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Abstract: Density functional theory calculations are performed to explain the electrical behavior of a
sm-conjugated oligo(phenylene ethynylene) resembling a resonant tunneling diode. Results of this theoretical
study are compatible with the assumptions that electron transport occurs through the lowest unoccupied molecular
orbital, that the conduction barrier is determined by the molecule chemical potential, and that the molecule
becomes charged as the external potential increases. We are able to explain the nonlinear character of the
current-voltage characteristic of the molecule and its temperature dependence. The intrinsic controlled-
amplification feature of these molecules is indicated.

Introduction
|| T=60K

Recent experimental results obtained from a small group of
molecules (ca. 1000) forming a nanopore showed a behavior
that resembles a resonant tunneling diode (RTd)a device
with a negative differential molecular impedance. At a temper-
ature of 60 K the current peaks at 2.1 V and reaches a peak
current of 1 nA while the valley current is around-4 pA.

The form of the peak is shown schematically in Figure 1. Also,
as the temperature increases, the voltage at which the current
is maximum decreases monotonically at a rate of 9 mV/K. After
the resonance effect, a sharp decrease of the current takes place.

1 Q=2 I,=14pA

The molecule in the nanopore can be represented as indicated ' Vv

in Figure 2, where a small portion of the actual measured 20V

nanopore is shown. In the nanopore, the molecules are self-Figure 1. Experimental currentvoltage characteristics of the MRTD
assembled on the gold surface. Sulfur atoms servedligator (shown in Figure 2). The charge Q (in electrons) determines distinct

clips? to connect the surface. The top terminal was constructed c_onduction channels (shown in Figure 4) triggered by the bias voltage
by gold vapor deposition to the H-terminated molecules. The (N'V)-

exact nature of the bonding to the gold terminals has not been ) . L .
characterized experimentally, especially at the vapor deposited El€ctroactive substituents, the injection or withdrawal of
side. However, preliminary quantum chemistry calculations eleqtrons in oligomers .and polym.ers and_the effects of rng
predict that the gold atoms attach to carbon atoms, while their 0rsion have be?Gn studied theoretically using mainly semiem-
H atoms remain bonded to the ring (Figure 2). The curve shown pirical me_thods‘, and p_rowded exce_llent ways to understand
in Figure 1 was obtained when a potential difference between transport in ponmer_s. Itis kr_lown, for instance, that the HOMO-
the two gold ends was applied with the higher potential LUMO gap (HLG) is a critical parameter for the molecular

o~ ; ; dmittance because it is a measure of the hardAexsthe
(positive) applied to the self-assembled monolayer (SAM) side. a .
The application of a negative bias (i.e., when the negative electron density. The larger the HLG, the more stable the

potential is applied to the SAM side) yields practically no mole_cule, adnd tzerefore the hafrder it is to relarlrantge |tsTehIectrt(I:n
current; the whole system behaves as a standard diode. We refe?lens'ty under the presence of an external electron. Thus the
to this system as a molecular resonant tunneling diode (MRTD). (4) Fahlman, M.; Gebler, D. D.; Piskun, N.; Swager, T. M.; Epstein, A.
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Figure 2. A small portion of the nanopore containing one (left) and several (right) MRTD molecules. The molecules are connected to the lower
surface through the sulfur atoms by a SAM process. The top surface was created by vapor deposited gold. The resonant effects occur when electrons

are injected from the vapor deposited side to the SAM side.

molecule presents lesser admittance to the incoming electron.is also equally valid for the lowest state of each electronic symrifety. _
On the other hand, due to the electronegativity equalization The analysis of the MRTD and related compounds was performed using

theorent~10the Fermi level of the metal aligns within the HLG

as can be explicitly explained theoretically for extended
structures}~13 therefore the barrier for electron transfer is
proportional, in a first approximation, to the HLG.

Theoretical Approach

We use quantum density functional theory (D#T)!8 techniques

to investigate the sources of the resonance, the peak voltage, and th

the DFT methods as provided by the program Gaussigid-B4o basis

sets were used: the 6-31G* for all systems, and the 6-311G** for
selected systems. We have used the hybrid functional B3PW91, which
combines the Becke exchange (B) functiofiand the Perdew-Wang-

91 correlation functiona? both of which are nonlocal generalized
gradient-approximated functionats2® In addition, the B3 indicates a
three-parameter functional where a portion of the exchange contribution
has been calculated in the same fashion as in the Haifieek (HF)
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proceduré’ but using the Koha Sham noninteractive wave function  and chemical problems in bulk polymers (see for instance refs333
instead of the HF wave function. All cases were treated first with a among others), most previous work on single-molecule conductance
Hartree-Fock approach to have a good starting point for the DFT uses the orbital energetics without considering the spatial extent of the
calculations. conduction channels (see review papers in ref 31).

Changes in the molecular orbitals are excellent indicators of the
molecular electron transport. We analyze small molecular units to Background Studies

determine what groups are responsible for the observed behaviors. This . .
helps us to determine the effects that are intrinsic to the molecules of To set the stage for the analysis on the MRTD, it is necessary

the nanopore. We also want to analyze the temperature effects on thel© brlefly. discuss key findings orj the electronic properties of
electron transport, since these effects are connected to the temperaturk€lated single molecules. We noticed that the molecular energy

dependence of the torsional properties of the mole®utethis context, levels decrease in value when electrons are transferred from
by torsion we mean the rotation of one aromatic ring with respect to one side of a molecule to the other by action of an external
an adjacent ring. field. In the special case of benzene connectquhira positions

Conduction in molecules cannot be treated using mesoscopic or by two Au atoms’® the HOMO energy is lowered by 1.66 and
macroscopic models since they fail even for mesoscopic systeths.  3.28 eV after one and two electrons, respectively, have been
It is necessary to perform a molecular level study using the well- transferred from one Au atom to the other. These energy drops
established tools of quantum chemist®=° It is important to may not be relevant since the midpoint of the HLG is located
understand the electronic molecular transport of a charged molecule,hetween the Fermi local levels of the metal contacts. This is
i.e., when electrons are occupyingoccupiedorbitals of the neutral why our attention is focused on the HLG, which decreases after
system due fo the action of an external voltage. In this context, the 5 gactron has been transferred and slightly increases when a
HLG energy and the spatial extent of the LUMO are respectively the second electron is transferred. Although the shapes of the orbitals

logical candidates for a quantitative and qualitative prediction of the v ch d th lati | f th
transport characteristics. The present analysis is based on the ansat3'® NOt strongly changed, the relative values of the gaps are

that, in a first approximation, transport occurs through the LUMO orbital due to the nonrigid character of the molecular orbitals under
and other unoccupied orbitals, and as the molecule becomes chargedexternal effects. Therefore, they can be used to explain the
its chemical potential adapts to the local levels of the macroscopic complex behavior obtained in currentoltage characteristics
electrodes addressing the molecule. of single molecules and single layers of few molecules. An
Notice that the HLG of a single molecule cannot be associated with @analogous phenomenon can be observed by analysis of the HLG
an optical band gap; however, this does not affect our results since wewhen an extra electron is present in the molecule. For neutral
are calculating the corresponding ions to assess electron transfer. Inbenzene, the HLG is 6.78 eV, which decreases to 3.82 eV for
addition, the number of molecules in the nanopore is small enough the positive ion and to 3.81 eV for the negative ion. The large
(ca. 1000) to have an acceptable discrete spectrum rather than a band G of benzene resembles its high ionization potential of 9.14
This of course will Fakg us to more elaborated questions such_ as, How o/ However its electron affinity is negative, i.e., the ground
can conduction exist if there is no band? However, conduction does state of the negative ion is embedded in the continuum of the

indeed take place in single molecules as several experiments have . .
already demonstrated (see, for instance, ref 31 and papers therein), an&euual' Therefore, the effect of both electron-withdrawing and

the mechanism of conduction can be associated with a path that useseleCtron'don"’lt'ng grQUpS is similar with respect to the HLG*, n
one or more of the single-molecule frontier orbit#ls. both cases shortening the gap. An OH group in the ring
We need to quantify two effects regarding the transport of electrons decreases the gap to 5.94 e_V. This gap gets further reduced
in molecules to investigate their electrical properties. First, the LUMO When the system loses or gains one electron to 3.79 and 3.65
effect needs to be quantified because the molecular admittance (or the€V, respectively. There is a static inertia to the molecular
inverse of the molecular impedance) between two ends of a moleculeimpedance, which is decreased as soon as the molecule is
increases when the LUMO is extended (delocalized) over the two ends.charged. The presence of a CN substituent for instance reduces
This yields a spatial contribution to the molecular admittance. The the HLG of benzene by 0.9 eV.
second effect is due to a directly quantifiable property, the HLG. When  These values can be contrasted with results for the tolane
this gap degrea;gs, the molecular admlttan_ce increases. In a_ﬁrst-ordehdecmés where the HLG for planar tolane is 4.44 eV while
approximation, itis the midgap that will be pinned to the Fermi energy o rorated one has a HLG of 5.45 eV. This 1 eV increase in
levels of the connecting terminals. The HLG is tremendously affected . ;
when an electron crosses a molecule. This is dramatically different from the HLG has ConSIderab'Ie effect on the transport propertles of
bulk devices. In bulk systems, barriers are formed because of thethe tolane molecul& which are also strongly dom'n'_ated k_)y
interaction of a large number of atoms, so single particle effects such the shape of the LUMO of the planar and rotated configurations
as electron transfer do not significantly affect the rigid barriers. In Of tolane. The torsional barrier in this case is less than 1 kcal/
molecules, however, barriers are very flexible. Therefore, real Hamil- mol. The HLG energy in the tolane dimer (1.18 eV) is enhanced
tonians and many-electron techniques have to be used to obtainwith respect to the monomer (1.01 e¥))Therefore, the effect
meaningful results. To the best of our knowledge, this is the first time
that the HLG and the shape of the LUMO are used to determine s (23) fDiCestqre, IN BF"etetet’,M'-;t-Maré?goz'l(éi Lec(ljerc,t_M.;l Durock;gr,
qualitativg featgres of c_ondu_ction in single molecules. While HLGS of'sy%nmc:ertrrri]?allcl);]gis?JTgt)iltSultSe((jaterlt?:igophenésPhys). %r;]encir.)g:s\ggp&oop;r ©
and frontier orbital considerations are used often for torsional barriers 142 5149,

(34) Starikov, E. B. Three-dimensional Hartreéock crystal-orbital
(27) Becke, A. D. Density-functional thermochemistry Ill. The role of calculations on conducting polymers: trans-polyacetylene and poly-

exact exchangel. Chem. Phys1993 98, 5648-5652. thiophenelnt. J. Quantum Chenl998 68, 421—429.

(28) Seminario, J. M.; Zacarias, A. G.; Tour, J. M. Theoretical Interpreta- (35) Furukawa, Y. Electronic absorption and vibrational spectroscopies
tion of Conductivity Measurements of Thiotolane Sandwich. A Molecular of conjugated conducting polymer3. Phys. Chem1996 100, 15644
Scale Electronic Controlled. Am. Chem. S0d.998 120, 3970-3974. 15653.

(29) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio (36) Subramanian, H.; Lagowski, J. B. Trends in geometric and electronic
Molecular Orbital Theory Wiley: New York, 1986. properties of thiophene- and cyclopentadiene-based polyntets.J.

(30) Szabo, A.; Ostlund, N. SModern Quantum ChemistryDover Quantum Chem1998 66, 229-240.

Publications: New York, 1996. (37) Hsieh, B. R.; Wei, Y., EdSSemiconducting Polymers: Applications,

(31) Aviram, A.; Ratner, M., EdsMolecular Electronics: Science and Properties, and Synthesidmerican Chemical Society: Washinton, DC,
Technology New York Academy of Sciences: New York, 1998. 1999.

(32) Datta, SElectronic Transport in Mesoscopic Systei@ambridge (38) Seminario, J. M.; Zacarias, A. G.; Tour, J. M. Molecular Current
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of the collective behavior is 0.17 eV when two molecules are  (a) (b) (© (d) (e) ()
interacting. This effect may be relevant for a group of non- SH
bonded similar tolanes in the nanopore. However, the sole effect @ @ @ @ @ @

of the torsion in single molecules is a plausible explanation for

the change of impedance with temperature, since temperature || Il Il I I I
strongly affects the torsional angles. Indeed, small torsional @ @ @ NO: @ NO,
energies are able to control the large HLG energies thereby HN HaN
providing the possibility of designing molecular amplifiers. The Il I Il Il Il Il

LUMO of the planar conformation is practically delocalized @

covering the whole molecule; however, the LUMO of the @ @ @ @ @
perpendicular conformation is localized in one of the rings SH SH
thereby not permitting connection to the other rfighese two 3.70eV  4.68eV  3.48eV 4.0l eV 337ev 3.29eV
conformations are energetically close to each other because the

torsional barrier is small. Unoccupied orbitals near the LUMO  ©0° 90°  0.4°/2.8°  89.6°/89.9°  0.5°/2.4°  0.5°/2.6°

are also localized for the rotated tolane, ensuring the insulator- rigyre 3. Several of the systems and conformations studied in this
like behavior of the rotated structure. The effect of temperature work corresponding to the optimized geometries at the B3PW91/6-
in the currentvoltage characteristics of the MRTD can be 31G* level of theory. The HOMO-LUMO gap (in eV) for each case is
attributed to the rotational (torsional) nature of these molecules. indicated, as well as the torsion angle (deg) between the top and the
As an illustration, for instance, the HLG energy in the staggered central rings followed by the angle between the central and the bottom
and eclipsed ethane is 10.99 and 10.94 eV, respectively. Thisings (only one angle is shown when both are identical).
is an indication that rotations of the Glgroups in ethane with
a torsional barrier of about 2.7 kcal/mol do not produce any angles are kept practically unmodified by the presence of the
significant change (a mere 0.05 eV) in the HLG. A totally SH groups. The larger torsional angle on the amine side is due
different effect is observed in nitramitfewhere the torsional ~ to the tetrahedral nature of its N, which is different than the
barrier is about 11.5 kcal/mol with a change in the HLG of planar N in the NQ group. The torsional effects of the nitro
about 0.99 eV. and amine groups are minimum and indistinguishable from each
This preliminary study suggests that one way to determine Other in the rotated configurationl. Charging systema and
the transport characteristics of single molecules is to determineP t0 —1 does not affect the torsional angles; however, it tends
their HLG, then to study the spatial extent of the unoccupied O Slightly reduce the torsion o€)to 0.2 on the nitro side and
orbitals to see if there is enough delocalization to allow the 0 1.9 on the amine s_|de. These torsions are further reduced to
transport of electrons between two end points. The following 0-1° and 1.7, respectively, when the molecule gets charged to
step is to determine the effect of the incoming electrons on the —2- The charging of the rotated configuratiaf) o —1 or -2
shape of the unoccupied orbitals. The LUMO can become forces the molecule back to the planar configuration (
localized or delocalized due to the presence of an extra electron Evidently, the increase of the number of units in the oligomers

in the molecule. also reduces the HLG. It is known experimentally that the band
gap of thesr-conjugated oligo(phenylene ethynylene)s with 13
Results on the MRTD System units is approximately 3.0 e¥f, which coincides with the

) ) ) ) theoretical trend of values for the smallest oligomers of that
To study the molecule in question, we must first consider S family: 6.78 eV for benzene, 4.76 eV fordiethynylbenzene,

atoms used for adhesion to the metallic probes. One S atom aly 44 eV for tolane (diphenylethynd),and 3.70 eV for 1,4-
the termini of the molecules is needed for the connection to the (ethynylphenyl)phenylenes). ' '

metallic atoms during the self-assembly process. However, its
presence does not seem to have a significant impact on the HLGV
of the MRTD, nor on the shape of its molecular orbitals. This
is demonstrated in the characteristics of the frontier orbitals of
the molecules with and without the sulfur. The shapes of the
HOMO and LUMO are practically identical (not shown) and
their HLGs (Figure 3) are 3.4&), 3.37 €), and 3.29 eVf( for

the MRTD with no sulfur, one sulfur, and two sulfur-ended,
respectively. In addition, the torsion of the central ring @ (
does not dramatically affect the form of the LUMO orbital, but
the HLG increases in 0.53 eV with the torsion of the central
ring (from c to d). However, for the unsubstituted molecule,
the torsion increases the HLG in 1 eV (fraato b), and the
shape of LUMO changes radically (from delocalized to local-
ized).

The torsional angles are precisely &d 90 for a and b,
respectively. However, in the substituted molecules, the rings
are not perfectly planar or perpendicular to each other. The
torsion angle for ) is 0.4 on the nitro side and 2°8on the
amine side. For the rotated cash,(the angles are 8%%nd

89.7 on the nitro and amine sides, respectively. The torsional  (40) Jones, L., Il; Schumm, J. S.; Tour, J. M. Rapid Solution and Solid-
Phase Syntheses of Oligo(1,4-phenylene-ethylene)s with Thioester Ter-
(39) Seminario, J. M.; Politzer, P. Gaussian-2 and Density Functional mini: Molecular Scale Wires with Alligator Clips. Derivation of Iterative
Studies of HN—NO; Dissociation, Inversion and Isomerizatiomt. J. Reaction Efficiencies on a Polymer SuppdrtOrg. Chem1997, 62, 1388-

Quantum Cheml1992 S26 497-504. 1410.

The very small molecular admittance of the MRTD at low
oltages can be easily explained by the frontier orbitals (Figure
4) where, for charg&€ = 0, there is clearly no connection of
the LUMO between the two terminals of the molecudg This
is very different than the case of the planar unsubstitué&d (
where the LUMO provides the connection to the two terminals.
This was also the case of the tolane mole#uéad this is the
case for these types of unsubstituted oligomers. The presence
of the NG, and NH substituents in the central ring modifies
the characteristic admittance of the molecule. Figure 4 shows
that the torsion of the central ring of the MRTD) (does not
affect the localized nature of its LUMO. On the other hamj, (
bends in the direction of its dipole moment created by the
opposite position and function (puspull) of the nitro and
amine substituents. Note that all molecules, both planar and
rotated, as well as their neutral and their negative ion forms,
were fully optimized without any geometrical constraints, using
the built-in defaults in the program Gaussian-94. For the
molecules reported here, the geometry optimization of the planar
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Figure 4. LUMO plots, HLG energies (in eV), and torsion angles for the optimized neutral and for the vertical and adiabatic structures of the
anions. Only one LUMO is shown if the vertical and adiabatic shapes are similar. The torsion@riggéneen the top and the central rings is
indicated first followed by the angle between the central and the bottom rings (only one angle is shown when both are identical) for all optimized
structures. For those structures designated with a supeny verticle HLG is shown because the structure becomes planar during the optimization.

and rotated structures was initiated with dihedral angles of is not connecting both ends of the molecule. Similar to the case
approximately 20 and 110, respectively. Local minima were  of the tolane moleculé the rotated moleculeb] can be
found around Dand 90, respectively. In all cases, it was found catalogued as an insulator and the plar@ras a conductor.
that the planar structures were more stable than the rotated onesThe geometry optimizations indicated that b} gets charged
The most interesting feature, observed in the experithent, to —2, it becomes planar. The presence of the,N@d NH
was the sudden decrease in current at a given voltage. Ansubstituents totally changes some of these features. Now the
explanation of the complex behavior of this system (MRTD) planar cased) has some degree of localization; its LUMO does
follows. Figure 4 shows the four cases studied: the unsubstitutednot cover the lower ring for O charge. In this case, we expect a
(a andb) and substitutedc(andd) molecules, planara(andc) partially conducting system with high molecular impedance.
and rotated If and d), for charges 0,—1, and —2, their However, as the MRTDd) becomes charged tel, the LUMO
corresponding HLG energies, and their LUMO orbitals. For the orbital extends over the two ends of the molecule, yielding
negative ions, we show the corresponding vertical and adiabaticmaximum transport. Wheabecomes charged te2, again its
results. When two LUMOs are showed, the first one corresponds LUMO does not connect both ends. Actually, one of the rings
to the vertical case, i.e., the LUMO obtained using the geometry gets totally disconnected, bringing the molecular admittance to
of the optimized neutral, and the second one corresponds tozero. Although the LUMO shapes are different for the vertical
the adiabatic case, i.e., the LUMO obtained using the optimized and adiabatic cases of both charged species)ottfe nature
geometry of the negative ion. The cases where the perpendiculafrom localized to delocalized or vice versa does not change.
structures for the ions did not converge and the geometry endedThe three regions for charge 6,1, and—2 are indicated in
up in the corresponding planar structures are indicated in FigureFigure 1. Figure 4 also shows the rotated substituted molecule
4. This is the case of the moleculb) (with charge—2, and (d) where the LUMO never connects the two ends of the
molecule @) with charges—1 and—2. The torsional angles molecule. When uncharged, the LUMO localizes in the central
for the fully optimized structures are also indicated. The first ring, as in the case of the unsubstituted molecule. With charge
one corresponds to the angle between the top and central rings;~1, the LUMO localizes in one of the external rings, and with
and the second one corresponds to the angle between the centrgharge—2 the LUMO again localizes in the central ring. Notice
and bottom ring. If the two torsion angles are identical only also that the rotated structure) (for charges—1 and—2 tends

one value is shown. to become planar during the geometry optimization. This was
In the unsubstituted molecul@)( the HLG changes as it also the case for the unsubstituted) (with charge —2,
becomes charged, having the lowest gap for charde suggesting that charging the molecules will tend to planarize

However in the rotatech case, the lowest gap occurs for charge them.

—2. In both cases the gap is maximum for O charge. For the The above discussion agrees entirely with our original
unsubstituted case, the charge of the molecule does not changeroposal that the conduction is through the LUMO, thus
the shape of the LUMO orbital. As seen, the LUMO is totally conduction depends on the LUMO spatial extent and on the
delocalized for the planar configuration)(and connects the  HLG. In a first approximation, the barrier for transport of
two ends of the molecule. In the case of the rotated configuration electrons will be half of the HLG. Therefore, we can predict
(b), the LUMO is localized in the central ring and therefore it that & O K the molecule will not conduct for voltages smaller



3020 J. Am. Chem. Soc., Vol. 122, No. 13, 2000 Seminario et al.

than 1.74 V, which is the barrier corresponding to charge 0 in energies (on the order of meV). On the other hand, to make
the molecule. Once the molecule becomes charged by onedevices able to work at higher temperatures, all that is needed
electron upon reaching 1.74 V, the LUMO extends over the are similar molecules with higher torsional barriers, which can
whole molecule and the conduction will occur, increasing the be imposed intra- or intermolecularly.
current until the molecule becomes charged with two electrons.
The charge of-2 in the molecule will take place when the Conclusions
input voltage increases another 0.63 V, which corresponds to
half the HLG of the molecule charged tel. At this voltage,
2.37 V, the LUMO corresponding to charge in the molecule
gets localized, thereby becoming disconnected from the lower
ring, as indicated in Figure 4, with a concomitant current drop
to practically zero.

Since the presence of the sulfur atom does not affect either
the HLG or the LUMO, on the basis of the results in Figure 4,

We have performed an ab initio molecular study to explain

a resonant behavior of a molecule when an external voltage
between its two ends is applied. These studies require knowledge
of the precise geometry of the system, which can be determined
by quantum chemistry techniques. The principal assumptions

taken in this study are that the conduction is through the LUMO,
and that the HLG determines the conduction barrier. Under these

we can speculate on the temperature dependence of the peagssumptl_ons, the MRTD behavior of the molecule can be
quantitatively explained and the temperature effect on the

voltage. Notice that the relative rotation of the rings on the o . .
neutral molecule tends to increase the gap by about the Sarnevoltage at the current peak can be qualitatively rationalized. A

amount that the relative rotations reduce the gap when theq_uantitative temperature study will require molecular dyna_lmics
molecule is charged to-1. These values, using the vertical simulations, which must be based on a sound description of

energies, aré-0.53 and—0.47 eV, respectively, for a 9@orsion the gtomistic gepmetry of the nanopore. Finally, this S.tl.“.jy
of the central ring with respect to the other two rings. The provides a straightforward use of well-developed ab initio
torsional barrier from the neutrat)(to the neutral d) is 3.4 techniques for the nascent field of molecular electronics. These

kcal/mol; therefore, we expect the relative rotations to be only results could have a tremendous impact because of the large

a few degrees at most. Therefore, as temperature increases, Wgariety of_m_olecules a_vaila_lble and th_e abili_ty 0 tailor specific
expect a decrease of the HLG if the molecule is chargesdlto cha_ractensuc_s, resulting in a prac_tlcally_ infinitenumber of
Consequently, a reduction of the peak voltage is expected. ThisdIStInCt possible molecular electronic devices.

explains qualitatively the peak found around 2.1 V at a
temperature of 60 K and it is also consistent with the
experimentally observed reduction in peak voltage. This is
important because it provides us an avenue to produce ampli-
fication using single molecules, i.e., the ability to control the
peak voltage or barrier (on the order of eV) using small torsional JA992936H
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