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Abstract: Recent experimental studies have demonstrated that single molecules or a small number of self-
assembled molecules can perform the basic functions of traditional electronic components, such as wires and
diodes. In particular, molecular wires inserted into nanopores can be used as active elements for the fabrication
of resonant tunneling diodes (RTDs), whose I/V characteristics reveal a Negative Differential Resistance (NDR)
behavior (i.e., a negative slope in th¥ curve). Here, quantum-chemical calculations are used to describe on

a qualitative basis the mechanism leading to NDR in polyphenylene-based molecular wires incorporating
saturated spacers. This description is based on the characterization of the evolution of the wire electronic
structure as a function of a static electric field applied along the molecular axis, which simulates the driving
voltage between the two electrodes in the RTD devices. We illustrate that the main parameters controlling the
NDR behavior can be modulated through molecular engineering of the wires.

1. Introduction also demonstrated that small conjugated molecules, typically
phenylene-based derivatives, can behave as a conducting wire
when inserted into a metallic break junctfasr when anchored

on a metallic surface and contacted by an STM (Scanning
Tunneling Microscopy) tig%1! molecules with asymmetric
chemical structures are often observed to display a rectifying
behaviort>~14 Moreover, it has been shown that a current can
flow along quantum wires made of carbon nanotdbes DNA
molecule$? positioned between two metallic electrodes.

? ! o In parallel, many theoretical efforts hav n dev h
search for alternate routes toward increased miniaturization of paraflel, ma y theo et.ca efforts ave been devoted to the
A oo understanding of conduction mechanisms through molecular
electronic circuits has opened the way to the emerging field of . . . o
wires and the simulation offV characteristics of molecular

molecular electronics. The main challenge here is to establish. . .
g unctions!’~-22 These studies have addressed the way molecular

that single molecules or a finite ensemble of Self'assembledJconductance is affected by (i) the electronic structure of the
molecules can perform all the basic functions of conventional y

electronic components (i.e., wires, diodes, and transistors). < 9) Iﬁgg,? l\él.7A.£522hou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. M.

Down the road, this approach can trigger innovative operating C'(%‘; Burmm. LE_‘A_; Amold, 3. J.; Cygan, M. T.; Dunbar, T. D.; Burgin.

schemes, such as in Quantum Cellular Automata (QCA) where 1 b -jones, L.. II: Allara, D. L.: Tour, J. M.: Weiss, P. Sciencel996

the on/off states correspond to different charge configurations 271, 1705.

of a single molecular unit (rather than to changes in the intensity (11) Andres, R. P.; Bein, T.; Dorogi, M.; Feng, S.; Henderson, J. I.;

of a current flowing through a device?. ngéa;%g.lzégvahoney, W.; Osifchin, R. G.; Reifenberger,ience
Aviram and Ratner first proposed in 1974 the idea of a  (12) Zhou, C.; Deshpande, M. R.; Reed, M. A.; Tour, J.Appl. Phys.

molecular rectifier based on organic compounds made of Lett 1997 71, 611. ) ) _

mr-donor andr-acceptor moieties linked by a saturated spacer | élﬁgn?hgﬁgglgs7ziggeé'2§3 Lin, P. H.; Sita, L. R.; Guyot-Sionnest, P.

and sandwiched between two metallic electrdtEkis concept " (14) Seminario, J. M.: Zacarias, A. G.; Tour, J. B.Am. Chem. Soc

has recently been verified experimentdiMeasurements have 2000 122, 3015.
(15) Trans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley, R. E.;

Soon, the semiconductor industry will start facing difficulties
in maintaining the exponential growth with time, experienced
over the last thirty years, of the density of transistors packed
on a silicon chip-—3 This expected deviation from Moore’s law
is inherent to technological limitations in reducing the size of
conventional MOS (Metal/Oxide/Semiconductor) transigtors
and to the substantial increase in the costs required for
manufacturing very large scale integration (VLSI) circgifthe
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molecule, (ii) the geometry of the metal/molecule interface and NH;
the nature of the chemical interactions, and (iii) the profile of
the electrostatic potential across the junction (which can drop Q = Q = @
abruptly at the interfacé9.
Molecules sandwiched between metallic contacts can also be NO,
used for the fabrication of molecular resonant tunneling diodes a
(RTDs)2324The I/V characteristics of such devices display at < R
low voltage an NDR (Negative Differential Resistance) behavior
(i.e., an initial rise in current followed by a sharp decrease when @ _ O R R @ _ @
the voltage is progressively augmented), instead of the linear
increase expected from Ohm’s law or the staircase behavior 2
reported for molecular junctiord.The typical architecture of
the RTD devices, originally made of HV semiconductors, b:R=CH, ¢:R=CHy-CH,
consists of a central quantum well (characterized by discrete Figure 1. Chemical structure of molecular wires for which NDR
and highly spaced electronic levels) separated from two metallic behavior has been observed experimentally (a and b) and of those under
leads by tunnel barriers. The current peak is promoted understudy in the present work (b and c). The substitution pattern considered
the application of a driving voltage by matching the Fermi inthe study of derivatives of molecule 1c are also illustrated (the choices
energy of one electrode to the energy of a discrete electronicof the X, R, and R substituents are described in Table 1).
level of the quantum well, thus by inducing resonant tunneling
processes across the barrigrspte that the obtention of sharp ~ across the molecular junctio®On the other hand, an NDR
peak profiles requires a narrow density of states around the behavior has also been observed for compounds where the tunnel
Fermi edge of the electrodes, as is typically found in highly barriers leading to resonant tunneling processes are included
doped inorganic materials or in STM tips. Interestingly, such Within the molecular structur®. This was evidenced by contact-
peak behavior opens the way to the fabrication of novel two- ing with two gold electrodes a self-assembled layer of molecular
terminal (i.e., NDR diodes) and three-terminal (i.e., NDR Wwires made of a benzene, acting as a quantum well, separated
transistors) switching devices, which can be further combined from two phenyleneethynylene segments by tunnel barriers
with standard electronic components for the design of complex built with methylene spacers, see Figuré3i(note that this
memory or logic circuits, as recently demonstrated with molecule is also substituted by thioacetyl groups on the para
inorganic semiconductof§:2’ carbon atoms of the external phenylene rings to promote
An NDR behavior is often observed for molecules adsorbed chemisorption on the gold surfaéés
on a gold surface when contacted by a STM tip, as a result of There are two different contributions determining the ampli-
the narrow density of states in the tip electréélédn NDR tude of the current across a molecular junction that must be
signature has also been clearly established for two kinds of taken into account to simulaté/ characteristicd’-18 The first
molecular structures sandwiched in nanopores between two goldone is related to the nature of the interaction between the
surfaces; the mechanisms of electronic switching appear to bemolecule and the metallic surface that governs the mechanisms
different in that case and are not fully understood yet. On one of charge injection into the wire (ohmic contact versus tunnel-
hand, a very sharp NDR behavior with a peak-to-valley ratio ing); these interfacial reactions are often associated to a contact
of 1030:1 for the current density has been measured at 60 Kresistance at the macroscopic level. This interaction also sets
for a short phenyleneethynylene oligomer (substituted asym-  the relative position of the Fermi energy of the metal electrodes
metrically by z-active groups, see Figure la) sandwiched with respect to the frontier electronic levels of the molecule.
between two gold contacts; interestingly, an NDR behavior with The second contribution is related to the extent of delocalization
a much lower peak-to-valley ratio was also demonstrated at of the electronic levels into which the charges are injected.
room temperature for the same conjugated backbone substituted The state of the art in the field has not yet reached the stage
only with the nitro grou@® The only mechanism proposed to  wherel/V curves of long molecular wires can be predicted on
date to explain the NDR behavior for molecules incorporated a quantitative basis. The most sophisticated approaches (typically
into nanopores is based on Density Functional Theory (DFT) based on DFT calculations) have been applied so far to small
calculations that have been used to analyze the electronicmolecules such as benzenedithiol sandwiched between two gold
structure of such molecules in the neutral, singly, and doubly contacts®® the large size of the wires under consideration here
reduced state¥. The results have been interpreted to suggest prevents the use of a similar theoretical approach. Recent DFT
that the high current peak is associated to full electronic calculations have also shown that the addition of sulfur and gold
delocalization of the lowest unoccupied molecular orbital atoms on the terminal carbon atoms of molecidedoes not
(LUMO) in the singly reduced state; according to this inter- modify the main characteristics of the isolated molecule, thus
pretation, the peak profile (i.e., the NDR behavior) results from demonstrating that the interactions between the molecule and
the absence of delocalization in the neutral and doubly reducedthe metallic surface are loc&@li.In our view, this justifies that
states, such delocalization being required to ensure conductancéhere is still a fundamental interest from a theoretical standpoint
to address separately, at least in the case of long molecular wires,

2 1

(23) Reed, M. AIEEE Proc.1999 87, 652.

(24) Chen, J.; Reed, M. A.: Rawlett, A. M.; Tour, J. Bciencel999 the charge injection mechanism (i.e., the interfacial interactions
286, 1550. between molecules and metallic surf&@éd and the charge
(25) Abe, M.; Yokoyama, NSemiconductor Heterostructure bees
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(27) Technology Roadmap for Nanoelectronics 139fited by Compano, (31) Seminario, J. M.; Zacarias, A. G.; Derosa, PJAPhys. Chem. A
R.; Molenkamp, L.; and Paul, D. J. (European Commission, IST Programme, 2001, 105, 792.
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(28) Chen, J.; Wang, W.; Reed, M. A,; Rawlett, A. M.; Price, D. W.;  Am. Chem. SoQ00Q 122 4700.
Tour, J. M.Appl. Phys. Lett200Q 77, 1224. (33) Johanson, A.; Stafstmg S.Chem. Phys. Let00Q 322, 301.
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migration process along a conjugated backbone (intimately gives confidence that the INDO Hamiltonian can provide a reliable

related to the delocalized versus localized character of the description of the one-electron structure of organic conjugated materials,
frontier one-electron levels). which is a key ingredient of our model. We note that the energy

In this context, the primary goal of our calculations is to focus SeParation between the occupied and unoccupied levels, and thus the
on the one-electron structure of the wires and to illustrate on a HOMO to LUMO gap, is overestimated in any Hartrefeock-based

litati basis th barri . ted al th calculations; however, it is important to stress that this drawback does
qualitative basis the way barriers incorporaied along the . impact the model proposed in this work to rationalize the NDR

conjugated backbone can lead to an NDR signal (by “qualita- penayior since this model depends on the nature of the highest occupied
tive”, we mean that our model will be able to rationalize the or Jowest unoccupied levels and not on the separation in HOMO to
peak profile observed iV curves of NDR devices but notto  LUMO gap.
provide absolute numbers for the turn-on voltage and the current, Resonant tunneling processes across the barriers formed by the
due to the neglect of the metallic contacts). Our results indicate saturated spacers are identified by examining the evolution of the one-
that the origin of the NDR behavior appears to be different here electron structure of the wires under the application of a static electric
from that reported for the substituted phenylene ethynylene fi_eld aligned along the main molecular ax_is. This field is_ used to
oligomers* We have performed calculations on molecile _S|mulate t_he voltage across the electrodes_ in the RTD devices ar_1d to
for which an NDR behavior has been observed experimentally mqluc_e a linear evolution of the QIectrostan_c potential along the wire;
this, in turn, modulates the relative energies of the electronic levels

as well as on moleculéc where the methylene spacers are _ .~ .~ " : e i

. . . originating in the three conjugated moieties, as exemplified below. In
_replf':lced by dimethylene l_m'ts (the chemical structures are Sho‘_’vnour calculations, the gradient of potential energy is created around the
in Figure 1). Our calculations further demonstrate that the main igin of the Cartesian axes chosen to be at the center of the middle
parameters controlling the NDR behavior can be fine-tuned penzene ring; with this choice, the energies of the electronic levels
through molecular engineering of the wires, in particular upon located on the quantum well are slightly affected by the electric field,
attachment of electroactive substituents along the conjugatedas is also expected in RTD devices built with molecules connected to
backbone. two symmetric contacts. The negative pole of the driving voltage is
positioned on the left side of the molecule so that the field induces a
destabilization [stabilization] of the electronic levels localized on the
left [right] part of the wire with respect to the situation in the absence

The geometric structures of moleculdsand1c have been optimized of external perturbation. The amplitudes of the applied electric field
with the semiempirical HartreeFock Austin Model 1 (AM1) metho# used in the calculations cannot be directly compared to the experimental
which has been parametrized to provide accurate geometries for organicvoltages, partly because we do not consider the chemical interactions
molecules in their ground state. In isolated phenyiegtbynylene and possible voltage drops at the metal/organic interféces.
oligomers, the phenylene rings can easily rotate due to the presence of Our approach is triggered by previous theoretical studies showing
triple bonds; we have thus assumed that the external segments are plandhat the main characteristics of the evolution in the electronic and optical
in moleculeslc and 1b as a result of solid-state packing in the self- properties of conjugated chromophores under the influence of an
assembled monolayers. Since we focus on the one-electron propertiegexternal polarization (created for instance by a solvent or adjacent
of the wires, it is seen that the attachment of thiol or thioacetyl groups molecules in a condensed medium) can be well described by the simple
on the terminal carbon atoms of the external segments hardly affectsapplication of a static electric fiefé 4
the results; this issue is therefore not discussed here.

The electronic structures of the molecules have been evaluated with
the spectroscopic version of the Hartrdeock semiempirical Inter-
mediate Neglect of Differential Overlap (INDO/S) Hamiltonian devel-
oped by Zerner and co-workets3 The reliability of the INDO

approgch to describe the relative posmon.s and.characterlstlc.s of therole in the understanding of the resonant tunneling processes,
occupied and unoccupied levels of organic conjugated materials has

been assessed, among others, in a number of our previous theoretical'® first ‘?'eF"Ct the pature of the. highest occupied gnd. lowest
studies’’ 42 remarkable agreement has, for instance, been found unoccup|e.d levels in moleculkc in the absence of fleld,. the

between the experimental Ultraviolet Photoelectron Spectroscopy (UPS)levels, which are the most relevant to the NDR behavior, are
and Inverse Photoemission Spectroscopy (IPES) data and the INDO-illustrated in Figure 2 together with the corresponding one-

2. Theoretical Methodology

3. Results and Discussion

Since the evolution of the electronic structure of the molecular
wires under the influence of a static electric field plays a major

simulated spectra for several organic conjugated moleé@iféBhis

(34) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod 995 107, 3702.

(35) Ridley, J.; Zerner, M. CTheor. Chim. Actdl973 32, 111.

(36) Zerner, M. C.; Loew, G. H.; Kichner, R.; Mueller-Westerhoff, U.
T.J. Am. Chem. S0d.98Q 102 589.

(37) Bredas, J. L.; Cornil, J.; Meyers, F.; Beljonne D. Handbook of
Conducting Polymers2nd ed.; Skotheim, T. A., Reynolds, J. R., Elsen-
baumer, R. L., Eds; Marcel Dekker: New York, 1997; p 1.

(38) Marder, S. R.; Gorman, C. B.; Meyers, F.; Perry, J. W.; Bourhill,
G.; Brddas, J. L.; Pierce, B. MSciencel994 265 632.

(39) Meyers, F.; Marder, S. R.; Pierce, B. M.; Bes, J. LJ. Am. Chem.
Soc.1994 116, 10703.

(40) Marder, S. R.; Torruellas, W. E.; Blanchard-Desce, M.; Ricci, V.;
Stegeman, G. |.; Gilmour, S.; Bdes, J. L.; Li, J.; Bublitz, G. U.; Boxer,
S. G.Sciencel997 276, 1233.

(41) Maertens, C.; Detrembleur, C.; Dubois, Prodee, R.; Boutton,
C.; Persoons, A.; Kogej, T.; Bdas, J. L.Chem. Eur. J1999 5, 369.

(42) Beljonne D.; Shuai, Z.; Cornil, J.; dos Santos, D. A.id&s, J. L.

J. Chem. Phys1999 111, 2829.

(43) Cornil, J.; Vanderdonckt, S.; Lazzaroni, R.; dos Santos, D. A.; Thys,
G.; Geise, H. J.; Yu, L. M.; Szablewski, M.; Bloor, D.;"gdlund, M.;
Salaneck, W. R.; Gruhn, N. E.; Lichtenberger, D.; Lee, P. A.; Armstrong,
N. R.; Bredas, J. L.Chem. Mater1999 11, 2436.

(44) Hill, I. G.; Kahn, A.; Cornil, J.; dos Santos, D. A,; BRfas, J. L.
Chem. Phys. Let200Q 317, 444.

electron levels calculated in the isolated segments. Analysis of
Figure 2 reveals that the lowest two unoccupied levels of the
wire (LUMO and LUMO+1) are mostly localized on the
external conjugated segments and originate from the bonding
and antibonding interaction of the lowestunoccupied level

of the external units. These two levels are almost degenerate
due to the large separation between the two moieties following
the incorporation of the central quantum well surrounded by
two tunnel barriers; as a consequence, any slight external
perturbation is expected to localize the electronic wave function
on a single conjugated segment of the wire. The same descrip-
tion prevails for the LUMG-2 and LUMO+3 as well as for

the LUMO+4 and LUMO+5 levels described by the linear
combination of higher lying unoccupied levels localized on the
external units. Similarly, examination of the occupied levels
shows that the highest two molecular orbitals (HOMO and
HOMO-1) are localized on the external segments.

In addition to these molecular levels localized on the external
conjugated units, we find two occupied (HOMO-2 and HOMO-
3) m-levels and two unoccupied*-levels (LUMO+6 and
LUMO++7) mostly centered on the benzene quantum well.
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Figure 2. Description at the INDO level of the nature of the highest occupied and lowest unoccupietecular levels in moleculéc as well
as in the isolated individual segments in the absence of external electric field. The size and color of the circles correspond to the amplityde and sign
respectively, of the LCAO (Linear Combination of Atomic Orbitals) coefficients associated with-#iemic orbitals of the carbon atoms in the

conjugated backbone.

Among these, the levels characterized by a vanishingly small process can occur. In such a scenario, the charge has time to
electronic density on the para carbon atoms of the benzene ringgeometrically relax under the form of a negative or positive

(HOMO-3 and LUMOt6) have energies very similar to those

polaron. The explicit consideration of such relaxations is,

calculated in the isolated molecule, since they are only weakly however, not of fundamental importance here since their only

affected by para substitutions. In contrast, the LUMDlevel

impact is to induce a stabilization [destabilization] by a few

has significant LCAO coefficients on the para carbon atoms of tenths of an electonvolt of the lowest unoccupied [highest

the central ring and is slightly destabilized with respect to the

occupied] level of the external segment upon electron [hole]

corresponding orbital in the isolated molecule, due to inductive injection?® this would thus lead to a slight variation in the

effects from the dimethylene spacers within theskeleton.

voltages required to activate the various resonant channels.

Thus, the para substitution of the central benzene unit in the Moreover, since the size of the phenylerethynylene segment
wire breaks the level degeneracy present in the isolated moleculeis equivalent to that of a positive or negative polaferhe
and creates a small energy gap on the order of 0.09 eV betweerformation of such species does not lead to marked changes in

the lowest two unoccupied levels lying on the quantum well.

the shapes of the orbitals (such as, for instance, appearance of

Note that the splitting is much more pronounced in the case of localization of the electronic wave function, as could be

the HOMO-2 and HOMO-3 levels, on the order of 0.7 eV. This
evolution is consistent with the results of INDO calculations

observed in longer chains), which otherwise might have played
a significant role in the interpretation of the NDR signature.

showing the appearance of the same splittings when going from When electrons [holes] are initially injected into the lowest

benzene to paraxylene.

Analysis of the one-electron levels thus confirms that
molecule 1c can be regarded as consisting of three weakly
interacting conjugated units. In the following, we illustrate the
origin of NDR behavior in such a molecule by considering that
at low voltage an electron [hole] is initially injected into the
lowest unoccupied [highest occupied] level of the left [right]

external segment of the wire before any resonant tunneling

unoccupied [highest occupied] level of the left [right] external
segment of the wire, the current across the junction is expected
to be vanishingly small. The reason for this is 2-fold: (i) efficient
charge transfer toward a level on the opposite external segment
through a superexchange (i.e., through-space) mechanism can
hardly take place due to the significant separation between the

(45) Brddas, J. L.; Street, G. BAcc. Chem. Red.985 18, 309.



10080 J. Am. Chem. Soc., Vol. 123, No. 41, 2001 Karzazi et al.

Energy
| H‘SM_Q
LUMO+7 : 0.91 eV
LUMO+4 : 0.82 eV
=
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Figure 3. INDO-calculated one-electron structure of molecliteunder the application of a static electric field of>510° V/cm. The wave
functions are illustrated for the levels most relevant to NDR behavior; the levels are classified in three columns depending on their localization on
the wire.

two units (on the order of 10 A) and the decreasing exponential 0.6
dependence of the electron-transfer rate as a function of
distance!® and (ii) a through-bond mechanism involving a level 05 -

of the quantum well much higher [lower] in energy implies a
very large energy barrier to overcome. The easiest way to 0.4
promote a current across the wire is thus to modulate the relative 5

~

energies of electronic levels belonging to the different conju- % . |

gated segments upon application of a voltage, to generate ag
resonant tunneling process across the tunnel barriers created by
the saturated spacers. This points to the fundamental interest in
characterizing the evolution of the electronic structure of the

wire as a function of a static electric field, as discussed below. 017
The evolution of the one-electron structure of moleclie
under the application of a static electric field 0&510° V/icm 0.0 . , . ‘ :
is depicted in Figure 3, where the levels are displayed in three 0 ! 2 3 4 5 6
columns according to their localization on the molecule; note 10°F (Viem)

that the amplitude of the electric field is much lower than that Figure 4. Evolution of the INDO energy of the lowest unoccupied
required to reach the first resonance. The linear evolution of level on the left external segment of the wire as a function of the
the electrostatic potential along the whole molecule leads to amplitude of the static electric field aligned along the long molecular
removal of the degeneracy of the electronic levels localized on &XIS.
the two external segments in the absence of the field. As eyolves linearly with the electric field; this allows us to establish
expected, the results show that the energy separation betweefhat an increase by 5 x 10° V/cm in the amplitude of the
the lowest unoccupied [highest occupied] level on the left [right] fie|d leads in our calculations to a corresponding shift of the
conjugated segment and the lowest unoccupied [highest oc-frontier levels by 0.05 eV.
CUpleCﬂ level Of th? central well is reduced upon application of  \when a critical field of 9x 10° V/cm is applied, we observe
a static electric field along the molecule. Figure 4 further g first resonant tunneling process, which takes place between
illustrates that the destabilization [stabilization] of the lowest the |owest unoccupied level on the left conjugated segment and
unoccupied [highest occupied] level of the left [right] segment that of the quantum well. This resonance generates two
(46) Barbara, P. F.; Meyer, T. J.; Ratner, M. A.Phys. Chem1996 electronic levels (LUMG-4 and LUMO+5) characterized by
100, 13148. a bonding and antibonding combination, with equal weight, of
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A

LUMO+5 : 0.84 eV

LUMOH4 : 0.80 eV

_ W LUMO : -0.90 eV
.

HOMO : -6.64 eV

HOMO-3: -8.26 eV

HOMO-5: -8.32eV

Figure 5. INDO-calculated one-electron structure of molecbiteunder the application of a critical field inducing resonances between the lowest
unoccupied [highest occupied] level of the left [right] external segment and the lowest unoccupied [highest occupied] level of the central benzene
unit. The levels are classified in three columns depending on their localization on the wire; note that the HOMO-4 level has a significant electronic
density on the two external segments.

the levels characteristic of the individual units (see Figure 5). resonance occurring between the lowest unoccupied level of
The rate of electron transfer (and hence the current) betweenthe left conjugated segment and that of the central quantum well.
the left conjugated segment and the central quantum well is We note, by analogy, that the same considerations apply to the
expected to be by far the highest at the resonance; this allowscharge mobility in molecular crystals: the mobility is much
us to rationalize in a qualitative way the peak profile observed higher at low temperature (where a band-like motion prevails)
in the experimental/V curves?® Indeed, prior to or after the  than at high temperature (where transport is described in terms
resonance there is an offset between the two electronic levelsof phonon-assisted hopping processes of relaxed charges
involved in the charge transfer; the electron transfer process isbetween adjacent molecules); in ultrapure single crystals of
then considerably slowed by the fact that vibrations must come pentacene, there occurs an increase in charge mobility by up to
into play to reach a transition state where the two levels acquire 5 orders of magnitude when going from the high- to the low-
the same energy; in this situation, the rate of charge transfertemperature regime:>!

can be estimated in the framework of Marcus theory, with an  Of course, the resonance between the lowest unoccupied level
explicit account of vibrational contributiorf8.In contrast, at of the left segment and that of the central benzene ring does
the resonance, the transfer is not assisted by vibrations sincenot ensure alone the switching on of a high current across the
the two levels have the same energy; the strength of the whole junction; high current additionally requires a significant
electronic coupling between the two segments is the main electronic coupling (i.e., a small energy separation) between
parameter governing the charge-transfer rate, as is the case ithe lowest resonant level and an unoccupied level located at
models describing transport properties in a band regime (wherelower energy on the right segment of the wire; this condition is
current flows under the form of unrelaxed charge carri¢r4j. not met here since the smallest separation is on the order of 0.6
This coupling is quantified by the transfer integral between the eV. However, Figure 5 also shows that the first resonance in
two segments (the larger the transfer integral, the higher the the manifold of the unoccupied levels coincides with another
transfer rate), which can be estimated in first approximation as resonance taking place between the highest occupied level on
half the energy splitting between the two resonant orbftals; the quantum well and that of the right conjugated segment; this
we calculate a transfer integral on the order of 20 meV for the is consistent with the fact that the energy separations between
the corresponding frontier levels (LUMO vs LUMEB and

(47) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M., HOMO vs HOMO-2) are very similar (0.82 eV) in the one-
Laudise, R. AJ. Mater. Chem1995 5, 1719.
(48) Pope, M.; Swenberg, C. Electronic Processes in Organic Crystals (50) Schm, J. H.; Kloc, C.; Batlogg, BScience200Q 288 2388.
and PolymersOxford University Press: New York, 1999. (51) Schm, J. H.; Berg, S.; Kloc, C.; Batlogg, EScience200Q 287,

(49) Li, X. Y.; Tang, X. S.; He, F. CChem. Phys1999 248 137. 1022.
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Figure 6. INDO-calculated evolution of the distribution of the
electronic density over the three conjugated segments of molécule
(filled squares, central well; filled diamonds, right segment; filled
triangles, left segment) in the HOMO-3 level as a function of the
amplitude of the static electric field around the critical value activating
the efficient hole transport channel (the values reported in the plot do
not include the weak contribution arising from the saturated spacers).

electron structure of the molecule in the absence of electric field,

Karzazi et al.

level of the benzene ring contributes to a high current (with
holes as the charge carriers) across the junction and the
observation of an intense current peak in thé curve. The
resonances occurring at different voltages would be individually
identified in the experimentdlVV characteristics if they were

all to promote a similar amount of current across the junction.
The activation of several channels might induce a broadening
of the NDR peak if the resonances take place in a limited voltage
range; this would, however, prevent a fine control of the
switching process. Other possible sources of broadening of the
NDR peak neglected in the present calculations are related to
(i) the dispersion of the electronic levels due to intermolecular
interaction8? between the conjugated segments within the self-
assembled monolayers (SAMs) and (ii) a distribution in the
energy of the frontier molecular levels of the external segments
due to various kinds of interaction between the molecules and
the gold surface.

Much higher electric fields help in reaching the highest
unoccupied level of the benzene ring (2.3 eV above its lowest
unoccupied level) or the lowest occupied level (4.0 eV below
its highest occupied level). However, these levels are not
expected to induce an NDR behavior due to the fact that they
are surrounded by-levels delocalized over the whole backbone.
The manifold of these delocalizedlevels (whose energies are

see Figure 2. The transfer integral associated to this resonancenly slightly affected by the field due to their delocalization

is on the order of 30 meV.
Most importantly, the two resonant levels are found to interact

over the molecular backbone) contributes to the transport of
electrons and holes through theskeleton without the need for

here also with an electronic level on the left side of the wire; resonant tunneling processes across the dimethylene barriers;
this is reflected in Figure 5 by the appearance in the resonantj, this regime, we thus expect a continuous increase in the

orbitals of a significant electronic density over tlieree
segments of the molecular wire. The activation of this hole

resonant channel is further illustrated in Figure 6 where we have

reported the distribution of the electronic density among the
three conjugated segments in the HOMO-3 level as a function
of the electric field around the critical value. The evolution

shows that the electronic level is localized on the quantum well
prior to the resonance, gets delocalized over the three moietie
around the critical field, and finally becomes localized on the

right external segment beyond the resonance. On the basis o

these results, we can thus conclude that the resonances occurri
at the lowest critical field give rise to a much more efficient

transport channel across the molecular junction for holes than

for electrons; note that the actual current observed inlfie
curves upon activation of the hole channel will actually depend
on the efficiency of the charge injection process into the highest
occupied level of the right segment.

A slightly larger electric field (or voltage) has to be applied

to promote the resonance between the lowest unoccupied leve

of the left segment and the second unoccupied level of the

benzene ring (at 0.09 eV above its lowest unoccupied level); a

further increase in the amplitude of the electric field (18.C°

V/cm) is required to achieve a hole resonant tunneling process

between the highest occupied level of the right conjugated

segment and the second occupied level of the quantum well (at

0.7 eV below its highest occupied level). These two channels
appear to be rather inefficient for electron [hole] transfer across
the molecular junction due to the large energy separation of
0.7 eV [1.0 eV] between the lowest [highest] resonant level
and the closest electronic level on the right [left] external
segment at lower [higher] energy; this is also reflected by the
absence of electronic delocalization over the wholeackbone
at the resonance.

Our results thus lead to the conclusion that among the four
accessible resonant channels in moledwétwo for electrons
and two for holes), only the one involving the highest occupied

conductance through the wire when the voltage is amplified.
We now turn to the analysis of the one-electron structure and
characterization of the NDR behavior in the molecular wire
incorporating methylene units as conjugation breakers (Figure
1b). To do so, we describe in Figure 7 the nature of the most
relevant electronic levels of the molecule in the absence of
electric field. The one-electron structure differs from that of

Smoleculelc since (i) we calculate a finite electronic density on
{nhe quantum well in both the HOMO and LUMO levels of the

olecule (this should contribute to a leakage current across the

Inﬁmction prior to any resonant tunneling process) and (ii) we

find several occupied and unoccupied levels resulting from
coincidental resonances between electronic levels belonging to
the central well and the external units, and hence delocalized
over the whole molecule. This seemingly makes the mechanisms
leading to the NDR behavior more complex than for molecule
1b; however, electronic levels mostly localized on the benzene
cing can be identified as soon as a static electric field is applied,
ollowing the changes in the relative energies of the electronic
levels characteristic of the three different conjugated moieties.
The mechanism of the NDR behavior in molectle is thus
very similar to that described in the case of moleclte

In moleculelb, the first resonance occurs between the highest
occupied level of the right conjugated segment and that of the
central benzene ring (having a significant electronic density on
the substituted para carbon atoms). Despite the stronger interac-
tion between the conjugated units, a static electric field much
larger than the one used in the case of moledudldas to be
applied to promote the first resonance. This counter-intuitive
effect is primarily related to the reduction in the length of the
saturated spacers when going from molecideto 1b; as a
matter of fact, a shorter spacer requires a larger slope in
electrostatic potential (and hence a higher voltage) for similar

(52) Cornil, J.; Calbert, J. P.; Beljonne, D.; Silbey, R.; @as, J. LAdv.
Mater. 200Q 12, 978.
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Encrgy Both the large transfer integral and the overall delocalization
of the resonant levels contribute to the creation of a very efficient
LUMO+3 (0.72 V) hole transport channel across moleclike
? In contrast, resonance between the highest occupied level of
the right segment and the second occupied level of the benzene
ring generates a much less operative channel for holes due to
(i) a very small transfer integrab2 meV), which results both
LUMO+20.71 &V) from the absence of electronic density on the para carbon atoms
of the central ring and the weak global overlap in the chairlike
geometry of the wire between theatomic orbitals of the carbon
atoms of the two rings connected by the spacer, and (ii) the
absence of delocalization of the resonant molecular levels over
the whole molecular backbone. When focusing on the unoc-
cupied orbitals of the quantum well, we identify single
resonance associated with very large interchain transfer integrals
(~200 meV) between the lowest unoccupied level on the left
segment and that on the benzene ring characterized by a
significant electronic density on the para carbon atoms. This
channel operates at a static field slightly larger than that required
for tunneling through the highest occupied level of the benzene
ring; however, this channel is expected to be much less efficient
due to the localized character of the resonant levels. Resonant
HOMO-2(£27cV) tunneling across the second unoccupiekkvel of the benzene
ring (that has a small electronic density on the para carbon atoms
and leads to very small interchain transfer integrals) is prevented
here by the fact that the energy separation between the lowest
two unoccupied levels is much smaller than the transfer integrals
associated to the resonance through the delocalized level of the
benzene ring; thus, we only observe the interaction with the
Figure 7. Description of the nature of the INDO highest occupied level of the quantum well possessing a high electronic density
and lowest unoccupied levels of moleculb in the absence of any  on the para carbon atoms in this energy range. All together, we

external electric field. The size of the circles on the quantum well conclude that a single channel is expected to promote a high
represents the amplitude of the LCAO coefficients associated with the current (with holes as charge carriers) across moletbles
p. atomic orbitals of the carbon atoms, with the axis being is also the case for molecuke

perpendicular to the plane of the exteral conjugated segments. Finally, we would like to illustrate that the voltages required
energy barriers between frontier levels to be overcome. The to promote the individual resonances can be fine-tuned through
smaller spatial separation between the two conjugated segmentsnolecular engineering of the wire. In particular, previous
also leads to much larger transfer integrals with respect to thetheoretical calculations performed on polyphenylene-based
corresponding values in molecule (250 meV vs 30 meV). chains have shown that the positions of the frontier levels can

LUMO (-0.07 V)

b

HOMO (-7.35 V)

HOMO-3 (-9.00 eV)

Table 1. INDO-Calculated Energies (in eV) of the Frontier Levels Localized on the External Segments (HS and LS) and the Quantum Well
(HB1, HB2, LB1, LB2) of the Molecular Wire Incorporating Dimethylene Spacers and in Various Substituted Derivatives (in the absence of a
static electric field)

LB2
2 LBI
i Al
LS
HS
¢ A3
Ad - HBI
HB2
X Rt R2 HS LS HB1 HB2 LB1 LB2 Al A2 A3 A4
H H H —7.48 000 —830 —900 082 091 082 091 082 152
H CHs H —7.42 004 -828 -900 083 092 079 088 08 158
H CH, CHs ~7.39 005 -827 -899 084 093 079 088 088 160
H OCH  H ~735 004 -836 -907 075 085 071 081 101 172
H OCH,  OCHs  —7.29 003 -823 -894 088 097 085 094 094 165
H CN H —7.70 —-0.43 —8.46 -9.14 0.67 0.75 1.10 1.18 0.76 1.44
H CN CN ~792 -090 -851 -918 065 071 155 161 059 126
CHs H H —7.48 001 -7.99 -863 090 097 089 096 051 115
OCH  H H —7.46 002 -781 -88 080 088 078 08 035 134
cl H H ~753  -005 -881 -946 010 031 015 036 128 193

a2 The positions of the R1, R2, and X substituents are depicted in Figure 1c. We also collected the energy harridycélculated between
the frontier levels, as illustrated in the sketch on top of the table.
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be controlled upon attachment of electroactive substituents onapplication of a static electric field aligned along the long
the conjugated backbof&>*We demonstrate below that similar  molecular axis. When benzene is used as the central quantum
strategy can be applied to molecule (and by extension to  well, resonant tunneling processes through the highest two
any molecular wire incorporating saturated spacers) to modulateoccupied and lowest two unoccupied levels of the ring are at
its one-electron structure. Table 1 reports the changes in thethe origin of the current peaks observed in thécharacteristics.
energies of the frontier levels localized on the external segmentsThe effectiveness of each transport channel is governed by the
(HS and LS) and those of the highest two occupied (HB1 and amplitude of the transfer integral between the levels in interac-
HB2) and lowest two unoccupied (LB1 and LB2) levels of the tion at the resonance as well as the degree of delocalization of
benzene ring under various substitution patterns. The versatilitythe resonant levels over the whole molecular backbone. Our
of molecular engineering is illustrated in the following by calculations indicate that the channel involving the highest
considering substituents traditionally used by synthetic chemistsoccupied level of the benzene ring is the most efficient in the
(methoxy, methyl, and cyano groups as well as chlorine atoms), molecular wires under study.
which are attached either to the central benzene ring or to the The use of short spacers such as methylene units favors very
inner phenylene ring of the external segments, to avoid steric large interchain transfer integrals at the resonance but prevents
hindrance at the interface during chemisorption (see Figure 1).a full localization of the frontier levels on the individual
Table 1 also collects the four energy barriekd{-4) that have segments in the absence of electric field; this should lead to
to be overcome by the electric field to promote the individual the appearance of a significant valley current in the
resonances. characteristics, which is detrimental for the design of memory
The results show that the-donor methyl groups attached cells based on molecular RTD devi®sin contrast, the
on the external segments lead to an overall slight destabilizationincorporation of larger spacers such as dimethylene groups
of the levels without affecting the heights of the energy barriers. induces a strong confinement of the electronic levels on a given
Similarly, the global influence of the methoxy groups, having segment of the wires and leads to smaller interchain transfer
m-donor ando-acceptor characters (the former destabilizes the integrals between resonant levels, and hence to a much lower
frontier electronic levels while the latter has a counter-acting tunnel current across the molecule. We have also established
effect), is to weakly shift all the frontier levels without that the energy barriers to be overcome for the activation of
significant fluctuations in the energy barriers. Tiecceptor the resonant tunneling channels can be fine-tuned through
ando-acceptor characters of the cyano groups both contribute molecular engineering of the wires, in particular upon attachment
to a significant lowering of the frontier levels; this leads to a of substituents over the conjugated backbone. Our theoretical
significant increase [decrease] in the energy barriers for electronstudy is now awaiting experimentdl/ characteristics on a wide
[hole] transfer across the tunnel barrier. These calculated shiftsrange of molecular wires incorporating saturated spacers; this
are expected to be amplified when substituting a much smaller would allow us to critically confront our theoretical results to
conjugated segment; this is confirmed by the results presentedexperimental data and assess the validity of our working
in Table 1 showing that the substitution of the central benzene hypotheses.
ring yields much larger shifts of the levels with respect to those
calculated in the previous cases. _Interestingly, t_he calculations Acknowledgment. The authors acknowledge very stimulat-
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