—100 mm?. Reprinted by permission from ref 11.
Copyright 2012 Springer Verlag.
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in parallel) were probed by the nanopore method introduced by
Mark Reed 50319321

A crossed-wire technique allowed the measurement of ~10°
molecules trapped between two cylindirical Au wires of 10 ym
diameter placed normal to each other and brought together in
soft contact.’®>*****3 The conductance of single molecules
placed between two electrodes, at least one of which is of
nanoscopic dimensions, has evolved from (i) the STS mode of
STM,*' to (ii) the mechanical break junction (MBJ) (Figure
7),%*% to (iii) the electromigration break junction (EMBJ),*
and finally to (iv) the scanning break junction (SBJ).*

notched electrode

break junction
flexible support |

\J

[ ]

<~ Mmovable
control rod

(@) (b)

Figure 7. Depiction of the mechanical break junction (MBJ) (a) before
the break and (b) after the control rod has caused the break. A
piezoelectrically driven piston (movable control rod) can bend a sample
of Kapton polymer that is rigidly clamped between two rigid supports
(not shown). The thin, notched Au electrode predeposited atop the
Kapton is forced to break at the notch, creating a 0.1—1 nm gap, whose
size is controlled by the piston. A solution of a dithiol chemisorbs and
bridges the Au gap. Reprinted by permission from ref 11. Copyright
2012 Springer Verlag.

The MBJ (Figure 7) has become a veritable cottage industry,
particularly for physicists (who love to measure at 4.2 K). In
more recent work, the Kapton polymer of Figure 7 was replaced
by Si(111), and Au nanogaps were achieved by electroplating Au
into an initially large Au metal gap.***

Earlier, 1000 painfuly repeated conducting-tip AFM measure-
ments had been performed on individual 1,8-octanedithiol (19d)
molecules topped by Au nanoparticles.””® (Chemical structures
18—147 are depicted in Table 4 of section 18.) Two years later,
Nongjian Tao and student developed the SBJ: using an Au
substrate and either a conducting-tip AFM or an STM, a solvent,
and bonding terminal diamines or bithiols to both electrodes,
they measured the current repeatedly across the chemisorbed
molecule at several potentials (—1 V to +1 V) until the tip-to-
molecule junction was broken and found a broad minimum in
the conductance G at low potentials (of the order of 0.01—0.05
V) (Figure 8).* The solvent presumably helped the molecules
“stand up” to be measured. Thousands of repeated measure-
ments ensured good statistics.

13. THERMOPOWER

The thermoelectric effect in SBJ was first studied by Ludolph and
van Ruitenbeek,>* then developed,a'27 and measured for several
molecules, by keeping the STM Au tip at room temperature,
while placing a Peltier-effect heater below the bottom STM Au
substrate and heating it from room temperature to 60 °C.**® The
measured current I has two contributions: I = GAV + GSAT,
where G is the electrical conductance and S is the thermopower.
Measuring (at zero AV) the current I through the molecule due
to the temperature gradient AT (held at 14 K)**® yields the
thermopower (or Seebeck coefficient) S. S > 0 for hole
conduction and S < 0 for electron conduction; S is usually
measured in microvolts per degree Kelvin. From the Landauer
formalism for the transmission probability P = P(E) evaluated
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Table 4. Method“, Molecular Structure, Conductance G (nS), and Other Data for Unimolecular Wires 18—147 in Electrodel
MoleculelElectrode Sandwiches, at a Stated Voltage V (volts), Either at Room Temperature or at a Stated Temperature T; Most
SBJs Were Studied in a Solvent”

Me-
thod

Str.#

Structure

Results (G=, @g=, =, S=, RF=)) [Ref]

Au nanowire

G=1.7 x 104 [89]

Pt-Pt-Pt-Pt nanowire

G=3.0 x 105 > G, [112]

18

H-H

G=7.36 x 104 @ 0.05 V & 4.2 K [353]

19a

HS__~_ SH

[(CHy)s]): G=5x102 @ 0.05 V & ca. 4 K
& IETS [354]

%2}

19b

HS\/\/\/SH

[(CH,)s]: G=64+5MC & 1.9:0.05L.C @
0.1V in TMB [67], [355]; G=4.5 @ 0.1
V & 293 K; T-dep. [356]

19¢

HS o~
SH

[(CHy)gl: G=95 @ 0.013 V in TMB
[89]; G=95+10HC & 2042MC &
2.45+0.06LC @ 0.1 V in TMB
[671,[355]; G=2.7 @ 0.1 V & 293 K; T-
dep. [356]; G=1.2x102 @ 0.025 V in
TCB [357]; G=30 @ 0.100 V (+AC) in
TMB [358]; G=93HC & 17LC @ low V
in CH; [114]; G=93 & f=1.0 @ 03 V
in ¢CH; [359]; G=80HC & 31MC &
A=0.81 @ low V in $CH [360]

19d

[(CHy)g]: J=93,000 A cm2 & Pp=1.20
eV in Eq.(45), a=0.59 & /=0.66 Al in
Eq. (53) [320]

19d

[(CHy)g]: 7=1 nA @ 0.5 V in CgH,,SH
+ ¢CHs [325]

19d

[(CHy)g]: G=212HC & 4.4+0.4 MC &
0.89+0.08LC @ 0.1 V in TMB [67];
G=19 @ 0.013 V in $CH3 [89];
G=20HC & 5LC @ low V in $CHj3
[114]; G=13+4HC & 3.25:1MC @ 0.1 to
0.4 Vin ¢CHj5 [352]; G=1.0@ 0.1 V &
293 K; T-dep. [356]; G=4 @ 0.100 V
(+AC) in TMB [358]; G=19 & ~1.0 @
0.3 V in $CH; [359]; G=4HC & 5MC @
low V in H,O [360]; G=20 @ 0.100 V
& RF=1.6 & AE;,=0.66 eV (like Au-
Au bond rupture force!) in $CH5 [361];
G=19 @ 0.100 V (+ AC) in $CH; [362];
G=19HC & 4MC & 5=0.85 @ 0.1 V in
$CHj3 [363]; G=4.8MC @ low V & 4K
to 300 K; IETS [364]; G=19 & (=0.84
@ low V in $CHj [365]; G=4LC @ low
V in $CH3 (Au-Au bond breaks in
stretching) [366]

19e

HS\/\/\/\/\/SH

[(CHy)]: G=9.9+0.9HC, 2,0+0.2MC &
0.47+0.03LC @ 0.1 V in TMB
[67],[355]; G=0.52 @ 0.1 V & 293 K;
T-dependence [356]

19f

RS S sH

[(CHy);o): G=1.68+0.03HC,
0.45£0.04MC & 0.22+0.02LC @ 0.1 V
in TMB [67]; G=1.6 @ 0.013 V in
$CH; [89]; G=1.7HC & 0.33LC @ low
V in $CH; [114]; G=1.68HC & 0.45MC
& 0.22LC @ 0.010-0.200 V in TMB
[355]; G=1 @ 0.100 V (+AC) in TMB
[358]; G=1.5 & f=1.0 @ 0.3 V (but
G=23@0.5V; G=3.5@0.7V; G=5.4
@ 0.9 V) in $CH; [359]; G=2.3HC &
0.5MC & p=0.81 @ low V in ¢CH;
[360]

20a

H2N/\/\'NH2

[(CH,),]: G=112HC & 1.5MC &= 0.65
@ low V in Hy0 [360]; G=7.0x102 &
RF=0.84 @ 0.025 V [367]
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Table 4. continued

Me-
thod

Str.#

Structure

Results (G=, @g=, =, S=, RF=)) [Ref]

20b

H N~~~ NHz

[(CH,)g]: G=112HC & 1.5MC &=0.65
@ low V in Hy0 [360]; G=8.5 &
RF=0.62 @ 0.075 V [367]

20

hn

[(CHp)pp): [0=1,1.5,2,2.5,3,3.5,4
measured] for n>0 G=2.7x103 &
£=0.79 @ 0.025 V in TCB [227], [368];
[n=2,3.4,5 measured] for n>0
G=2.9x103 & =0.65 @ low V [360]

21

PMe,
MeZPM

[(CH)pp]: [n=1,2,3,4 measured] for
n>0 G=7.7x 103 @ 0.025 V in TCB
[368]

22

mcs*/)scH3
n

[(CHy),]: [n=2,4,6,8 measured] for n>0

G=3.7x 103 & =075 @ 0.025 V in
TCB [368]

23a

NGS—~~SCN

[(CHy)4]: G=147HC& 15MC @ low V in
$CH; [114]

23b

NCS/\/\/\,SCN

[(CHy)g]: G=15HC & 1.5MC @ low V in
$CH; [114]

23¢

NCS™>"""SCN

[(CHy);]: G=2.6HC & 0.33MC @ low V
in ¢CH; [114]

24

SnMe;
MeSSn’M

[(CHj),p]: [n=2,4,5,6 measured] for
n>0: G=5x103 & £=0.82 @ low V in
TCB [252]; [n=3: (CH,)g]: G=1.04x103
& §=5.0 @ low V [328]; [n=4: (CHy)g]:
G=1.5x102 & §=5.6 @ low V [328];
[n=5: (CH,);ol: G=22 & 5=5.6 @ low
V [328]

25

HOOG~~~COOH

[(CHy)4]: G=21 @ low V in H,0 [369]

25a

COOH
Hooct ™ n

[(CHp),]: [n=2.3,4,5 measured] for n>0
G=5.50x102HC & 2.50x102 LC &
B=0.61HC & £=0.70LC @ low V [360]

26

SH3C\MCOOH
n

[(CH),]: [n=1,2,3,4 measured] for

n>0 G=1.7x103 & $=0.76 @ 0.45 V in
Ci4H30 [370]

27a

HSW
n

[n=2: (CH,)q: G=77 & RF=0.7@ low
V in TCB [371]

27b

[n=3: (CHp)g]: J=3.1x10% A cm2,
@p=1.83 eV, a=0.37, f=0.85 [320],
[321]

27¢

[n=5: (CHy) 1ol J=1.5 x 103, dpg=1.42
eV, a=0.65, 5=0.79 [320],[321]

27d

[n=7: (CHy)4]: J=23, Dp=1.40 eV,
0=0.82, 4=0.82 [3201,[321]

27d

[n=7: (CH,) ¢]: Rsam=0.73 Q cm? &
CSAM= 2.44 ],lF cm2 [372]

27e

[ll=91 (CHz)zo]Z RSAM=5‘8 Qcem? &
Cap=2.06 UF cm2 [372]

27f

[ll=1 1: (CH2)24]I RSAM=51 Qem?2 &
CSAM=1'76 ]JF cm-2 [372]

27g

[n=13: (CHy)rg]: Rsan=339 Q cm2 &
Cyap=1.47 pF em-2 [372]

28a

G=19 @ pH 2 in H,0; G=15 @ pH 7;
G=9 @ pH 13; f=0.87; all @ 0.1 V in
H,0 [373]

28b

G=0.37 @ pH 2; G=0.31 @ pH 13; f=
0.87; all @ 0.1 V in H,0 [373]

28¢

HS

G=0.61 @ pH 2; G=0.40 @ pH 13;
0.87; all @ 0.1 V in H,0 [373]
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Me- | Str.# Structure Results (G=, &g=, f=, S=, RF=)) [Ref]
thod
S |29 HS SH G=65+26HC & 7+1MC & 2 5HC @ low
H H V in $CH; [374]
H
H
HS SH
S |29 y HS G=3HC, 0.3 MC& 0.08 LC @ low V in
H $CHs [374]
H SH
HS
S [29¢ G=0.077HC @ low V in ¢CH; [374]
M | 30a Hs < > sH G=1.0x103 @ 1 V [85]; G=49 @ low V
in ethanol [375]; SERS peaks @ 1068,
1179 & 1368 cm-! polariz. || to gap
[376]; G=8.0x102(LC) & G=8.0x103
HO) @ 1V [377]
E |30a G=1.0x102 @ <0.3 V [378]
S [30a G=8.5x 102@ 0.025 V in TCB & RT
or 30 K [357]; G=8.5x102 @ 0.1 V in
0.1 M aq. NaClOy [379]; G=6.39x102
@ 0.05 V in TMB [380]
S [30b [¢=36.4°] G=13.3 @low V in
HS SH TMB/THF [381]
2
S [30c G=8.5x 102 @ 0.025 V in TCB & RT
HS SH or30 K [357]; G=8.3 x 102@ 0.1 V
3 (G=8.5x 102 @ -0.2 V) in aq. NaClO,
[379], G=6.39 x 102 @ 0.05 V in ¢CH;
[380]
— 2 =
M |3l1a HoN < > NH, G=5.1x102@ 0.2 V [382]; G=31 @
0.05 V [383]
S [31a G=5.0x102 @ 0.025 V in TCB
[227],[384]; G=4.8x102 & RF=0.53 @
0.025 V [367]; AH,4¢=1.0 eV [385];
S [31b Ha NHZ G=90 @ 0.025 V in TCB [386]
S |32 [ =48°] G=50 @ 0.025 V in TCB [386]
o
S |33 [=88°] G=5.9 @ 0.025 V in TCB
o |5
S |34 R FR F [¢=52°] G=38 @ 0.025 V in TCB [386]
HZNNHZ
F_F F _F
S 35 ol ol [@9=62°]1 G=29 @ 0.025 V in TCB [386]
H2NNH2
cl cl
E |36 G=40 @ <0.3 V [378]
HS-H,C CH,-SH
S |36 G=50 @ 0.1V, G=46 @ -0.2 V in aq.
NaClOy4 [379]; G=56 [331]; G=1.1 x
102 [332];
G=7.7x102 @ 0.45 V in C14H5 [370]
S |37 SCHg G=27 @ low V [387]
H,CS’ C
S [38 G=1.0x102 @ 0.45 V in C14H30 & in
HSCSOCOOH H,0 @pH 11 [370]
S 39 [n=1]: G=7.0x104 @ low V in TCB

Sn(CHg)3
(HaC)4Sn N

[388]; G=6.2x10% & $=2.4 [328]; [n=2]:
G=7.7x10%, G=6.2x104 & S=14.3 [328];
G=1.7x103 @ low V in TCB [388];
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Table 4. continued

Me- | Str.# Structure Results (G=, @g=, f=, S=, RF=)) [Ref]
thod
[n=3]: G=1.0x103 & $=20.9 [328];
G=1.0x103 @ low V in TCB [388];
[n=4]: G=1.5x102 & §=23.9 [328];
G=1.7x102 @ low V in TCB [388]
S 40a Hs@ G=1.0x10* & =0.51 @ 0.3 V [369]
S | 40b HS G=2.5x103 & =0.51 @ 0.3 V [369]
S 40¢ HS OOO G=1.0x 103 & 4=0.51 @ 0.3 V [369]
" HSONHZ G=1.05x 103 @ 0.2 V [382]
Y Hs (s [¢=1.1°] G=112 @ low V in
Q Q TMB+THF [381]
s |43 [¢=16.8°] G=17.0 @ low V in
HS 0.0 SH TMB+THF [381]
S |44 [¢=44.7°] G=10.0 @ low V in
HS O'O sH TMB+THF [381]
S 45 . [¢=57.8°] G=5.40 @ low V in
Hs—_) () TMB+THF [381]
S |46 ' [¢=71.5°] G=1.30 @ low V in
TMB+THF [381
o) -
S |47 HC oHs G=6.3x102 @ 0.025 V in TCB [384];
. " AHp4=1.2 eV [385]
HaC' CHj
S |48 FHa G=5.4x102 @ 0.025 V in TCB [384]
HsC
S 49 OCH3 G=5.3x102 @ 0.025 V in TCB [384]
HZN—Q—NHZ
) CHs G=5.0x102 @ 0.025 V in TCB [384]
H2N4C§—NH2
s |s1 A G=4.7x102 @ 0.025 V in TCB [384]
CI
S |52 Br G=4.7x102 @ 0.025 V in TCB [384]
HZNGNHZ
] NS G=4.7x102 @ 0.025 V in TCB [384];
HzN{:}NHZ AH,4=0.9 eV [385]
F CHj
S |54 £l G=4.6x102 @ 0.025 V in TCB [384]
HZNGNHZ
S |55 F G=4.5x102 @ 0.025 V in TCB [384]
H;NGNH;
S 56 N G=4.6x102 @ 0.025 V in TCB [384]
HZNGNHZ
s |57 R F G=4.3x102 @ 0.025 V in TCB [384],
Q [385]
HoN NH,
F F
RE] G=1.2x 102@ 0.025 V in TCB [386];

G=1.3 x 102 @ low V in TCB [389]
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Me- | Str.# Structure Results (G=, &g=, f=, S=, RF=)) [Ref]
thod
S 59 G=1.06 x 102 @ 0.025 V in TCB [386]
A~ @
Ly
P | 60a NCO G=2.0x103 & f3=0.45 @ 0.3 V [369]
P 60b NC G=1.3x103 & =0.45 @ 0.3 V [369]
P 60c NC G=2.5x103 & =0.45 @ 0.3 V [369]
S 61 NG CN [#=35.5°] G=3.64 in TMB/THF [390]
S 62 CN [¢=1°] G=7.1 in TMB/THF [390]
~FO
S |63 [¢=20.7°] G=5.1 in TMB/THF [390]
e~ )on
S |64 . [¢=44.8°] G=3.0 in TMB/THF [390]
e
S |65 . [¢=58.5°] G=1.3 in TMB/THF [390]
oo
S 66 89.3°] G<0.08 in TMB/THF [390
\ CN [4-89.3°] [390]
S 67a N */ \_ N G=7.7x102 & 3=0.5 @ 0.013 Vin 0.1
\ / M NaClO4(aq) [89]; G=7.7x102 @ low
V in aq. NaClOy4(aq) & no gate effect
[359]; G=7.7 & RF=0.80 @ 0.075 V
[367]; G=7.7 x 102 & RF=0.8 & <30%
gating @ low V in 0.05 M NaClOy (aq)
[375]; G=50 & S=-10 (evap. film) [391];
G=7.7x102 @ 0.075 V in vapor-dep.
film; force monitored [392]; G=46HC &
G=12L€ @ 0.027 V in TCB [393]
S 67b N \_ N G=5.0 & =0.5 @ 0.350 V in TCB
\ 7/ / [394]
M |68 G=1.0x102 [395]
oA e
S 69 ‘ . 79.7°]1 G=1.0 in TMB/THF [381
Hs O O H [¢= ] [381]
S 70 [¢=89°] G=0.70 in TMB/THF [381]
S [71a woe Se [\ s en G=80 @ 0.001 V [329]; G=22 &
Varaw RF=1.5@low V & V=0 in $CH;
[396];
S 71b wso S/ \ s [\ G=5.8 & RF=1.5 @ low V & V=0 in
SH
\ / "\ J s ¢CH3; G=1.5x102 @ Vg=0.3V,
increases @ V,=0.7 V (oxidation;
HOMO!) [396]
E HCS G=1.0x102 & RF=0.5 @ 0.075 V in
o5 ), {)-scH, TCB [397]
S 73 G=2.5 & RF=0.5 @ 0.075 V in TCB
H3CS
s SCH3 [397]
S |74 Q G=17 @ low V in TCB [398]
(O
HoN
S 75 N _ G=18 & S=-13 (evap. film) [391];
/7 \ \_ N G=20 & =0.5 @ 0.350 V in TCB [394]
Vj
S 76 N _ G=0.50 & =0.5 @ 0.350 V in TCB
\ 7/ —\ [394]
Y
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Me- | Str.# Structure Results (G=, @g=, =, S=, RF=)) [Ref]
thod
S 77 i Q \ G=2.2 @ low V in TCB [398]
S 78 Q_\—Q G=2.2 @ low V in TCB [398]
NH,
(HsC)N
S 79 HN G=47 @ low V & S=+13 (evap. film)
= \ ) [391]
S 80 hCs [n=1]: G=93, [n=2]: G=48, [n=3]:
E \ Q s, | G729 @low V in TCB [398]
n
S 81 [n=1]: G=22, [n=2]: G=7.7, [n=3]:
\ Q o G=5.6 @ low V in TCB [398]
n 3
H4CS
S |82 s Q j [n=1]: G=1.6, [n=2] G=2.0, [n=3]
¢ \ Q G=1.3 @ low V in TCB [398]
n
M |83a HS O _ O SH G=3.0x103 @ 0.5 V [399]
S [83a G=20 @ 0.05 V in ¢CH; [380]
S 83b HS Q - Q SH G=10 @ 0.05 V in ¢CH; [380]; G=13
> @ low V in CH3CN + NaOH [400];
G=13 [401]
S 84a HaN Q _ Q NH G=42 @ low V & S=+10 (evap. film)
2 2 [391], G=49HC & 1.2LC @ low V in
TMB/THF [402]
M | 84a G=49HC & 1.2LC @ low V [402]
S |84 | . - . NH, | G=25HC & 1.OLC @ low V [402]
S |85 NO, G=6 @ low V in CH;CN + NaOH,;
HSSH NDR @ 1.8 V [400]
S |86 HS SH [n=0]: G=3.7x102; [n=1]: G=2.5x102;
O = O S [n=2]: G=1.9x102, all @ 0.05 V in
s n $CH5 [380]
S 87a N/ \ —\ G=31HC & 6MC & 0.12LC @ low V in
/T TMB/THF [402]
M |[87a G=39HC & 0.12LC @ low V [402]
S |87 7\ =\ | G=13HC& 2.4MC & =0.31@ low V in
N =\ /N TMB/ THF [402]
M |87b G=12HC& 0.01LC & =0.31@ low V
[402]
S |87 N@: — _ _ /\|G=3.1HC& p-031@low V in
— /| TMB/THF [402]
S | 88a NG Q _ O oN G=1.2HC& $=0.17@ low V in
TMB/THF [402]
M | 88a G=1.5HC @ low V [402]
S |88 |\ Q - O on | G=0.771C, =0.17@ low V in
TMB/THF [402]
M | 88b G=1.2HC @ low V [402]
S |88 |ne —_ o | G=031HC, =0.17@ low V in
— TMB/THF [402]
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Me- | Str.# Structure Results (G=, @g=, B=, S=, RF=)) [Ref]
thod
M | 89a i G=150HC & 1.5LC @ low V [402];
s & ey | G=117HC & 1.67LC @ 0.10 V [403]
Y
o]
S |89 G=120HC & 2.1LC, 5=0.32@ low V in
TMB/THF [402]
S |89 )OL G=56.1HC & 1.73LC & =0.32@ low V
oo S —_— s cts | in TMB/THF [402]; G=117HC & 1.6L.C
Y @ 0.10 V in (1:4)-(THF:TMB) [403];
° for 892, 89b, & 92: 3=0.37+0.03 [403]
M |89 G=611C @ low V [402]
S |90a s G=250HC 0.61LC, =0.29@ low V in
s Q O TMB/THF [402]
M [ 90a G=250HC, 0.98LC @ low V [402]
S [90p G=63.0HC, 0.234LC, 8=0.29@ low V in
TMB/THF [402]
M | 90b G=200HC, 0.39LC @ low V [402]
S [ 90c G=15HC, =0.29@ low V in TMB/THF
[402]
M | 90c G=39HC, 0.08LC @ low V [402]
M |91 G=15 @ 0.2 V [404]
M |92 G=10 @ 0.1 V; for 89a, 89b, & 92:
=0.37£0.03 [403]; G=22 to 31 @ low
V & 300 K, Egomo is 0.51 eV below
Epermi» I~ 0.0045 eV [406]; G=3.6 &
A=1.11 A-1 @ low V [407]
K G=9 [404]; G=13.9HC & 0.76L.C @ 0.10
V in (1:4)-(THF:TMBY); [for 89a, 89b,
& 92]: =0.37+0.03 [403]; G=6 to 13
[408]
Mo|93 | B B 1, | G=LIIC @0.10 V [403]
£ I - = S’ s
S |93 G=1.22HC @ 0.10 V in (1:4)-
(THF:TMB) [403]
S |94 G=20.8HC & 2.0LC @ 0.10 V in (1:4)-
(THF:TMB) [403]
S |95 G=4.12HC @ 0.10 V in (1:4)-
(THF:TMB) [403]
M |95 G=6HC & 0.04LC @ 0.10 V [403]
M |9 G=40 to 46 @ low V & 300 K, Egyomo
is 0.37 eV below Eggrmi, 7~0.004 eV
[406],[405]
s |9 G=36.8HC & 1.65LC @ 0.10 V in (1:4)-
(THF:TMB) [403],[405]
M |97 G=2.51C & 0.005LC @ 0.10 V [403],
[405]
s |97 G=3.61HC @ 0.10 V in (1:4)-(THF:
TMB) [403]; G=2.0x102 @ low V
[403]; [410]; G=2.5[405],[409]
S |98 G=3.1x102 HC & 12MC & 1.4LC @ 0.1

V[411]
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Table 4. continued

Me-
thod

Str.#

Structure

Results (G=, @g=, =, S=, RF=)) [Ref]

99

OCHy

G=11 @ 0.2 V [404]

100

G=11@ 0.2 V [404]

101

Large gate effect (nitro group gets
reduced) in 0.1 M NaOIl (aq.) & also in
0.1 M NH4CH3COONa (aq.) [375]

102

G=5x10-3 or G=7 @ low V [403];
G=8x10-3 [409]

103

G=4x102 [403],[405],[410]

103

G=30 @ low V [403]; G=2.5 [409];
NDR [405],[410]

104

G=77 [412]

105

[5 double bonds]: G=2.06£0.05 @ 0.2 V
in CH3 [413]

106

[7 double bonds]: G=0.96 + 0.07 @ 0.2
Vin ¢CHj3 [413]

107

[9 double bonds]: G=0.28 + 0.072 @ 0.2
V in ¢CH3 [413]

108

[11 double bonds]: G=0.11+ 0.07 @ 0.2
V in $CH3 [413]; [n=5,7,9,11 double
bonds]: for n> 0: G=37+18 &
=0.22+0.04 [413]

109

[n=0,1,2,3,4 meas.]: for n>0
G=1.5x102 & =0.19 @ low V in TCB
[414]

110

G=2&CS@0.1V&1.6K[333]

111

[n=0,1,2,3,4 measured]; [n=4]:
G=6.2x102 & =0.19 @ low V in TCB
[414]

112

G=0.9 @low V & V,=0inaq. 0.1 M
NaClO,4 but G=4x102 when V,=-0.7 V
vs.Ag/AgCl (reaches LUMO) [375];
G=13@0.100 V & Vgge=0 V& G i
T-activated in aq. NaClOy4 (AE iy~
0.35eV @ Vz=0.2 V: solvent reorg.) but
G is T-indep. in ¢CH3 (277<7<317)
[415]

113

G=3.8@low V & V=0 inaq. 0.1 M
NaClOy; G increases until Vg:—0.4 \%
vs.Ag/AgCl; molecule desorbs @ Vy=-

0.5 V [375]; G=3.8 (estim.) @ 0.100 V
& Vy=0V in aq. NaClO4 [415]

114

G=0.60 @ 0.100 V& V=0 V & G is T-
activated in aq. NaClOy (AE, 4~ 0.35
eV at V,=0.2 V: solvent reorg.) [415]
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Table 4. continued

Me- | Str.# Structure Results (G=, &g=, f=, S=, RF=)) [Ref]

thod

S 115 G=8x102 @ low V in TCB [416]

S 116 G=77 @ low V in TCB [416]

S 117 [1.35:1.00 isomer mixture] G=15 @ low
Vin TCB [416]

S 118 G=8x103 @ low V in TCB [416]

S 119 G=8x102 @ low V in TCB [416]

S 120 G=5x103 @ low V in TCB [416]

S 121 G=75 @ low V [387]

S 122 G=256 @ low V in TCB [389]

S 123 G=2.7x102 @ low V in TCB [389]

S 124 G=3.4x102 @ low V in TCB [389]

S 125 [n=1,2,3,4 measured]: for n>0 G=110
& =0.1 @ 0.1 V in hexadecane [417]

S 126 [n=1]: G=7.6 x 10-1; [n=2]:
G=9.22x10-3 & G=1.23x10-2; [n=4]:
G=3.6x10-3; all @ 0.25 V in TMB [418]

S 127 G=14 @ low V in $CHj3 [419]
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Table 4. continued

Me-
thod

Str.#

Structure

Results (G=, @g=, =, S=, RF=)) [Ref]

128

G=1.7 @ low V in ¢CH3; electrochem.
gating in 1-butyl-3-methylimida-zolium
hexafluorophosophate solvent at V close
to LUMO (max on/off ratios ~ 50)

[419]

129

[n=2.5]: G=29 & S=1.1 @ low V [391];
[n=1,2,3,4 measured] for n>0: G=3.0 x
103 & =0.83 @ low V in TCB [420]

16

[Ceol: G=500HC t0 20HC @ low V in
CioHa; (dep. on squeezing) [421]

16

[Cgol: on Cr using Fe/W nanotip @ -0.5
V & 5 K: TMR ratio = (Gyp-Gn)/Gyn =
1.0+0. 1 [422]

130

G=23 @ low V [383]

131

G=400HC to 15HC (dep. on squeezing!),
0.25LC (indep. of squeezing) @ low V
in TMB [421]

131

G=120HC & 0.77LC @ 0.03 V [421]

132

[substituted ZnPc]: G=1 @ 0.5V & 6 K
[135]

133

[tetra(aminophenyl)porphyrin]: G=1 to
2 @0.001t00.4V & 10K [113]

134

[CoPc]: STM of CoPc on Co island over
Cu(111) using Co/W tip @ -0.1 V & 4.6
K: spin-dep. G (1 to 2 nS) asymmetry
[423]; STM of CoPc on Fe over W(110)
using Cr/W nanotip: G & image are
spin-dep. @ -0.05 V & 6 K [424]

135

[Phthalocyanine = HyPc = C3,HgNg]:
STM on Co nanoislands over Cu(111)
using Co/W nanotip @ 0.01 V & 4 K:
GF= 2.0x104, Gop=1.5x10% > (Gp-
Gap)/Gap = 0.6120.09 [425]
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Me-
thod

Str.#

Structure

Results (G=, @g=, =, S=, RF=)) [Ref]

136

[TbIPc,y]: STM of TbPc, (S=1/2 on Pc
ligands; J=6 overall) on Co nanoislands
on Ir(111) using Fe/W nanotip (whose
spin orientation is reset in field of +1 T)
@ 0.5V & 6 K: spin-split HOMO &
LUMO seen (AE =0.210 eV) [426]

136

G =189 @ H=-500 Gauss to G=191 @
H=+500 Gauss: hysteresis due to Tb**+
spin flips @ 0.1 K; Tb nuclear spin
transitions (from equal populations
@Vy=-0.1 towards majority I=+3/2 @
-0.8 Volts) @ V=0.0 Volts & 0.08 K
[427]

137

X
CzHS\rL/Csz

CoHs

0 5
Co ‘ ZcHs
Se-
£ ¢

ol

CeHs

[CogSeg[PX(CoHs)al6, X=pSCH3]:
G=4x102 @ 0.75 V in TCB [428];
[C06S68[PX(C2H5)2]67 X=¢!—CH—CH—
0SCH;]: G=0.8 @ 0.75 V in TCB [428];

138

G=23 @ 0.1 V & gate bias=-0.1 V (G
>100 for gate bias= 0.7 V) in 0.1 M
HCIO, [429]

139

G=~7 (noisy) @ 0.1 V & gate bias=-0.1
V (G >30 for gate bias= 0.5 V) in 0.1 M
HCIO4 [429]

140a

G=5x104 (Kondo peak) @ 1.5 K &
H=0; Kondo peak 2> 0 @ 18 K; Kondo
peak @ 1.5 K & H=0 splits into 2 peaks
as H>10 T [86]

140b

G=50r100r500& CS @ low V &
Vg=0 & H=0; CD (with G=0 Co™* &
Co™™ regions) & G maxima @ 0.1 K &
H=0 for interdep. V & V, values (see
Fig. 17); diamond shifts when H#0 [86]

141

G=5x10% or G=4x104 & CD @ 0.3 K
(Vo (spin-1/2) & V,0 (spin-0) regions)
with G maxima @ 0.1 K & H=0 for
interdependent non-zero V & V;, values;
for H#0 CD shifts & Kondo peak splits
[318]

142

[Mnl(ter-pyr-O-(CH;)6-SAc,][PFg]:
CD @ 1.7 K; transition from high-spin
S=5/2 (t24)3(e,)? ground-state to low-

spin S=1/2 (tyy)>(e,) excited-state is

induced @ 1.7 K by gate voltage V>

0.9 Volts (H-dep.) [430]

143

[MnlTlg Mn!V40,5,(00CCH3);6(Hy0)4]
CB @ 0.3 K & H=0; G=200 maxima in
CD are fens of V & Vg; H=0>8T
splits the Kondo maxima [431]
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Me-
thod

Str.#

Structure

Results (G=, @g=, =, S=, RF=)) [Ref]

144

[Mﬂ”lg MHIV4012(OOC-¢-S-CO-MC)16
(Hy0)4]: CD, 0I/0V<0 (NDR), &
regions of G=0 @ 3 K & 0.005V &
[432]

[MHIHS MHIV4012(OOC-C15H30-S-CO—
Me);6 (H20)4]: CD @ 4 K & for certain
V=0.005 V & V4 regions of maximum

G=10, d1/0V<0, and G=0 due to
forbidden spin ladder transitions [432]

145

A &

{Felll,[CH3CH(CH3),CO(CH,),COCH
(CH3),CH;3]6[(CH,)9SCO-CH3],}: S=5

SMM: D=5.2 x10-5 eV, E=0; spin
states accessed @ 1.6 K by ¥V [433]

146

ds-[5’-(GC)4-3’- CH,CH,SH] DNA-
like oligomer, a self-complementary B-
form DNA H-bonded double strand; for
bases G and C see top of Fig. 14

G=1.0x102 @ low V in 0.1 M NaCl &
0.01 M phosphate buffer at pH7 [434];
no T-dep. between 378 K and 313 K &
no electrochem. gating [435]

147

5’-CGCG(AT)y CGCG-3’-thiol DNA-
like oligomer (a self-complementary B-
form DNA H-bonded double strand);

[m=0] G=1.0x102; [m=1] G=5.8; [m=2]
G=0.3 @ low Vin 0.1 M NaCl & 0.01
M phosphate buffer at pH 7 [434]

for bases G, C, 4, and T see Fig. 14

“Methods: E = EBJ with Au electrodes; M = MBJ with Au electrodes; N = Au nanopore; P = SBJ with bulk Au electrode + Au nanoparticle atop a C-
AFM tip; Q = electrodeposited Au nanogap; S = SBJ with bulk Au electrode + either scanned Au nanotip or scanned Au-tipped AFM probe; X =
SAM (not unimolecular) studied with Ag™ electrode + EGaln drop; Y = spin-polarized STM. by is the relevant intramolecular torsion angle. @y is
the effective work function (eV) in eq 45. The listed G values are generally smaller than the Landauer—von Klitzing conductance quantum G, =
77 480.9 nS of eq 14. 3 is the attenuation coefficient (A™") of eq 53. S is the thermopower (4V/K) of eq 64. RF is the bond rupture force (nN) for
the Au-to-molecule bond (except when noted otherwise), V, is a gate voltage, and H is the external magnetic field. Theoretical estimates of G were
obtained for some of the molecules listed here.>>**> CB = Coulomb blockade; CD = Coulomb diamond; and CS = Coulomb staircase. Superscripts
HC, MC, and LC are for high-conductance, medium-conductance, and low-conductance peaks. Solvents: THF = tetrahydrofuran; TCB = 1,2,4-
C¢H;Cl;; TMB = 1,3,5-C¢H;(CHj;); and ¢CH; = toluene.
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Figure 8. Scanning break junction SBJ:* (A, B) One, two, or three Au nanowires in parallel show histograms of conductances of multiples of the
Landauer quantum G, = 2¢%/h (eq 59) when studied at room temperature in a modified STM. (C, D) Histograms for 4,4'-bipyridine (67a), dissolved in
0.1 M NaClO,, spanning the distance between the Au substrate and the Au NT show peaks at G values ca. 100 times smaller than G,. (E, F) The pure
solvent shows no peaks in conductance. Reprinted by permission from ref 89. Copyright 2003 American Association for the Advancement of Science.

14. COULOMB BLOCKADE, COULOMB STAIRCASE,
AND COULOMB DIAMONDS

The conductance of molecules can be affected by CBs. In a 3-um-
long metallic single-walled carbon nanotube (SWCNT)

off-resonance at the metal Fermi energy E = Eg, the thermopower

S is given by
S = — (2’ky’T/3¢)10 In P/OE)l,_p_ (64)
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physisorbed and therefore weakly coupled to four Pt pads,
measured in a four-probe geometry (which, because of weak and
nonuniform coupling from nanotube to pads, becomes really a
two-probe measurement), one sees CBs.”> The two-electrode
contact resistance is of the order of 0.5—1 MQ. At ~5 mK, the IV
measurements showed clear evidence of steps, which could be
tuned on and off by applying different gate voltages to the Si/
SiO, substrate below the Pt pads. The nanotube is assumed to
have a small but finite capacitance C, and current is blocked until
Viias > €/2C is reached (with or without the help of an
appropriate Vgate) ; here kg is Boltzmann’s constant.”®

This CB effect, already mentioned above, is seen in
semiconducting quantum dots or in metallic islands if kgT <
¢*/2C (eq 8). A second condition for a CB is that the quantum
dot or metallic island be weakly coupled to the electrodes. If the
energy levels of the quantum dot of size L have separations A
typically described by a particle-in-a-box approximation, then

A = h*/mL* (65)
then the second condition for a CB becomes
kyT < A (66)

A sphere of radius R has capacitance C = 4zg R. Therefore, for a
Cqomolecule, R = 0.4 nm, C = 4.45 X 107*° F, and eq6Ssets T'<
20900 K. If the energy levels of Cy; are 0.5 eV apart, then eq 66
sets T < 4000 K.

In metallic islands the energy level spacing A is small (A <
ksT), while in semiconducting quantum dots this spacing
exceeds thermal energies (kgT < A). To repeat, both metallic
islands and quantum dots can exhibit a CB if eq 66 holds. The
take-home lesson is that even a metallic SWCNT, a
quintessential conducting supermolecule, can behave as a
quantum dot.**

Coulomb staircase (CS: steps in the IV curve) have been
measured for SWCNT (17) below 1 K, for Au nanoparticles
bonded to 36 at 300 K,**"*** for 71a bonded to an MBJ at 300 K
(F3i§;1re 9),%** for the Co complex 140 at 1.5 K,* and for 47 at 1.7
K.

For three samples of metallic SWCNT, the charging energy
Ec, the quantum energy level separation A, the sub-band
mismatch J, the exchange energy ], and the excess Coulomb
energy dU were measured at 0.3 K; for a sample of length L = 400
nm, Ec =43 meV, A =9.0 meV, § = 3.2 meV, | = 0.4 meV, and
dU = 0 were found.>*°

15. NEGATIVE DIFFERENTIAL RESISTANCE AND
POTENTIAL POWER GAIN WITH TWO-PROBE
METHODS

An all-organic computer has been discussed,” but the synthetic
complexity of such a venture (making organic electronic
components and also controlling all organic or polymeric
interconnects at once) seems unrealistic at present. There may be
a more urgent need to find electroactive molecules and devices
with power gain.***!

At the present time, only two-terminal unimolecular devices,
such as resistors, insulators, or rectifiers, have been studied; all are
interrogated by inorganic metal contacts (Au, Ti, Al, Mg, etc.).
Two-terminal rectifier logic does not compete commercially with
FET logic,** but electronic gain can be obtained by using either
Esaki tunnel diodes”””® or organic NDR devices,%’335 both two-
terminal devices. This is because, in principle, the negative
resistance of such devices, when added to an equal and opposite
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Figure 9. Coulomb staircase (CS) at 300 K in @,@'-terthiophenedithiol
(71a) in an MBJ: successive IV curves are shifted vertically for clarity.
Reprinted by permission from ref 329. Copyright 1999 American
Physical Society.

positive load resistance in the output circuit, could lead to a very
large or infinite power gain. However, a technological effort to
utilize organic NDR SAMs in the early 2000s failed because of
bad reproducibility.

16. GATING IN FIELD-EFFECT TRANSISTORS AND IN
MOLECULAR CONDUCTANCE

Many researchers have studied the effect of a centrally located
electric field on the conductivity between two electrodes. Using
the terminology of field-effect transistors (FETs), the two
electrodes (nanoscopic or not) in ohmic contact with a molecule
(or monolayer) can be called the source (S) and drain (D)
electrodes, which are separated by a relatively thick insulator
from an inorganic metal or semiconductor, which then functions
as the gate (G) electrode; G exerts an electric field (but injects no
charge) in the conductance pathway from S to D. LB monolayer
FETs using conducting polymers were realized decades ago®’
and were made using thin-film sexithiophene;gz’93 the key to an
FET is thinning the channel width of a semiconductor by using a
gate electrode that is electrically insulated from the channel. One
can even use shoe polish, if it is electrically semiconducting, as the
working channel in an FET. At present one could use two-
terminal break junctions (MB] or EBJ) plus an STM tip as the
third electrode; indeed, many FET applications of this type
(molecular orbital gati g) are known.**® Electrochemical gating
can also provide gain.*

As mentioned above, FET behavior was observed by the group
of Cees Dekker”® by using an STM tip as the G electrode for a
single-walled carbon nanotube (SWCNT) curled over parallel
Augl(i)nes (S and D electrodes) (Figure 10); the power gain was
<I.

Later improvements by Phaedon Avouris and co-workers
(Figure 11) increased that gain.338

A three-capacitor model can describe the coupling of a
molecule, or any nanoscopic object, to source, drain, and gate
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50 nm

Figure 10. AFM image of SWCNT curled over Au lines. Reprinted by
permission from ref 90. Copyright 1997 Macmillan Publishing.
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Figure 11. Output characteristics at 300 K for a CNT FET deposited
over Si and contacted by Co (S and D) electrodes. Reprinted by
permission from ref 338. Copyright 2002 American Chemical Society.

electrodes (Figure 12a) in the so-called weak-coupling limit
(satisfied, e.g., by the SWCNT, which is attracted to the Pt
electrodes only by relatively weak van der Waals forces).>**
The conductance (dI/dV, color axis) in a Vg versus Vg plot
(Figure 12c) can identify interesting conductance regimes in
molecules and quantum dots studied by various BJ methods at
42 K3 In particular, certain enclosed quadrilaterals in these
plots (Coulomb diamonds (CDs)) show no conductance at all in
the CB regime (Figure 12c). An example of a CD will be shown
later. The chemical potential yqp of a quantum dot with energy
levels &; and bearing N electrons in an external potential Vis given

by

Hop = (N = 1/2)e*/C — eV + (1/2) Z’:N e

i=1 (67)

Keeping the chemical potential alternately equal to either Vg
or Vp, allows one to measure the quantities @, , and y defined in
Figure 12c and therefore obtain the capacitances Cs, Cg, and
Cp.>*° Equations similar to eq 67 may link Cg, Cg, and Cp, to the
interfacial energies between the molecule and metal electrodes.
Until such equations are developed, it is difficult to calculate
these capacitances a priori (i.e., theoretically), and therefore the
knowledge of these capacitances a posteriori does not help yet in
the design of future molecular devices. Unfortunately, most
chemists are unfamiliar with capacitance models.®®

17. SPINTRONICS

The nascent field of molecular spintronics can be thought
of as a refocusing of molecular electronics toward controlling not
charge but spin states and spin—spin coupling for possible
magnetic storage. Consider the macroscopic sandwich FlIIF,
with two outer ferromagnetic layers F; and F, and an inner
insulating layer I with net spin: the magnetic coupling between F;

340,341
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Figure 12. (a) Three-capacitor model for coupling between molecule,
source (S), drain (D), and gate (G) electrodes. (b) Energy levels of
quantum dot &; the Fermi level of the left electrode (S) is shifted
downward by a positive potential Vi, the Fermi level of the right
electrode (D) remained at zero, and the energy level of the quantum dot
shifted downward by eV — eV, where 7 = Cs/(Cs + Cp, + Cg). (c) CB
or stability diagram of conductance (color axis) versus Vg and Vi: the
irregular enclosed quadrilaterals (Coulomb diamonds (CDs)) are the
areas for which no current can pass, because of capacitance effects.
Current passes along the line segments between the quadrilaterals. At
small bias, however, conductance is only seen within the small shaded
circles. Adapted from refs 40, 330, and 339.

and F, can be controlled (modulated) by the magnetic properties
of the I layer, which behaves as a spin valve even when I is as thin
as a monolayer.

Although practical magnetic devices have been historically
inorganic materials, there was an early suggestionz’42 that, under
certain conditions, even organic crystals could show long-range
ferromagnetic order (that is, a magnetization that vastly exceeds
the sum of individual molecular paramagnets and has sufficient
coercivity to preserve the large moment). This suggestion
launched many other proposals as well as experimental searches
for organic ferromagnetism, but only a-nitronylnitroxide was
proven to be ferromagnetic below a very low Curie critical
temperature T¢ = 1.1 K** Even when organometallic clusters
have high spin and local ferromagnetic coupling within the
cluster, they usually suffer from long-range antiferromagnetic
coupling. There are a few exceptions. Long-range ferromagnetic
behavior at 4 K was found in the metal—organic complex
decamethylferricenium tetracyanoethenide, with onset at 4.8 K
and a really square MH loop at 2 K (H is the eternal field and M is
the magnetization).***

High-spin organometallic complexes (e.g., Mn,, clusters) were
pioneered by the groups of Roberta Sessoli, Dante Gatteschi,
George Christou, David N. Hendrickson, Eugenio Coronado,
and others: for instance, [Mn;,0;,(0O0C—Me)s(H,0), ]
MeCOOH-3H,0 (144) has an S = 10 ground state explained
by eigenstates of a spin Hamiltonian:

_ 2 2 2 2
Hg, = D(S" = 1/357) + E(S,” = §,") + g AS e H,
(68)
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This spin Hamiltonian consists of a Zeeman term (the dot
product between the external magnetic field H, and the overall
electronic spin S, with its Bohr magneton J, and the
gyromagnetic ratio g.) and of fine-structure splitting parameters
D and E defined in a local diagonalized system (x, y, z). For 144
the measured values were D= —0.6 cm™' = =7 X 107° Vand E »
0,>* whence spin ladders of the transitions between the 28 + 1
eigenstates could be measured.>*> However, long-range
intermolecular antiferromagnetic coupling prevails in the
solid**® Another Mn,, salt, namely, Mn"(hexafluoroacetyl-
acetonate ), (2-isopropyl-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide), with a nitroxide spin center in addition to the
magnetism due to the Mn,, cluster, shows a long-distance
ferromagnetic order thanks to ferrimagnetic chain components
and high coercivity below 7.6 K.**® These high-spin organo-
metallic complexes have been called molecular magnets or single-
molecule magnets (SMMs),** even though at 300 K they are
unsuitable for your refrigerator door!

In the magnetics industry, a solenoid “writes” magnetic bits
inductively on tape and hard or floppy disks, but, over time,
reading the oriented magnetized bits became easier by measuring
the changed electrical resistance of the magnetized bit, instead of
its magnetic moment. Traditional ordinary magnetoresistance
evidences only a small increase in electrical resistance in a
magnetic field (e.g., 2% for permalloy at 0.1 T) and is too small an
effect; the crucial discovery of giant magnetoresistance
(GMR),***** e.g, 50% in a 3-nm Fe/0.9-nm Cr bilayer at 4.2
K and 2 T, ushered in GMR at 300 K and GMR read heads.
These GMR heads, used in magnetic hard disks today, read the
increased local resistance of the magnetized bit, due to its
oriented local magnetic field. More recently, tunneling through a
thin MgO layer between two magnetic lazers exhibits a tunneling
magnetoresistance (TMR) predicted™° and observed with
resistance ratios over 200% at room temperature;351 this quickly
brought forth TMR heads in commerce.

18. CONDUCTIVITY OF MOLECULAR WIRES

Weiss and co-workers showed by STS that SAMs of aliphatic
thiols chemisorbed on Au are ~10° times less conductive than
aromatic thiols.®®* Soon thereafter, Reed and co-workers
showed that 1,4-benzenedithiol (30a) bonded to Au nano-
electrodes by MBJ had a device conductance of 75 nS at 1 V.*°
This result encouraged many physicists to study simple aliphatic
or aromatic terminal bithiols by MBJ; all of these, however, were
studied at applied voltages away from resonance with donor
levels or affinity levels.*’

By studying the temperature dependence of the conductivity
of alkanethiols of different chain lengths 27 (n-octanethiol, n-
decanethiol, n-dodecanethiol, and n-hexadecanethiol), in nano-
pores between 77 and 300 K,**' Reed and co-workers found that
the symmetric IV curves could be fit to (i) the Simmons formula,
eq 45, with @ = 1.39 + 0.01 eV plus an additional factor a = 0.65
+ 0.01 inserted into the two exponentials of eq 45 to modify the
electronic mass m, into an effective mass m™*, and (ii) the
hopping model, eq 53, with # = 0.79 + 0.01 A1****! The plot
of log,,l versus V for dodecanethiol 27c (Figure 13) is
remarkably independent of temperature.

While G, has been measured and confirmed innumerable
times for Au nanowires, the experimental maximum conductance
of a Pt nanoelectrode is 1.6Gy, rather than G, because surface Pt
atoms have a more complicated set of atomic orbitals (the
ground state of Au is [Xe]4f'*5d'%6s', with mostly 6s character, a
peak at Gy, and only one conductance channel, while Pt is
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Figure 13. Plot of log, oI versus V for dodecanethiol (27c) studied in a
nanopore between Au electrodes between T = 80—300 K; the data in 20
K steps are superimposed remarkably well. Reprinted by permission
from ref 320. Copyright 2005 Institute of Physics.

[Xe]4f'*5d%6s?, with mixed 6s and Sd character, a major peak at
1.6G,, and three conductance channels).>*®> When a single H,
molecule bridges the Pt—Pt gap, the first conductance peak shifts
to Go.>>

Z'=H or phosphate

; ( (5' end)

CGATT (DNA oligomer)

Figure 14. Chemical components of the DNA double-helix, with H
bond directions shown as arrows on each nucleobase, and (bottom) a
depiction of the GCAT DNA oligomer 147.

Tao’s SBJ work®® was extended by the groups of Tao, Latha
Venkataraman, Thomas Wandlowski, and others (Table 4). The
conductance maxima were identified by histograms of
observations versus conductance derived from thousands of
repeated SBJ runs. For nanowires of Au atoms, the histograms
clustered at integer multiples of the Landauer—von Klitzing
conductance quantum G, (presumably G, for one, 2G, for two,
and 3G, for three linear chains of Au atoms); the G values peaked
at these points but had finite breadth, presumably whenever the
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Table 5. Conductances (nS) (HC = High, MC = Medium, and LC = Low) of a,@-n-Alkanedithiols HS—(CH,),—SH (19) and a,w-
n-Alkanediisothiocyanates SCN—(CH,),—NCS (23) Measured in SB] between Au, Pd, and Pt Electrodes at 300 K, and Fits to @y

of Eq 45 and to f of Eq 53; From Refs 67 and 114

S—(CH,),—S- SCN—(CH,),—NCS---
Au Pt Au Pd Pt Au

n= HC MC LC HC MC HC MC HC MC HC MC ®y/eV  p/A!
4 1477 157 1477 157 3307 267 5357 44° 1.30° 0.75¢
s 64° 1.9%
6 934 174 194 30° 154 1.5% 46° 44 554 54 1.349 0.81¢

95 20" 2.45b
8 20% 4.6° 374 6.6° 2.6% 0.33% 5.1° 0.46* 7.7° 0.58%

21° 4.4% 0.89%
9 9.9° 2.0° 047"
10 1.7% 0.33° 3.37 0.60°

1.68° 0.45° 0.22¢

“Ref 114. “Refs 67 and 355. “For SCN—(CH,),—NCS (ref 114). “For HS—(CH,)s—SH (ref 114).

Au atoms were not strictly in line with the atomically sharp Au
tip. For molecules the clustering occurred at multiples of some
fractions of G, with even greater line width, presumably because
of several ways and orientations with which the molecule aligns
with the nanoelectrodes. *

Even for very simple a,w-alkanedithiols, up to three distinct
conductance peaks have been seen (HC, MC, and LC) by several
research teams (Table S); careful density functional theory
(DFT) calculations by Wandlowski and co-workers calculated
that for 1,9-nonanedithiol (19¢) the LC peak is due to a gauche
conformation of the alkane, the MC peak is due to the all-trans
atop—atop conformation (the thiolates are each bonded to only
one Au atom), and the HC peak is due to the all-trans bridge—
bridge conformation (the thiolates are each coordinated to two
Au atoms).”’

To repeat, a thiol R—S—H bonds to an Au surface by lifting u
one Au atom out of the plane;*** is thus MC the better result for
the a,w-alkanedithiols? Similarly, for 4,4’-bipyridine (67a) the
cantilever deflection force measured in tandem with conductance
measurements showed that two conductance maxima were
related to variations in the force, i.e., to different van der Waals
interactions between 67a and the Au electrodes.>”

Warnings have been given about artifacts in SBJ measure-
ments, especially when used in an electrochemical cell with water
as a solvent;>>” the theoretical G values agree to within a factor of
3 with the measured values, except in the case of benzenedithiol
(30a), where theory overestimates G by a factor of 50.>** For 1,8-
octanedithiol (19d) in toluene solution, a modified SBJ using a
special logarithmic amplifier for the STM current detection
yields (within the bias range 0.1—0.4 V) two conductances of 13
+ 4 nS and 325 + 1 nS, presumably due to 2 different
conformations or attachments of the molecule within the gap.**>

Various improvements on MB]J and SBJ have been made. In
SBJ, ac modulation (2 kHz) was added to the dc tip bias;***3¢>
when a 1,8-octanedithiol (19d) molecule binds to Au, the ac
component drops dramatically.**® Another improve-
ment>***Y*15 placed the substrate holder over a Peltier-effect
heater;>*#3°V*!> this enabled a thermopower measurement,
which yielded the sign of the current carrier.****"' Performing
SBJ experiments in a micropotentiostat allows for electro-
chemical control of the scanned current.*'® A surface-enhanced
Raman spectrum (SERS) was measured on a single 1,4-
benzenedithiol (30a) molecule in an MBJ .*’® The “marriage”
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of STM and inelastic electron tunneling spectroscopy (IETS) is
discussed in section 29.

The measured conductances G correlate extremely well”” with
cos” ¢, where ¢ is the (measured or computed) dihedral twist or
torsion angle for compounds 30b, 41—46, 69 and 70,°%! 32—
35,%%¢ and 61-66;>"° high torsion angles decrease the
conductance.

A persistent puzzle remained about the use of a (non-
conducting) solvent in SBJ studies; none was used in MBJ
studies. An effort was made to subtract the solvent from the
histograms.436 By switching to a conducting solvent and using an
auxiliary electrode in an microelectrochemical cell, some gate
control of the conductance in an SBJ could be attained. ¢
However in aqueous solvents one must beware, and be aware, of
ionic interferences and electrochemical side reactions.>>

Molecule 85 exhibits NDR-like effects just before dielectric
breakdown.**® The shorter molecules 126 (n = 1) and 126 (n =
2) have temperature-independent SBJ conductances that suggest
coherent tunneling (eq 16), between 275 and 325 K (n=1) and
between 300 and 335 K (n = 2), while the longer 126 (n = 3) and
126 (n = 4) have a pronounced temperature dependence, due to
incoherent hopping conduction (eq 54).*'*

A recent experimental study on a single Zn porphyrin 134
chemisorbed to Au nanoelectrodes at 6 K could distinguish
between the energy shift due to A and the energy shift due to P
+ Py, and provided an estimate of the latter by image charge
calculations.'*

McCreery and co-workers have perfected a method of
electrodepositing a compact layer of either diazonium salts or
nitrodiazonium salts atop a heavily graphitized (0.5-nm rough-
ness) pyrolyzed photoresist film atop Si, then electroreducing the
aromatic layer, and covering all by a 30-nm Cu film; this dense
array allows an immense number of IV cycles (1.5 X 10”) without
breakdown!*” The exponentially decreasing conductance with
increasing chain length yields a very reasonable § = 0.89/CH,
group or #=0.75 A™" (Figure 15).%%® Similar /3 values for various
classes of molecular wires, measured by many groups, range from
1.1to 0.2 A1 It is reassuring that measurements of transient
absorption decay times in D—B—A molecules of varying lengths
yield similar values.**

The group of Jan C. (“Kees”) Hummelen, collaboratimg with
the groups of van der Zant, van der Molen, Wandlowski, and
Chiechi, has studied the reduced conductance of cross-
conjugated molecules 102 and 103, relative to normally
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Figure 15. (A) Conductance histograms for NH,—(CH,),—NH, 20 (n
=2, green), PMe,—(CH,),—PMe, 21 (n =2, blue), and SMe—(CH, ) ,—
SMe 22 (n =2, red). (B) log,, G as a function of number of methylene
groups in the molecules in X—(CH,),,—X for X = NH, (green), PH,
(blue), and SMe (red). Reproduced by permission from ref 368.
Copyright 2007 American Chemical Society.
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conjugated molecules (96);***00*0%49412 this decreased

conductance is akin to the well-known principle in physical
organic chemistry that there is reduced coupling for meta-
disubstituted aromatic molecules (relative to para- or ortho-
disubstituted ones). Also, when 102 is electrochemically reduced
twice (from cross-conjugated anthraquinone to linearly con-
jugated anthrahydroquinone dianion), the conductivity should
increase.**® When thioacetates are used to make SAMs on Au
substrates, it is important to add base to remove the acetyl groups
and increase the order in the SAM.>** Molecule 103 exhibits
interrupted conjugation and also negative differential resistance
(NDR) but no conductance maxima at 6 K; this NDR has been
explained (Figure 16)*'° by considering a linear combination of
the HOMO and HOMO-1 levels of 103 (generating a left
localized MO (LMO), with amplitude maxima at the left half of
103, and a right LMO with amplitudes localized on the right
half). These energy levels are degenerate at zero applied bias but
are split by a small bias V by an amount aeV by the Stark effect.*'

By measuring the AFM rupture force (RF in Table 4) needed
to break the binding of 1,8-octanedithiol (19d) to Au at 300 K
(RF = 1.6 nN),*®" a value was found that was very similar to the
values found for breaking a Au—Au bond (RF = 1.6 nN) at either
room temperature361 or at 4 K;**! thus, it was decided that the
bond broken in 19d was a Au—Au bond rather than a Au—S§
bond, 361,366

One would like to know the enthalpy of adhesion
(physisorption) AH,4 of amines to Au; it must be smaller
than that of chemisorption of thiols to Au. Indeed, AH 4, was
estimated by progressively heating the monolayers of 31a, 47,
and 53 physisorbed on Au(111) and measuring the He atom
specular reflectivity (which is at a maximum when the monolayer
is totally desorbed);® half the monolayer was desorbed by at
327 + 15 K for 31a,297 + 15 K for 47, and at 415 + 15 K for §3.
The Redhead formula gave AH, 4= 1.0 €V for 31a, 1.2 eV for 47,
and 0.9 eV for 53; these values are twice the calculated values but
are close to the experimental estimates for the chemisorption of
thiols of Au.*®

From time-dependent MBJ measurements of 31a versus 41,
the Au—NH, bond was estimated to be 5 orders of magnitude
less stable than the Au—S bond.>® By extrapolating to zero
length (zero repeat units n) the measured conductances G of
oligomers, one can gets an estimated contact resistance Rc =
Lim,_,G™" for various molecular terminal group(s). For
oligoynes the trend of R is 1,4-benzenedithiol (smallest
resistance) < SH < NH, < pyridine < NO, = dihydrobenzo[b]-
thiophene < CN; for oligophenyleneethynylenes the trend is C
< SH < pyridine.”

Emphasis has been placed on measurements of only the dc
electrical resistance R or its temperature or thickness depend-
ence, but the capacitance C of monolayers (or single molecules)
should not be neglected. By measuring the complex impedance Z
as a function of frequency,'®>*”* one can extract R and C data
from an equivalent circuit model. For sandwiches with an area of
2.82 X 10° um? of alkanethiolates 27d—27g, parallel equivalent
circuit values R = 1—400 Q cm?® and C = 1-3 uF cm™ were
extracted (whence the circuit time constant 7 = RC is between 1
and 1200 pus).*”?

In recent MBJ studies,"*® as the nominal gap between the Au
nanoelectrodes was mechanically reduced to less than the
molecular length, the bithiol molecules still bridged the
electrodes, but the molecules had probably started to “ride and
slide” atop at least one electrode (the Au—thiolate cluster could
migrate between Au sites). Sterically shielded thiols could
prevent such riding motion.

o
0 g ©
o°°°°°°o
oo

Current (pA)
y

+ Experimenal data
— 2 site model

Figure 16. Explanation of the negative differential resistence (NDR) effect observed for molecule 103 in an MBJ at 6 K. The fit parameters are a = 0.74, T’
=10.2 meV, and 7 = 24.1 meV."'"° Reproduced by permission from ref 410. Copyright 2014 Macmilllan Publishing Company.
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When designing efficient unimolecular devices, we seek
medium coupling to the electrodes, and we may be able to
assess the capacitances linking these devices to the electrodes if at
4 K CBs can be found for them (i.e,, if the coupling is not too
strong). Measurements of single molecules in SBJs, expanded
beyond mere conductance to mechanical forces, absorption/
emission of light, thermopower, and spintronics effects, have
been reviewed recently.”®

The exact geometry of the molecule chemisorbed onto a metal
surface is difficult to determine,®® but valuable insight is now
available in very difficult experiments combining STM and
single-molecule Raman spectroscopy,™” or simultaneous STM
and inelastic tunneling spectroscopy (IETS),** discussed later.
Some insight is also available by monitoring in the same
experiment the AFM cantilever force and the single-molecule
SBJ conductance;**"*** as may be expected, the through-
molecule conductance and the mechanical force felt by the AFM
cantilever tip share a similar dependence on the distance between
the tip and the substrate.**'~***

Resonance Raman emissions, enhanced by Au nanoparticles
or by the tunneling process, have been detected for p-
mercaptoaniline in an EMBJ*° at 1490 and 1498 cm™ or
fishing-mode STM (SBJ) plus tip-enhanced Raman spectrosco-
py-*** When a molecule is on a metal surface, light emission is
strongly quenched by surface plamon-polaritons within the
metal,"™® so molecule-specific emission features are hard to
detect.**” Inserting a thin insulator did help: a ca. 5-A-thick AL,O,
layer was grown atop NiAl(110), then a ca. 2-A-thick layer of
Zn(1I)etioporphyrin I was sublimed above it, and the sandwich
was probed by STM at ultrahigh vacuum using a Ag (or a W) tip.
Fluorescence emission under bias (rather than inelastic tunneling
emission) was detected with vibrational subpeak separations of
40 + 2 meV.**® The spectroscopy in molecular junctions was
reviewed recently.**

The thermopower values S were positive (hole conduction)
for molecules 24a—24c¢, 39 (n = 1—4),*® and 79 and 84a.°*' §
was negative (electron conduction through LUMOs?) for 67a
and 75; S was almost zero for 122.3° From the energetics shown
in Table 2, the S < 0 results for 67a and 7S in Table 4 seem
counterintuitive. The temperature dependence of the con-
ductance of a,w-dithiols 19b, 19¢, 19d, and 19e in the range 293
< T < 353 K was ascribed to a redistribution of the contributing
conformers.**®

We next review relevant unimolecular spintronics results. In
the first EBJ study at cryogenic temperatures,®® not only was a
CB observed in Co complexes 140a and 140b, bonded to 2 Au
electrodes (source and drain, with a bias V across them) and
subjected to an electric field by applying a potential V to the gate,
but also there were CDs in the conductance as a function of V'
and V, (Figure 17) ;% the high-conductance ridges correspond to
the oxidation from Co*" (right) to Co*** (left). The Kondo effect
for 140a is shown in Figure 18.%

Similar results have also been seen for the divanadium complex
141,*'8 for 142,%° and for the SMMs 143,%! 144,%*% and 145.***
In the S = S Fe, cluster SMM 145, the spin states were accessed
(but not changed) at 1.6 K by using a gate voltage V,.***

In the SMM 142 consisting of an organometallic Mn(II)
complex with an § = 5/2 ground state, the magnetic fine-
structure and Zeeman splittings could be followed at 1.7 K by
inelastic tunneling processes in the CB region. A gate voltage V,
=0.9 V (at magnetic field H = 0, increasing linearly with magnetic
field) could excite Mn?* from its high-spin S = 5/2 ground state
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Figure 17. For three samples of 140b, color plots of differential
conductance dI/0V at 0.1 K and at zero applied magnetic field as a
function of the bias voltage V between source and drain and of the gate
voltage V. The white ridges correspond to maximum conductance: (a)
5nS, (b) 10 nS, and (c) 550 nS.%® Reproduced by permission from ref
86. Copyright 2002 Macmilllan Publishing Company.
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Figure 18. Kondo peak for the Co complex 140a at either 1.5 K (a) and
(b) or as a function of temperature (1.5—18 K) in zero applied magnetic
field (c), or at 1.5 K as a function of magnetic field (0—10 T) (d). As the
field increases, the peak splits in two.*® Reproduced by permission from
ref 86. Copyright 2002 Macmilllan Publishing Company.
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Figure 19. At a positive bias Vapplied to metal electrode 2, in step (1), resonant tunneling of an electron (transmission factor T = 1) occurs from Eyopo
to the Fermi level y, of metal electrode 2 (which were put into mutual resonance by the applied voltage V). This is followed by nonresonant tunneling
(2), (3) of a second electron from Fermi level y; of metal electrode 1 through a barrier of height E; o to refill Eyopo.

to a low-spin S = 1/2 excited state by (somehow) increasing the
partial charges on the ligands without reducing Mn**.**°

Giant magnetoresistance was measured by STM for a single
phthalocyanine molecule H,Pc 135 on ferromagnetic Co
nanoislands on a Cu(111) substrate probed by parallel or
antiparallel orientations of the magnetization of a Co-coated W
nanotip at 4 K;*° G, = 2.0 x 10* and G,p = 1.5 X 10* yields a
GMR ratio = (Gp — Gap)/Gyp = 0.61 + 0.09 and a tunnelin
magnetoresistance ratio Gp/Gap = 140% at —0.35 V bias.*”
These single-molecule spintronics results have expanded our
understanding of molecular conductance. The conductances of
DNA oligomers 146 and 147 are discussed in section 31.

19. TRANSITION VOLTAGE SPECTROSCOPY

A study on chemisorbed monolayers of alkanethiols on Au,
plotting In,(IV"2) versus V', found a roughly V-shaped curve,
with a good fit to the abbreviated Simmons equation (eq 46) at
low V and a good fit to Fowler—Nordheim tunneling (eq 44)
above a transition voltage v, Using alternate tunneling
equations by Stratton®”® and Hartman**’ that are simpler than eq
45, an approximate theoretical value for V,, was suggested:>*>

Ve = (23/2h/eme1/2d)(/4 - EHOMO)1/2 (69)

Other estimates are V, = 1.15 (4 — Eyomo) ™" or, very
simply,>*

Ve = # — Egomo (70)
» 302,451

The name “TV spectroscopy”, or a more modest
appellation,Ar52 was given for measuring this transition from a
trapezoidal barrier at low V (Simmons tunneling, eq 45) to a
triangular barrier at high V (Fowler—Nordheim tunneling, eq
44). However, an unsymmetrical V-shaped plot of In,(I1l/V?)
versus 1/V, with a local minimum at V, bespeaks of some
transition between normal tunneling (linear, not necessarily
Simmons-like) to some superlinear tunneling (not necessarily a
Fowler—Nordheim-like cold-emission mechanism);*** the posi-
tion (and/or distortion) and coupling of molecular orbitals
(filled or empty) to the adjacent metal electrodes (Fi%ure 1)
must become a component of a more complete theory.**>
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Several experimental values for V,, have been found: (i) V,, ~
0.62—0.95 V at 300 K in the series phenylthiol, naphthylthiol,
anthrylthiol, biphenylthiol, to terphenylthiol;301 (ii) V,~ 1.7V
for a molecular wire of 2-[4-(2-mercaptoethyl)phenyl]-
ethanethiol mixed with a 107 mole fraction pentane-1-thiol at
260 K;*? (iii) V;, ~ 1.2 V for several alkanethiols between 9 and
24 A in length at 300 K;** (iv) V, = 195 V for 1,8-
octanedithiol®*® and V,, = 1.14 V for 1,4-benzenedithiol.>* The
merits of V,, have been discussed intensely*>*~*” and will be
revisited later.*®

In Figure S the molecular orbitals of molecules in the gap are
not shown. Physicists usually assume a linear drop of the applied
electric field (or bias voltage) across the molecule or molecular
monolayer. More likely, the voltage drop may be more
complicated if electrons are pulled temporarily into (or from)
an available molecular orbital. Once the electron exits the
molecule or monolayer and enters the second electrode, the
matching of chemical potentials (=partial molar Gibbs free
energies) between the two metal electrodes requires that the full
voltage drop be accounted for. Future theory and experiments
should be planned to differentiate between tunneling through
molecules with accessible energy levels and an insulator with a
very high-lying conduction band (e.g., diamond-like carbon).>*
Some thought has been devoted to specifically discussing eyono
and &0 for the molecule in the gap.>*>303074%0

We may also discuss these energy levels within an organic
monolayer between metal electrodes, in a picture like Figure 19.
In complicated molecules the largest HOMO (or LUMO)
amplitudes may be larger for atoms that are physically closer to
one electrode than the other; this can be described by an
asymmetry parameter p (0 < p < 1) asin eq 50,%°9%7 partially
localized with its center of gravity, and larger amplitudes closer to
one of the metals, e.g., M, (i.e., pinning of the molecular orbital to
the Fermi level of M,).

20. ASYMMETRIES IN IV CURVES: RECTIFICATION

The IV curves described above are symmetric with respect to bias
(whatever is in the first quadrant is reproduced in the third
quadrant). The first proposal for asymmetric IV curves was the
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AR proposal for a molecular rectifier (Figure 20):' the ground
state has low polarity (D°—6—A°) with the HOMO localized

(@) AR (b) anti-AR
Electron flow Electron flow
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Figure 20. (a) The Aviram—Ratner proposal or Ansatz'> for
unimolecular rectification posits a single D—o—A molecule, where D
is a strong electron donor (easily oxidized), A is a strong electron
acceptor (easily reduced), and o is a covalent bridge between them. The
first steps for a low-polarity D’—6—A? are (1) an electron moving from
the left electrode M, to the molecular LUMO and (1) an electron
moving from the molecular HOMO to the right electrode M,; this is
followed by (2) an internal relaxation of the resultant zwitterion D*—c—
A” to the ground-state D’—6—A°. The overall direction of preferred
electron flow would be from left to right (AR mechanism). (b) The
opposite mechanism, which starts (1) with field-induced internal
autoionization D°—6—A" to the excited state D*-0-A~, followed by
electron transfers (2) and (2’) to the two electrodes; the overall
preferred electron flow would be from right to left (anti-AR
mechanism). If the ground state is a high-polarity zwitterion, then the
arguments must be reversed. (c) Molecule 148 proposed by Aviram and
Ratner.

mainly on the donor moiety D and the LUMO wave function
amplitudes mainly localized on the A moiety. The first easily
accessible electronic excited state is the high-polarity zwitterion
D*—6—A"."> The electronic excited state of opposite polarity
D™ —6—A" is not accessible; it lies several eV above D¥*—o—A~
and may not even be chemically stable."

There are by now two possible mechanisms, shown as AR and
anti-AR in Figure 20. For both mechanisms, under sufficient
positive bias V metal M, is grounded and LUMO is in resonance
with Fermi level Eg;, while HOMO is in resonance with Fermi
level Ep,."?

In the AR mechanism, the first step (1, 1’) moves an electron
from the HOMO to M, and from M, to the LUMO (against the
applied potential); in the second step (2) the excited zwitterionic
state D*—6—A" decays to the less polar ground state D°—6—A°.
Small minus signs (small plus signs) were added on the inside
surface of the left (right) electrode; a circled positive charge and a
circled negative charge show that the electron flow from the left
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electrode to the right electrode pushes an electron against the
overall charges on the electrodes.

In the anti-AR mechanism, thanks to the applied electric field,
in the first step (1) the molecule is excited from D°—6—A° to
D*—6—A~; in the second step (2, 2’) the electron is moved from
the LUMO to M, and from M, to HOMO. The circled positive
negative charges in Figure 20 show that the electron flow from
the right electrode to the left electrode pushes the electron to
where negative charges are already present.

In the AR mechanism (which could be depicted as < D~A«)
the electron for V> 0 moves from M, to M, (against the bias). In
the anti-AR mechanism (which could be depicted as >D~A—)
the electron moves from M, to M, (i, along the bias). Figure
20c shows the model rectifier molecule 148 proposed by AR;' it
was never synthesized.

As shown below, the experimental evidence overwhelmingly
favors the anti-AR interpretation. A Marcus theory analysis**
and another theoretical study*®' consider only the anti-AR
mechanism. New thoughts about how asymmetric conduction
through a molecule can occur have been presented.*”

When a weak electron donor and a weak electron acceptor
were used, calculations predicted and experiment confirmed
poor asymmetry, i.e., weak rectification (no surprise!).**> This
suggests the obvious for the future: more electroactive donors
and acceptors.

21. RECTIFIER OR DIODE: WHAT IS IN A NAME?

Terminology can be baffling. The early 1900s saw the
development of vacuum tube diodes, then triodes, tetrodes,
pentodes, etc. Inorganic crystal rectifiers (or point-contact
rectifiers or crystal detectors), e.g,, metal wire on PbS crystal,
had been introduced in 1874; they were crucial in the
development of Marconi crystal radio in the early 1900s.***
When inorganic pn junction rectifiers (n-doped Ge + P-doped Si,
or later n-doped Si and p-doped Si) were developed in the 1940s,
the term rectifier was reserved for these new solid-state devices
and the older crystal point-contact rectifiers. However, the term
diode has also been applied to solid-state devices: Zener
avalanche diode and Esaki tunnel diode. Operationally,
rectification was extended to mean both solid-state and
vacuum-tube devices, in that they all rectified alternating-current
signals into some form of direct current. For clarity, we should
promise to reserve diodes for vacuum-tube devices and rectifiers
for all the others.

In a solid-state pn junction rectifier, the applied voltage for
which electron flow (or hole flow) is larger, or enhanced, is called
forward bias; the direction of much less current flow is called
reverse bias. p-Doped (n-doped) regions in inorganic semi-
condutors (Ge, Si, GaAs) are electron-poor (electron-rich);
therefore, within a pn junction rectifier the direction of enhanced
positive current (thanks to Benjamin Franklin’s unfortunate
choice of sign) or of hole flow is from p to n (the direction of
enhanced electron flow is from n to p). In organic rectifiers
(unimolecular or not), we avoid the term “diode”, and we should
always specify the sign of the voltage applied and concentrate
deliberately on the direction of favored electron flow; the term
“forward bias” should be restricted to when V > 0, regardless of
what is going on.
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Table 6. List of All Unimolecular Rectifiers (Structures 149—202) (Single-Molecule or Ordered Monolayer)”

Left Str.| Molecule(s): oriented so that its Right Rectification ratio RR (Eq. 71)
Electrode left end is physisorbed (LB or LS) | electrode @ stated V @ temperature
(depositi or chemisorbed (SAM) to the left (NT= (f=fades on recycling;
on electrode. =nanotip; | p=persistent), and direction of
method= D=electron donor (=“n-junction”); | NP=nano | favored electron flow at stated
LB,LS, A=electron acceptor (=“p- -particle) | V; rectifier type=(A, S, or U);
or SAM) junction”) IVT= intervalence transfer band
max./ nm; [Ref]
Bulk Ag | 149 A Mg/Ag | RR=2 @ 0.7 V & 300 K; >D-
(LB) EgN pad A->>type=U+A [99]; RR=7.5
\/ @ 0.6 V & 300 K (7 Z-type
____________________ layers); 2D-A—>-> [100]
Bulk Al | 149 R
(LB) >D-
[101],[102]; RR=20 @ 1 V;
2>D-A->-> [103]; RR=2t0 27
@22V & 300K (f); OD-
A->->; type=U+A; IVT=750
___________________________________________________________________________________ [1041[1051[480]
Bulk Au | 149 AuNT |[RR=11 @ 1V (f); 2D-A>>>;
LB ] (STS) |type=U+A[d81]
Bulk Au | 149 Aupad |RR=4 @ 15V & 8 K (10 Z-type
(LB) monolayers) €D< < [119]
Bulk Au | 150 D 8 A Aupad | RR=3-64 @ 1.5V (f); >D-
(LB) we N FE A A type=U+A; IVT=530
Wi 482]
NC <C—N — L
Bulk Au | 151 0 () A AUNT |[C3]RR=30 @ 1 V & 300K
(SAM) MeO-g N )= o (STS) | (p); >D-A->; type=U+A [481],
A e—— on [483]
Bulk Au | 152 o D \7/ A AuNT |[Cig]RR=11 @ 1V & 300K
(SAM) Me0-S AN )= en | STS) | (p); >>D-A>; type=U+A;
— T [481].1483] [484]
Bulk Au | 153 D <© A Aupad |[C{{]RR=2-7T@ 15V & 300K
rs-> MeO-g A AN )= oN (p); D >D-A>; type=U+A;
SAM) 8 W IVT=740 [483],[485]

154

[Ci4] RR=2-7 @ 15V & 300K
(p); type=U+A; >>D-A>;
IVT=740 [483],[486]

[Ci6] RR=2 @ 2V and 60 @ 12
V (p); type=U+A; >>D-A>;
IVT=740 [483],486]

[Cig] RR=11 @ 1V (p); type=
U+A; 2>>D-A->[481],[483]

Bulk Au | 156 I:> O AuNT+ |[RR=11 @ 1V;>D-A>~>
AN\ /e D
(SAM) HE SN N decane- | [487]
O~ N )NMe; | thiol
Buk Au [157 | =———= D A PUIrNT | RR=20t025 @ 1 V; >>D-
(LB) MQ%@W A-; type=U-+A [488]
|@
Bulk Au | 158 ——= oA b Pt/Ir NT | RR=10t0o25 @ 1 V; €D-
(LB) MN“A“@”CQL@NM% (STS) | A€ < type=U+A [488]
Bulk Au | 159 D Pt/Ir NT | No rectification [489]
(SAM) HS’W\/\/\N_>—/7 :A :CN (STS)
NC’ CN
Bulk Au | 160 [i A Pt/Ir NT |RR=12 @ 1V; >>D-A>>;
(SAM) HSMN\AN,% =" (STS) | type=U+A [489]
NC oN
Bulk Au | 161 o Pt/Ir NT | RR=100t0 200 @ 1 V; >A-
(SAM) HS~80s CHN )\ () e, | STS) D->; type=U+A [490]
— A ¢,b
Bulk Au | 162 o A Pt/Ir NT | RR=400t0 450 @ 1 V; 2 A-
(SAM) HS™"S0; CHZ(TBNCQ—©E>NBU (STS) | D>; type=U+A [490]
2
—
Bulk Au | 163 o O IZ> Pt/IrNT |RR=14+1 @ 1V; €D-A&
(SAM) HS ™50 CHaN_ ) Cne (STS) | type=U+A [490]
Uz
A D
Bulk Au | 164 s A D Pt/Ir NT |RR=10x1 @ 1V; €D-A&
(SAM) HS ™80, CHaN ()-ome (STS) type=U+A [490]
W
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Table 6. continued

Left Str.| Molecule(s): oriented so that its Right Rectification ratio RR (Eq. 71)
Electrode left end is physisorbed (LB or LS) | electrode @ stated V @ temperature
(depositi or chemisorbed (SAM) to the left (NT= (f=fades on recycling;

on electrode. =nanotip; | p=persistent), and direction of
method= D=electron donor (=“n-junction”); | NP=nano | favored electron flow at stated
LB,LS, A=electron acceptor (=“p- -particle) | V; rectifier type=(A, S, or U);
or SAM) junction”) IVT= intervalence transfer band

max. / nm; [Ref]
Bulk Au | 165 =0 A D Pt/IrNT |RR=30+t1@ 1 V; €D-A< <,
(SAM) HS’V\N\/BN\ I (Chome (STS) | type=U+A [490]
Bulk Au | 166 [CuPc(SO2)el1s® A D Pt/Ir NT | RR=15t070 @ 1 V; €D-
(SAM) Hs/\/\/\/\/\@ND—\_@NMeZ (STS) | A< < type=U+A [478]
Bulk Au | 167 [CuPc(SOg) s A D Pt/Ir NT | RR=3,000 @ 1 V; €D-A< <
(SAM) HS/\/\/\/\/\@NCQ—@NMe (STS) | type=U+A [478]
| — 2
Bulk Au | 168 | (cipesoyde ¢ YA Pt/Ir NT | RR=700 to 900 @ 1 V; €D-
(SAM) — (STS) | A€ <; type=U+A [478]
Bulk Au | 169 Pt/Iror |RR=50 @ 1V >>A-D>
(SAM) AuNT | [491]
(STS)

Bulk Au | 170 Aupad | RR=8-60 @ 1.5V (f); €A-

(LB) D& € type=U; IVT=490 [492]
Bulk Au | 171 Aupad |RR=2 @ 13V (f); >D-A>;

(LB) type=U; IVT=720 [109]

Bulk Au | 172 Aupad |RR=11 @44V (p); >D-A>;

(LS) type=U [493]

Bulk Au | 173 Aupad | RR=2-5@ 2V (f); 2D-A>~>;

(LB) type=U+A [494]

Bulk Au | 174 Aupad | RR=14-28 @ 1V (p); >D-

(LB) A->->; type=U+A; IVT=595

[494]
Bulk Au | 175 Aupad |RR=3 @ 1V (f); >>D-A~>;

(LB) type=U+A [495]

Bulk Au | 176 Aupad | RR=6-60 @ 1.5V (p); >>D-

(LS) A-> below 2 V; type=U;

but RR=1/(2 to 150) @ 5.5V
(p); € €D-A€; type =U [459]
Eé?'/s‘; ———— ifvi>2Volts
Bulk Au [ 177 | &———— ‘V"Z,,f volts Aupad | RR=20.5+35@1.5V (p);
(LB% CHAC(0)S. Q OO oi i ED-AECE type=U+A;
SAM) CHW%; -0 but RR=(1/14.0) +(1/1.16)@2 V
-——tsw (p); ?D-A>>; type=U+A
[458]
Bulk Au | 178 5C-OCH5)0H,G, D A s, Pt/Ir NT | RR=18 @ 1 V; €D-A<; type
+ thio- /A ?x;\ (STS) | U+A; [496]
glycolic LA AL
acid M | —
Bulk Au | 179 IN Al P, AuNP+ | RR=1/2to7) @ 1.5 V; €D-
(SAM) Hs s’ § e e Pt/Ir NT | A€ type=U [497]
(STS)
Bulk Au | 180 /A D, 7§\A(s AuNP |RR=3t07 @ 1.5V; €D-A€;
(SAM) WSS T s k‘]’s” (SAM)+ | type=U [497]
— PUIr NT
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Table 6. continued

Left Str.| Molecule(s): oriented so that its Right Rectification ratio RR (Eq. 71)
Electrode left end is physisorbed (LB or LS) | electrode @ stated V @ temperature
(depositi or chemisorbed (SAM) to the left (NT= (f=fades on recycling;

on electrode. =nanotip; | p=persistent), and direction of
method= D=electron donor (=“n-junction”); | NP=nano | favored electron flow at stated
LB,LS, A=electron acceptor (=“p- -particle) | V; rectifier type=(A, S, or U);
or SAM) junction”) IVT= intervalence transfer band
max. / nm; [Ref]
AuMBJ | 181 o <A CHy A AuMBJ |RR=14t010 @ 1.5V & 30K;
(SAM) HGC/\{}FCEC@QCECOS o | (SAM) | (rectification maybe €A-A’€)
- & ¥ [498]
Bulk Au | 182 D WA AuNP |RR=5@ 1.5V & 300K; >D-
(SAM) ws{ O~ O—C—Cosv (SAM) + | A [499]
> Pt/Ir NT
Bulk Au | 183 |=“'a°“?‘(\\ D ‘//\/ﬁsosNa' Pt/Ir NT | RR=100 @ 1 V; €D-A&;
(SAM) AT NN Q/ (STS) | type=U+A [500]
N N‘c( "N
o) N N
oS! [ ) N \\ [CUPC(SO3)q
Naojs// \/\/soawa
Bulk Ag | 184 N ‘ N ————— | Hgdrop |RR=9+£2 @ 1V;>A>>;
(SAM) AN s | (SAM) | type=A [466]
Hs' ‘
NC” CN
Bulk Si | 185 ' 9 D Bulk Al | RR=48+33 @ 1V, <<D<,
/\/\/\/\/\/\/\/C\
gyeesse s 20 type=A [501]
Bulk Si | 186 Q D | BulkAl |[RR=133+13@ 1V, € <D€;
i o T type=A [501]
cl <
Bulk Si | 187 ° D Bulk Al | RR=8.1+29 @ 1 V; €< <D<,
cf»s./\vamg‘:\o ‘ 1 : type=A; [501]
——
Bulk Si | 188 | 9 OO Bulk Al |RR=94+38 @ 1V, <<D<,;
o “o (b type=A [501]
Bulk Si | 189 o 0 Bulk Al | RR=47+29 @ 1 V, type=A
Cll_sl/\/\/\/\/\/\/\/C\O/Y\O D [501]
Bulk Si | 190 ' ‘i Bulk Al |RR=6.7+2 @ 1V; <<D€;
G \0”\0@%0 type=A [501]
Bulk Si 191 o b o | Bulk Al |RR=3.6x14@ 1V, €€&D€;
et NSO B U s B . ! type=A [501
¢ —— ° Y ype=A [ 1
Bulk Si 192 | 33h i D H. a) Bulk Al |RR=46+2@ 1V; <<D<
e s type =A [501]
AgTS 193 Hs/\/\/\/\@ EGaln RR=102+3 @ 1 V;, €€D&;
G » D drop | type=A [122],[123]
AgTS 194 HS SN EGaln |RR=1+2 @ 1V;no
drop rectification [122],[123]
AgTS 195 HS NSNS EGaln |RR=2+2 @ 1V;no
drop rectification [122],[123]
AgTS 196 HSD EGaln | RR=5x102+4@ 1V;
lid Fe droy & €DE; type=A [122],[123
P — <& <= P ype=A [122][123]
AgTS 197 Hs oD~ EGaln |[RR=1+2@ 1V;no
% D drop | rectification; [122],[123]
=—4
Bulk Au | 97 S\g/c”’ EGaln | RR=1.5 @ 0.4 V; rectifier ?
drop [502]
Bulk Au | 102 EGaln | RR=2.3 @ 0.4 V, rectifier ?
drop [502]
Bulk Au | 103 EGaln | RR=2.5 @ 0.4 V, rectifier ?
drop [502]
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Table 6. continued

Left Str. | Molecule(s): oriented so that its Right Rectification ratio RR (Eq. 71)
Electrode left end is physisorbed (LB or LS) | electrode @ stated V @ temperature
(depositi or chemisorbed (SAM) to the left (NT= (f=fades on recycling;

on electrode. =nanotip; | p=persistent), and direction of
method= D=electron donor (=*“n-junction”); | NP=nano | favored electron flow at stated
LB,LS, A=electron acceptor (=*p- -particle) | V; rectifier type=(A, S, or U);
or SAM) junction”) IVT= intervalence transfer band
max. / nm; [Ref]
Bulk Au | 198 A ws" AuNP+ | RR=1.2 @ 1 V; almost no
R P S AN AFM tip | rectif. >D-A~>; type=U [503]
o o
Bulk Au | 199 Aupad | RR=2.951t036/7 @4V & 300
K Fet++ > Fet+;
type=A [504]
Bulk Au | 200 AuNT |RR=35@2V &300K;
STS Rutt > Rut+t+;
type=A [505]
Bulk Au | 201 Aupad | RR=90-150; <RR>=116 @ 3 V
(LB) & 300 K; €D-A< [506]
Bulk Au | 202 Au-coat. | [m=2,n=1]: RR=30 @ 10V &
AFM tip | 300 K; €D-A<; other m, n &
were studied [507]

“The molecules that form SAMs are depicted with their structure before chemisorption; after covalent attachment to Au, thiols —R—H and
thioacetates —R—S—C(O)—CHj become thiolates —R—, while after chemisorption to Si, the trichlorosilanes —RSiCl; become siloxanes —RSi(O—);.
Arrows — show the direction of favored electron flow (if this traverses a longer aliphatic chain, a double arrow —— is shown). The rectification

mechanisms (A, S, and U) are given, when known.

22. THREE MECHANISMS FOR RECTIFICATION BY
MOLECULES

There are three distinct mechanisms for asymmetrical
conduction (rectification) in metallmonolayerlmetal or metall
moleculelmetal sandwiches: "%

(1) Schottky barriers (interface dipoles): We shall call
molecules that rectify by this process as “S” (for Schottky)'**'*°
rectifiers.' 3%

(2) Asymmetric placement of the chromophore (i.e., the part
of the molecule whose molecular orbital must be accessed during
conduction) within the metallmoleculelmetal sandwich, e.g,
because of the presence of a long alkyl tail:'**”39¢#465 We shall
call molecules that rectify by this process as “A” (for asymmetric)
rectifiers.'"" This second process was recently confirmed
experimentally*®® and was alluded to in earlier work.*"’

(3) When the current exploits electron transfers between
molecular orbitals, whose significant probability amplitudes are
asymmetrically placed within the chromophore: This third
process we think of as true unimolecular rectification, and we
shall call this process “U” (for unimolecular) rectification,'®'"*%
These U rectifiers are what we endeavor to achieve.

There are also two modes of interaction between electrodes
and molecules:

(1) Interaction with only one energy level (donor level or
HOMO, affinity level or LUMO).'**%*%7

(2) Interaction with both levels (donor and affinity level, or
HOMO and LUMO) as in the AR Ansatz.'%'"'?

5094

It can be difficult to determine experimentally whether
rectification is enhanced by interactions with one or two energy
levels.

Placing an ordered array of organic molecules between two
inorganic metal electrodes (using covalent tethers to electrodes
for self-assembly, using alkyl tails to stabilize LB or LS monolayer
formation, or measuring individual molecules covalently bridging
two STM tips) may mean that the resulting monolayer may
behave as an A or S rectifier, as well as a U rectifier. This is why
true unimolecular rectification (U type only) is so rare.*’

In assessing rectification, one measures the rectification ratio
(RR), defined as the current at a positive bias V divided by the
absolute value of the current at the corresponding negative bias
-V

RR(V) = = I(V)/I( = V) (71)

For inorganic bulk systems, RR can be very large. Ge point-
contact rectifiers used as microwave detectors had RR of the
order of 10° at 1V by 1945.*® A medium-sized doped Si rectifier
has RR = 2.5 X 10°and I = 60 A at 1 V and 298 K.*** Very large
RR values (of the order of 10°) are seen in inorganic Schottky
barrier rectifiers'>"*”° (the claim®® that for inorganic junction
rectifiers RR hovers between 50 and 100 was incorrect). In fact,
organic rectifiers have rather small RRs, in comparison to the
inorganic ones. Huge apparent RR values were seen in organic
monolayers when Au stalactites or stalagmites (whiskers of Au
atoms) were driven by electromigration partially through the
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monolayers without shorting them; the return current is
ohmic.'"””"'® These are deceptive artifacts due to well-known
metal whiskers! It has been suggested that the relatively low RR
values in the known or%anic systems make them unsuitable for
practical applications.*’

For inorganic diodes based on doped Si or Ge, the Ebers—Moll
equation for the current J is applicable:*’*

J = Jylexp(eV/ksT) — 1] (72)

(and J = 0 at V = 0). Equation 72 resembles several equations
discussed earlier but has not entered explicitly into discussions of
organic rectification.

In both inorganic semiconductor regions meeting at the
rectifying junction, there is also the temperature-dependent
equilibrium constant K(T) linking the net concentration of free
electrons [n] and the concentration of free holes [p],

[n][p] = K(T) (73)

with separate Arrhenius factors influencing the population of
electrons and holes. For organic semiconductors eq 72 is valid
but eq 73 is not applicable.

23. UNIMOLECULAR RECTIFICATION BY ONE LEVEL:
SCHOTTKY BARRIER RECTIFIERS (S)

Rectification in LB monolayers and single molecules (inter-
rogated by scanned probe methods) has been seen since 1990.
Daniel J. Sandman, J. R. Sambles, and co-workers found a
Schottky barrier LB monolayer and multilayer rectifier."'*'"”

A SAM rectifier with a colossal rectification ratio (1.5 X 10° at
2.3 V) was claimed;*”® however, the Ti electrode is known to
penetrate and react chemically even with alkanethiol SAMs.'"®
Therefore, this is most likely a Schottky barrier rectifier.*”* Such
Schottky barrier rectification was also seen else-
where.! 117473476 gchottky barrier rectification in an alkane-
thiol SAM, due to surface oxidation of the Ti electrode, has been
measured.””” A TCNQ alkanethiolate chemisorbed onto Ag was
interrogated by an H‘g electrode:** as discussed later, this may
also be an S rectifier.””®

Very recently a radically different mechanism for rectification
by a single molecule was advanced:*”” by assuming large but
unequal polarizations and Fermi-level pinning at both molecule/
metal interfaces,"**'* due to different chemisorptive attach-
ments, this proposal jettisons the U idea of an electroactive
molecule in the gap. The molecule would have two oligoenes,
separated by a short saturated sigma bond; this would be a pure S
rectifier. ¥’

24. UNIMOLECULAR RECTIFICATION (U BY ONE OR
TWO LEVELS)

The big leap forward was rectification observed by J. R. Sambles,
Geofirey J. Ashwell, and co-workers in an LB multilayer and also
an LB monolayer of a zwitterionic D*—7z—A~ molecule 149
(Table 6) in 1990 and 1993.°'% This result was replicated, but
using the same metal on both sides of the D*—7—A~ LB
monolayer: AL,'*' ™% then cold Au.'**'* Table 6 summarizes all
rectifier results. Figure 21 shows an asymmetric IV curve
(rectification) for molecule 149 between Au electrodes.'%

The first confirmed rectifier (149) has a zwitterionic ground
state D*—7—A~ (confirmed by spectroscopic measurements),
made possible by an internal dihedral angle (ca. 30°) between the
quinolinium plane and the 3CNQ plane, presumably caused by
steric hindrance; the electronic excited state D°—7z—A% is of much

5095

60

50

40

——
—

30

20

Current/ milliAmperes

e

]

-3 -2 -1 0 1 2 3 4

Blas measured / Volts

Figure 21. Rectification in an LB monolayer of 149 between Au
electrodes. Reprinted by permission from ref 105. Copyright 2001
American Chemical Society.

lower polarity. The zwitterionic ground state for 149 was seen in
LB films but also in solutions’® and in related crystal
structures.”®”>'® In AR language,” the positively charged
quinolinium ring in 149 would be the electron acceptor A and
the negatively charged 3CNQ ring would be the electron donor
moiety D.

Several theoretical calculations for molecules similar to 149
had indicated the possibility of a quinonoid ground state D’—z—
A° (and zwitterionic excited state D*—7—A~).>"' "> The low-
polarity ground-state D°—7z—A° was indeed found experimen-
tally for compounds 151—155;*? its direction of rectification
was opposite from that of compounds 149 and 150!*** It was
opined that the zwitterionic ground-state D*—z—A" for 149 and
150 was aided by intermolecular charge-transfer interactions.**
Surprisingly, the length of the alkyl chain (C,H,,) had little
effect on the rectification.*®* To obviate the A rectifier effect, a
dodecanethiol was bonded to the NT so that the alkyl chains on
both sides of 156 are of equal length; not much change was
seen.*® References 485 and 486 support the ground-state
D’—z—A".

For most molecules listed in Table 6, RR decreases to 1 (i.e.,
no more rectification) upon repeated measurements for the same
sandwich (cycling); the weak LB or LS physisorption and low
packing density within the monolayer enable molecular motion
induced by the large electric fields used (2 V across 2 nm is 1 GV
m™'1)."°" If however, the LB or LS film is particulary rigid
(molecules 172 and 176) or if the SAM formation stabilizes the
orientation of the molecule between the electrodes (151—155
and 177), then RR does not decay.'®**¥*% Attention was given
to reproducibility and statistics for the reported measure-
ments, 102105459

Of course, detecting an enhanced electron current in IV curves
(Table 6) is not a direct proof of the involvement of 2 molecular
energy levels, rather than 1, in the U process. For 176, however, a
reversed rectification direction seems to indicate a transition
from resonance with 1 level to resonance with 2 levels.*” The
same Janus effect is also seen for 177.%%*

The measurement of inelastic tunneling spectra at 4.2 K for a
monolayer of 176 finds an elastic signal that is direct evidence of
orbital-mediated tunneling (see below).*® This strongly
suggests that the elastic signal has gone through the molecule,
in resonance with a molecular energy level, i.e., this was the long-
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sought proof of through-bond tunneling rather than through-
space tunneling®'* in the monolayer of 176 at 4.2 K.**°

The unwelcome gradual decreases in the electrical con-
ductivity and in the RR of an LB monolayer of 149 (from an
initial value RR = 27°7* to almost RR = 1.0 upon repeated
cycling) led to combining the LB and SAM techniques, by
measuring thioacetyl variants of 149, which could bind strongly
to Au electrodes.**® These variants were synthesized with the aim
of preparing molecules that can (i) form good Pockels—
Langmuir monolayers at the air—water interface and then (ii)
bind covalently to an Au substrate after either LB or LS transfer.
The good ordering, afforded by the LB technique, should
combine with a sturdy chemical bond to the Au substrate (SAM
formation) after LB transfer. 153 gave disappointing results: the
Pockels—Langmuir film collapsed at relatively low surface
pressures, compared to 149, and yielded disordered LB
monolayers, with competition between strong physisorption by
the dicyanomethanide end of the molecule and Au-to-thiolate
chemisorption. The monolayer rectified in either direction,
depending on where in the LB monolayer, ie., on which
molecule (right-side up or upside down), the STM tip was
probing. Longer-chain methyl thioester variants 154 and 155 did

rectification was observed in standard IV
486

much better:
measurements.

Several groups developed SAMs of new molecules chem-
isorbed onto Au and saw rectification by
STS.*78489496-498,515516 The surprising, unexpected, and
unexplained result was that an ionic lawn of gegenions167
increased rectification ratios to as much as 3 000.*”® A sequential
chemical synthesis protocol atop a bulk Au substrate was
developed for long asymmetric compounds similar to 202
(which is 7-nm long but rectifies nicely).507

Much has been said about transition voltage spectroscopy in
molecular wires (see earlier). For rectifier 177, V,, can be
identified for scan ranges not exceeding 1 V (Figure 22a) but not
for larger scan ranges (Figure 22b).*® As can be seen from plots
of log,,I versus V for 177 (Figure 23), the current nonlinearities
for rectifiers are complex, and even more complex when the

. - 8
direction of rectification changes.45
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Figure 23. Plot of In/Il vs V for a monolayer of 177 between Au
electrodes at 300 K (14 repeated scans in the range +2.5 V: below 2V,
177 has larger currents at positive bias; beyond that, the currents are
larger at negative bias). There are several changes in the slope!
Reprinted by permission from ref 458. Copyright 2014 Royal Society of
Chemistry.

25. RECTIFICATION IN MACROSCOPIC FILMS AND
LANGMUIR—-BLODGETT MULTILAYERS

Rectification in macroscopic films®'’ ™' and in LB multi-
layers®**~>** has been observed since the 1960s and has been
reviewed before.""*** The initial report of unimolecular
rectification was for multilayers (and also one monolayer) of
149;%° Ashwell et al. confirmed that Z-type 30-layer films of 149
rectify between Au electrodes.*® Of course, the currents are 3
orders of magnitude smaller than those reported for the
monolayer.> Various other LB multilayers have been found to
be rectifiers;”>> > dipole reversal was also observed.”*

26. A AND S RECTIFICATION BY RESONANCE WITH
ONLY ONE MOLECULAR ENERGY LEVEL

Usng STM, Melvin Pomerantz and co-workers showed
rectification by a porphyrin covalently bonded to a carboxylated
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highly oriented pyrolytic graphite surface.>*’ Jiirgen Rabe and co-
workers measured by STM an unsymmetrical tunneling current
through an alkylated hexabenzocoronene, deposited on graphite;
the current is unsymmetrical probably because this molecule is
asymmetrically placed between the electrodes.*** An unsym-
metrical STS current was also seen in an oligo(phenylethynyl)-
benzenethiol.>* By STM, rectification was found for an amine-
terminated monolayer touching a carboxyl-terminated silane,
possibly by proton migration from the carboxylic end to the
adjacent amine.>**

Whitesides, Rampi, Ratner, and co-workers studied a SAM of
the thiodecylTCNQ_of 184 chemisorbed onto Ag touching a
SAM of varying amounts of alkanethiols of 184 (C,;H3;SH
shown in 184) chemisorbed onto Hg. When the two SAMS were
put into mechanical contact, rectification was seen (RR=9+2at
1 V). The relative ratio of the alkanethiol to the thioalkyl TCNQ
and the alkyl chain length of the alkanethiol (C,,H,,SH,
C¢H33SH, and CgH;,SH) were modified, with reasonable
changes of RR.**° Because the alkyl chains are of different length,
the 183 system could be classified as an A rectifier.*’° However, if
perfect interdigitation between the two SAMS occurred, then
184 may be an § rectifier.*

Vuillaume and co-workers studied asymmetric conduction of
chemisorbed SAMS 185—192 between Si and Al electrodes.**!
Whitesides and co-workers studied SAMs 193—197 chem-
isorbed (separately) onto template-stripped (very flat) Ag
electrodes Ag™5>** contacted by a macroscopic Galn eutectic
drop (EGaln, with its varying covering of Ga,0;), and they
emphasize their detailed statistical analyses.'*>'** Several articles
from that group encourage the use of EGaIn®*° and describe the
rheology of oxide-covered EGaln droplets.”*” Using micro-
channels in polymers allowed measurements of Ag™*ISAMI
Ga,05|Galn sandwiches between 100 and 293 K.'** A theory
paper about rectification was also published.**> An odd—even
effect in currents was seen when the SAMs were alkanethiolates
in Ag"IHS—C,_H,,_,CH;(n = 9-19)IGa,0;|Galn sand-
wiches.*® The transport mechanism seems to be by direct
tunneling at low V (with contributions from hopping) and by
Fowler—Nordheim for [Vl > 1.3—2 V."** A half-wave rectifier at
50 Hz was also demonstrated.'** It was emphasized that the
conductivity is dominated by the SAM and not the Ga,O;l
Galn.'” Clearly, asymmetric placement of the ferrocene unit
with the gap assures an A mechanism for rectification.

27. MONOLAYER PHOTODIODE AND
ELECTROCHEMICAL RECTIFICATION

Masamichi Fujihira and co-workers produced the first electro-
chemical LB photodiode (Figure 24);>* this work was repeated
and extended.***™>*® Electrochemical rectification, measured by
standard solution electrochemistry methods at a monolayer-
modified electrode, has been reported by several groups.”*’ =%

28. RECTIFICATION TO HELP ARTIFICIAL
PHOTOSYNTHESIS

In the decades-long quest of practical single molecules for
artificial photosynthesis, a big stumbling block has been that,
while the forward electron transfer rate k_ through very
complicated molecules is often large, the back electron transfer
or recombination rate k_ has also been appreciable, and
technologically useful large ratios (k_/k_) have proven elusive.
Using permanent molecular dipoles®™® or even electrets

(assemblages of dipoles)** to enhance (k_/k._) (dipole-
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Figure 24. First electrochemical LB monolayer photodiode on
semitransparent Au, from ref 539.

mediated rectification) has become an active thrust (the ratios
are measured by transient absorption spectroscopy of the
relevant molecules in solution).

29. INELASTIC ELECTRON TUNNELING
SPECTROSCOPY ORBITAL-MEDIATED TUNNELING
AND STM

Inelastic electron tunneling spectroscopy (IETS) was a lucky
offshoot of an effort to detect the possible phase loss of Cooper
pairs as they transit from a superconductor (Pb) at 4.2 K through
a thin insulator (polymethylmethacrylate was chosen) to a
normal metal (Al): steps in the IV curve were detected, which,
when differentiated twice (d*I/dV?), showed peaks at the
vibrational energies of C—H and C—C and C-O
bonds!**®75* IETS allows the measurement of vibrational
energy absorptions at very low temperatures: both infrared and
Raman transitions are observed, since electron—electron
scattering is involved, and electromagnetic radiation selection
rules (i.e, Hyam®E # 0) do not apply here. IETS has been
reviewed often.”****7%%7 The IETS phenomenon is shown in
Figure 25; its detection is described in Figure 2658

The d’I/dV* peaks broaden dramatically with increasing
temperature and cannot be detected at room temperature.
Indeed, the IETS vibrational peaks have an overall line width
Wiwhe, (full width at half-maximum, in cm™" units):*%%54%

Wewrn = [(Waw)® + (229T) + (7.07Vcpoa)’ ]

(74)
where Wy is the natural vibration line-width (typically Iy w =
0.001V=8.066 cm™), T is the absolute temperature, and Vacpoq
is the applied AC modulation voltage (volts). Thus, for T=4.2 K
and Vcpoq = 0.004 V, one gets Wiy, = 55.5 em™., " which is
broader than an IR line width; above 77 K the vibrational IETS
signal is difficult to detect. IETS is very sensitive to electronic
noise and needs careful vibration isolation. For typical materials
the ratio inelastic current/elastic current is thought to be ~0.02—
0.0S. Overtone bands and combination bands are not seen very
often in IETS.°® The IETS instrumentation uses second
harmonic detection (see bottom of Figure 26).

Reed and co-workers detected IETS for alkanethiols bonded
to Au in a nanopore (Figure 27 ).30319320 The spectra were later
computed theoretically using density functional theory and the
Landauer formalism.>**7°

Most initial IETS work concentrated to biases below 0.5 V. By
extending the range to 2 V, Kerry W. Kipps and co-worker found
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Figure 25. Schematic energy diagram for elastic and inelastic processes (the molecular HOMO is excited from v =0 to v = 1 by borrowing the vibrational

energy hv from the tunneling electron).
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Figure 27. IET spectrum of SAM of 1,8-octanedithiol 19d in a nanopore
measured at 4.2 K at 2@ using an AC modulation @ = 503 Hz. The peaks
marked * are probably due to Si;N,. Reproduced by permission from ref
319. Copyright 2004 American Chemical Society.

that resonance with an available electronic energy level leads to
elastic orbital-mediated tunneling (OMT), which is typically
detected in a dI/dV plot.58153571572 Metzger and co-worker
detected such OMT in an LB monolayer of 177 at 4.2 K at the
same potential as the onset of rectification;** this strongly
suggests that the elastic signal has gone through the molecule, in
resonance with a molecular energy level, i.e., this was most likely
the long-sought proof of through-bond tunneling rather than
through-space tunneling®'* in the monolayer of 177 at 42 K
(Figure 28)."° The peaks in Figure 28 clustered around V=0 are
vibrational peaks of the oxides in the electrodes; the “X” peaks are
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Figure 30. Computed IV curves for proposed unimolecular amplifier
203 show displaced IV curves as a function of the voltage V¢ on the
center Al electrode C; the computed power gain is 3.08. Reprinted by
permission from ref 597. Copyright 2013 Royal Society of Chemistry.

one-bin artifacts, and the prominent molecular IETS peak is the
CH, vibration (with opposite phases at positive and negative
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bias). The broad feature marked OMT (very small at negative
bias) occurs at the same bias as the measured enhanced
rectification current measured separately. **°

Wilson Ho has combined IETS with STM.****##$5737580 The
work started with IET spectra plus the STM visualization of
C,H, and C,D, adsorbed at 8 K on Cu(100)**° and on
Cu(001),” then CO, C4Hy, and pyrrolidine,576 and motions
and even chemical reactions on the Cu(001) or Pt(111) surfaces
at 8 K.’ A reaction of H,S with C, on Cu(001) produces CCH
and SH radicals, confirmed by IETS.>”* When individual Cu
phthalocyanine (CuPc) and magnesium porphin are deposited
(pancake-down) atop a thin Al,O; film grown carefully on a NiAl
surface, then interesting IET spectra and STM images are seen at
15 K. They involve different vibrational transitions, accessed at
different biases, for the neutral molecule and for its excited
monocation.”””*®" The metal-to-molecule in-plane interaction
between short chains of 2—3 Au atoms moved by the STM tip
onto two sides of a single CuPc molecule pancake-down on
NiAl(110) allows for exploring the differential conductances
within CuPc as a function of added Au atoms.’”® Carefully
growing a 0.5-nm-thick ALO; layer atop a NiAl(110) surface
decoupled a CuPc molecule placed atop the AlL,O; from the
surface plasmons of NiAl; thus, the electroluminescence (with
vibrational structure from the neutral molecule) and fluorescence
(without vibronic features, from the monocation) of Zn(II)
etioporphyrin as a function of applied bias could be measured at
13 K, for a bias between 0.5 and 1 V between an Ag nanotip and
the NiAl subsurface. The emission range was between 600 and
880 nm (1.40—2.0 V) but was possible for only two out of six
STM-resolved conformations of the molecule.*** For naph-
thalocyanine on 0.5-nm-thick ALLO; on NiAl(110) at 11 K,
submolecular vibrational spectra could be measured by STM.>”®
For Mg porphine adsorbed on 0.5-nm-thick Al,O; on NiAl(110)
at 10 K, differential conductance and the light emission with
vibration substructure (0.046 eV) were measured, with a
quantum yield below 0.0014 photons per electron.>®’

For a potentially practical reason the issue of electro-
luminescence and fluorescence from single molecules is of
great interest. At present, Si devices can only decay from an
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excited state by phonon emission (this can cause melting of Si
devices at the 10—15 nm design rule limit), while molecules can
also decay by photon emission. Catastrophic heating could be
avoided if the fluorescence and electroluminescence of molecules
could become a large component of their relaxation from an
excited state. This can be measured by the quantum efliciency
QE = (photons out/electrons in). The results thus far are not
very encouraging. Placing molecules onto bulk metal surfaces
quenches their fluorescence because of surface plasmons in the
metal, but if the metal is a very sharp tip (as in STM), then
fluorescence is not quenched but greatly enhanced. Carefully
collected light emission (but not quantified) during an STM scan
was used as a photon map of the substrate surface.’®* For an
AL O, film IETS was accompanied by light emission (QE =~
107%).>* For Cy, enhanced photoemission due to tip-induced
plasmons in STM was reported.”®* For Cu-tetra-[3,5-di-tert-
butylphenyl]porphyrin sublimed onto a Cu(110) surface
(submonolayer coverage) and probed by an ITO-coated
optically transparent STM tip, QE ~ 3 X 107° was reported.”®
For meso-tetrakis(3,5-di-tert-butylphenyl)porphyrin molecules
placed on Au(100) and interro§ated by a W nanotip, light
emission QE &~ 107> was found.**® For meso-tetrakis-(3,5-di-tert-
butylphenyl)porphyrin on Ag using a Pt/Ir nanotip, a lar_ger
STM-excited luminescence with QE ~ 1075 was obtained.>®

30. UNIMOLECULAR AMPLIFIER

Despite their elegant name, the single-electron transistor,”” the
single-atom transistor,®° and the single-molecule transistor>°® are
not transistors with power gain; they are CB devices. Therefore,
we must seriously consider three-terminal devices with power
gain. Can we do it with electrical contacts to a single molecule?
Bringing 3 or 4 nanoelectrodes to within a molecular length (2
nm) remains a worthwhile experimental challenge.”® Theoret-
icians have long discussed three-terminal devices.*”°"*°® Some
proposals suggested the molecular equivalent of a bipolar
junction transistor or a vacuum-tube triode.*>!

A theoretical model for how a single molecule (e.g., 203) can
have power gain as a unimolecular amplifier has been
published.®” It is not an FET but rather the molecular analogue
of a bipolar junction transistor or a vacuum-tube triode: the Al
control electrode C covalently bonded to a molecule controls the
electron flow from the Au electrode L to the Au electrode R
(Figlgs 29). The calculated IV curve (Figure 30) shows power
gain.

31. DNA CONDUCTIVITY, COMPLEMENTARITY, AND
ORIGAMI

A claim by Jacqueline K. Barton®”® that DNA should be a highly
conducting compound (low-band gap semiconductor or even
metal, a double helix 7-way) elicited huge interest but disagreed
with the proven principles for organic metals and super-
conductors;> the ionization potentials and electron affinities of
the 4 DNA bases (adenine, guanine, cytosine, and thymine; see
Figure 14) definitely rule out a high-conductivity z-way. DNA is
a sodium salt whose ionic semiconductivity masks any 7z-way
effects. Alas, one experiment even claimed that DNA was a
superconductor!® More orthodox studies of oligonucleotides
of various degrees of folding and complexity®*® have become a
vital area, which is not, however, germane to this review.

A molecular wire study of double-stranded and end-thiolated
DNA oligomers 146 and 147 by SBJ techniques showed that
these molecular wires were semiconductors;*** a possible
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interference by sodium ion conductance was ruled out.*** The
conductance is dominated by holes, probably by a mechanism
between superexchange and incohorent hopping.®*

The AT-GC complementarity has been used to detect
dramatic changes in fluorescence. When a fluorophore-tagged
single strand meets with its complementary single strand, then
fluorescence quenching occurs; this can be detected at the single-
molecule level.®** A second scientific area,****** using base-pair
complementarity, is DNA origami:®*® short single strands can
couple with their complement, thus enabling the synthesis of
topologically creative structures (e.g, Holliday junctions® and
Borromean loops®”’), which can be characterized, mainly by
AFM.

32. CONCLUSION

UME has benefitted greatly from the worldwide interest in
nanoscience and nanotechnology, as well as from generous
funding from governmental agencies worldwide. However, it has
been neglected by industry or commerce as not yet mature: what
the military industry in the United States calls a killer application
has not yet emerged. Is UME a child, a grown-up, or still a
teenager? We have learned a lot already; there is still wonderful
science to be done.
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for organic donor—acceptor crystals (but could not stabilize the partially
ionic ground state of organic metals). By combustion calorimetry he
determined that TTF TCNQ is thermodynamically stable and built a
semimicro rotating-bomb combustion calorimeter for organic com-
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