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Abstract: This paper outlines a design paradigm for molecular scale electronic systems. The contrast between
the present bulk devices and potential molecular systems is presented along with the limitations of using bulk
design philosophies for molecular-sized components. For example, the overwhelming considerations of heat
dissipation on molecular scale electronic architectures are shown which demonstrate the need for dramatically
different information transfer methods if these ultradense molecular devices are to be used for computation.
The use of changes in electrostatic potential for information coding is suggested. The issue of signal restoration
is addressed using a periodic external potential through the underlying substrate. Several convergent synthetic
routes are shown to conjugated molecules with various potential digital device applications including a two-
terminal molecular wire with a tunnel barrier, a molecular wire with a quantum well to serve as a resonant-
tunneling diode, three-terminal systems with switch-like possibilities, and four-terminal systems that could
serve as logical gates without the use of multiple transistors. Ab initio computational methods are used to
show that (i) molecules can be considered active electronic devices able to transfer the information from one
molecule to another, (ii) the electrostatic potential can also be used as a tool to perform logical operations, and
(i) the molecules synthesized here could perform the functions for which they were designed.

Introduction numerous obstacles remain, a combined!li@crease in
computing performance offers an exciting impetus to consider
molecular scale electronic architectures for future ultracomput-
ing. A molecular-based paradigm using electrostatic potentials
is outlined for new molecular systems that have been synthe-
sized. Ab initio computational methods are used to substantiate
he efficacy of the proposed architectural scheffes.

The routine feature size of microchips has dramatically
declined to~0.1 um. Although a further decrease is likely,
once the line size on integrated circuits becons@s01 um,
several quantum limitations will likely curtail the proper
performance of solid-state devices which use electron currents
as signal representations. New technological schemes will need
to be developed for use at these small dimensiohsViolecular )
scale electronics is a field of study that proposes the use of The Present Devices
single molecules to function as the key components in future
computational devices.Single molecules that have strategically
placed charge barriers could serve as switches and logic device
Typical molecular-sized systems would permit the use b@3
logic gates/cricompared to the present feature of a microchip,
less than 1% gates/cri, thereby offering a 10 decrease in
required size dimensiors.In addition, the response times of
molecular devices can be in the range of femtoseconds while
the fastest present devices operate in the nanosecond regim
Thus, a 18 increase in speed may be attainable. Although

The present electronic digital devices are governed by
considerations of size and speed. Optimizing the size of the
Shasic units (usually the transistors) and their speed (limited by
their natural temporal responses) are conflicting design gbafs.
Therefore, several tradeoffs have to be made. The most
important compromise in computational technology is the
hardware-software duality, which materializes in the require-
ments of a programmed logic (memaory- or software-dominant)
Srersus wired logic (CPU- or hardware-dominant). Components
of programmed logic are smaller and able to handle larger
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number of logical gates that will require a large memory to architectural philosophies. We probably will not be able to
obtain the results, while in the other extreme, there could be a shape the energy of a power supply using a single molecule.
large CPU with all specific functions wired into the system that Alternatively, triggering gates by neighboring electrostatic
will be able to process the entire problem, having only a small potentials is proposed (vide infra).
memory for the input and output data. The present technology What is the difficulty in simply downsizing the present
is heavily inclined toward programmed logic, for example, a silicon-based devices so that the CPU’s wired logic components
computer with a large memory and a fast but simple CPU. This could become smaller? The eventual limitation to downscaling
requires very large programs to solve the present problems. of conventional devices will be brought about by a combination
A classical two-terminal semiconductor device is character- of difficulties in fabrication, reliability, yield, interconnects,
ized by the ability to conduct charges (electrons or holes) in economics of production, and ultimately fundamental limits. In
one direction with low impedance, and high impedance in the this size regime, several fundamental properties of quantum
reverse direction. The simplest of these two-terminal devices systems have to be considered such as superposition, interfer-
is the diode where a p-type semiconductor is joined to an n-type ence, entanglement, nonclonability, and uncertainty. Therefore,
semiconductor (pn junction). Therefore, a potential in one  extension of microelectronics beyond current size regimes
direction will deplete the junction and will not allow a current requires exploration of nonconventional electronic structures
to pass while a potential in the opposite direction will allow which scale far beyond these limft§:16-18
the crossing of charged carriers. A more advanced device is Since conventional devices would be difficult to downsize,
the transistor where an additional collector, p- or n-type novel approaches to logic circuit design have to be devised
semiconductor, is joined to the n- or p-side of the diode, or wherein transistors and integrated circuits are substituted by
base, respectively. The main feature of this device is that a using simple molecular structures. Of course, this implies the
small current in the base is able to control a large current in the consideration of nonstandard architectures and design philoso-
collector or emitter. This notable amplification can also be phies. Entirely new logic architectures would be required from
viewed as a device having a low input impedance and a high molecular-based electronic components which will be comple-
output impedancé A parallel device which can be made even mentary yet nonidentical to their bulk counterparts. Hence,
smaller than the bipolar transistor is the field effect transistor molecules that work like the basic electronic devices (transistor,
(FET). It is similar to the transistor, but the output current is diodes, etc.) may not be desired, except for purely testing
controlled by an input voltage rather than an input current. It purposes. However, as we consider novel designs, we should
has the three-terminal arrangement: gate, source, and draimot discard some basic principles that underpin CPU construc-
corresponding to the base, emitter, and collector of the bipolar tion. For example, proposals in molecular scale electronics must
transistor. These three-terminal electronic devices can beregard the need for input/output signal homogeneity within
classified as amplifiers and switches. Normally good amplifiers devices. An electronic input and a photonic output (or vice
are also good switches, but the opposite is not necessarily trueversa) within a device would be difficult to consider since the
When the transistor is used as an amplifier, the goal is to increasesecond device in the series would then require photonic
the power (energy per unit of time) of an input signal. If the operation. We must maintain a homogeneity of input and output
device has a small input resistance, it will have a small input signal types (e.g., voltage in and voltage out) and magnitudes
power, and if it has a large output resistance, it will have a within a device so that the second device can be driven with
large output power. The power of the signal is amplified at the same signal type and signal size that operated the first device.
the expense of a power supply; thus, an amplifier shapes theTherefore, new architectural strategies must be proposed while
energy of a power supply according to the shape of a small fundamental needs of overall CPU operation are considered.
input signal. Since the output must sustain a large amount of
energy under amplification conditions, the use of single Molecular Devices in the New Design Paradigm

molecules as amplifiers is discouraged and is therefore not being  polecular-based systems can offer distinct advantages in
considered within the paradigm described here. However, the yniformity and potential fabrication costd. If devices were to
other application of transistors is their use as digital systems po pased upon single molecules, using routine chemical
for processing of information, such as in digital computers. This syntheses, one could preparex61023 (Avogadro’s number)
is the area where single molecules can be used with po:ibi”tiesdevices in a single reaction flask, hence, more devices than are
of making computers orders of magnitude more efficteht! presently in use by all the computational systems combined,
In bulk electronics, it is a simple task to convert a good orldwide561° Thus, molecular scale electronics would likely
amplifier to a switch in which a small signal controls the passage shift the software-hardware equilibrium in the direction of
of current; therefore, the logic is based on whether the current hardware, namely, massively wired logic or CPU dominant.
passed. A large output current provides the circuit with a Molecular circuits offer the possibility of constructing large and
capable fan out, namely, the ability to drive subsequent circuits fast CPUs with complicated functions. Using large molecular
in a cascade with h|gh re“ablhty. LOg|Cal circuits, In addition arrays, prob|ems could be calculated within the CPU with
to performing the logical operations, also need to have a good minimal need for main or auxiliary memories. Wired logic
driving capability. The output of a gate needs to be powerful would supplant much of the programmed logic, thereby afford-
enough to excite the input of one or more gates. At the sameing several additional orders of magnitude increase in per-
time, this high output should not couple to the input of the same formancel 9:10.26-32
device. This implies that there must be a very high impedance A major consideration in molecular devices is the energy
between the input and output. These are problems that wouldconsumption/dissipation needs. Transfer of large numbers of
limit the use of molecular devices if we use bulk device glectrons or electron currents would lead to excessive heat
(15) Chirlian, P. M. Analysis and Design of Integrated Electronic problems with m0|ecu.|ar scale devices, an.d Sth a strategy may
Circuits; Harper & Row: Cambridge, 1987. only be useful for testing purposes. Considerin§d#tes/cri

(16) Bennett, C. HPhys. Todayl995 48, 24-30. (as in presently sized silicon-based systems) at the rate df 10
(17) Kouwenhoven, LSciencel977, 275 1896-1897.
(18) Service, R. FSciencel996 274, 345-346. (19) Tour, J. M.Chem. Re. 1996 96, 537-553.
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50 T T T y T above, rule out the use of molecular-based electronics. Thus,
as| Y the use of electrostatics directly addresses energy concerns in
downsizing.

Distinguishing between two types of gates in molecular
circuits is also in order. There are those gates at the interface
of the logical circuits or CPU. The gates at the input interface
would have to be able to take signals from standard electronic
circuits, lasers, scanning probe microscopy (SPM) tips, or, in
general, well-localized electrical fields. Molecular gates at the
output would have to drive or inject a current onto a minuscule
tip or metal cluster, or be able to excite the input of standard
bulk devices. The vast majority of molecular gates, however,
would be within the molecular CPU and would thus perform

0.5 . . . . . . L the information processing by controllably affecting the elec-

er oS e I'SDist;;’ce (1;55 00 s A0 trostatic potential of neighboring molecules. The compounds
] N o described here belong to the large group of gates that would
Figure 1. A charge (positive and negative) is pldcg A from the 50 the processing of information and the interconnection
center of an Himolecule along the bond axis. The electrostatic potential between them. The bulk/molecular interfacing structures are

is calculated along the bond axis at varying distances. Notice that the t bei idered h . th Iready th biect of
electrostatic potential in the molecule is slightly perturbed due to the not being considered here since they are aiready the subject o

presence of the charge. The small variations of the electrostatic potentiaS€Veral publications and thg’ are the focus of most molecular
at the 3.5-4.0 A distances would be used to transfer the information Scale electronics resear@f.rﬁ’ )
to the next molecule. The computational method used is described in  The present technologies are also beset with problems from
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the Theoretical Calculations. working at very high frequenci€’s.The use of electrostatics
_ _ also addresses this difficulty. Small spurious capacitanCgs (
s (present speeds) yields'I@lectrons/s{0.02 A/cn) if only usually appear between portions of devices and circuits that

one electron per gate is used to transport, indicate, fetch, orotherwise should be totally electrically disconnected, or at
represent a binary digit. At this point heat considerations are infinite impedance Z). If the operational frequency of the
already extreme: if the average resistance of the circuit is 30 device increases, the impedance would decrease proportionally
Q, this represents 20 W/cin If an increase of several orders  with the frequency fj of operation Z = 1/27fC), rendering
of magnitude in performance is expected with molecular circuits, the device useless after a characteristic cutoff frequency. This
this would imply a proportional increase in power dissipation. cutoff frequency constitutes an upper limit to the operational
Such levels of power dissipation rule out most conventional frequency which, in the present technology, approaches 1 GHz
current or electron transfer methods for practical molecular (which correspondsot a 1 nsoperation time). Since the
devices wherein large numbers of devices are densely config-capacitance is also inversely dependent on the distance, making
ured. smaller circuits yields larger spurious capacitances, and therefore

As part of the new design scenarios, molecular devices could smaller impedances, exacerbating the move toward smaller
function by electrostatic interactions produced by small reshapesdevices. Since electrostatic potentials are only limited by the
of the electron density due to the input signals. In turn, time in which the electron density rearranges in a molecsie (
electrostatic potential interactions between molecules would fs) and they do not imply a net transfer of current, they can
transport the information throughout the CPU. Using this lead to the high interdevice impedance levels required.
approach, there is no need for electron currents or electron Therefore, any molecular system can be represented, follow-
transfers as in the present devices; a small change in theing the philosophy of the theory of circuits, by a pseudoactive
elec_trostatlc_potentlal of one molecule could be enough to send (20) Bockrath, M.. Cobden, D. H.. McEuen, P. L.. Chopra, N. G.. Zettl,
the information to another molecule. These perturbations of A ; Thess, A.; Smalley, R. ESciencel977, 275 1922-1925.
the electrostatic potential imply a very small amount of charge  (21) Credi, A.; Balzani, V.; Langford, S. J.; Stoddart, JJFAm. Chem.
transfer, far less than one electron. External fields or excitations S°¢:1997 119 2679-2681. o

. (22) Dorogi, M.; Gomez, J.; Osifchin, R.; Andres, R. P.; Reifenberger,

are able to change the boundary conditions of the molecule, g phys. Re. B 1995 52, 9071-9077.
producing a change in the electrostatic potential generated by (23) Andres, R. P.; Bein, T.; Dorogi, M.; Feng, S.; Henderson, J. I.;
these sources. An example of this can be seen in Figure 1. Afgé’éa‘éag'ﬁéa“_"fé‘é’é‘ey’ W.; Osifchin, R. G.; Reifenberger,Sience
charge or field on the Ief@ s_|de of_the molecule_would reshape (24) Aviram, A. J.J. Am. Chem. Sod.988 110, 5687-5692.
the electron density, providing a different potential at the output  (25) Joachim, C.; Gimzewski, J. K.; Schlittler, R. R.; Chavy,RBys.
which can be detected. This is an efficient way to transmit a Rev. Lett. 1993 74, 2102-2105. )
signal. There is no need for electron transfer, just a charge . (26) Yazdani, A Eigler, D. M.; Lang, N. D5ciencel996 272, 1921~
reshape. If the excitation ceases, the shape comes back to itS™ (27) Fischer, C. M.; Burghard, M.; Roth, S.; Klitzing, K. &ppl. Phys.
original form._ Is this methoql of _information transfer re_ally Lett. 1995 %6, ?ﬁ?ﬁ?g' 81991 85, 319-325
detectable since, as seen in Figure 1, the change in the §§§§ Soachin. & Gintsewski, J. 1ahem, Phys. Let.997, 256 353
electrostatic potential is minimai10 kcal/mol/electron where 357
the formal units of electrostatic potential are energy per unit of  (30) Muijica, V.; Kemp, M.; Ratner, M. AJ. Chem. Phys1994 101,
charge)? The change observed in the electrostatic potentials i$856-6864. _ N . _
in the range of values of nonbonded interactions, such as Yaneegrﬁ)gléf.sh.;Sbfe'kklgﬁv%sgtu'\ﬁé 1"'9@"3236"'4’71_*12?% A Richard E, S.;
der Waals interactions, which are easily detected by neighboring  (32) Metzger, R. M.; Chen, B.; Hgner, U.; Lakshmikantham, M. V.;
molec_ules. In fa_ct, the_se are precis_e_ly the range qf signal \éqilgggﬁh Dj; wyvai(,)sTc.;h V\él é.;\j;chf)libgnaérlgﬁrr;gflie.sAgHJV/;”SgI;UJrai,
energies needed if we will ultlmatt_ely utilize Iarge-scale integra- -’ Chem. Sod997 119, 10455-10466. rn R
tion in very small areas of materials. If the signals are large, " (33) Reed, M. A.; Zhou, C.; Muller, C. J.: Burgin, T. P.; Tour, J. M.
problems of energy consumption and dissipation, as discussedsciencel997, 278 252—-254.
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deviceE (1) corresponding to the total energy of the molecule C o 1. NaNo, o
which keeps the molecule at its ground state, i.e., at its point of - 2ONH2 cen 0 O ZQ_N“E'2

operation or quiescent point, and (2) connected to another 7%

pseudopassive device. The wave functit) 6f the molecular

device is given by the shape of the electron density whose on C o C . ACS@—:
Pd(dba),, Cul

relation to theg; (one-electron orbitals) and (the energy of 61%

the one-electron orbitals) is given by the rules of quantum %
mechanics and not attainable in the straightforward manner as s Y=k ol =~ Yo
in the theory of electronic circuits. However, since the partition l 1 .
in molecular orbitals is a valid one, an equivalent molecular r 21A 1
circuit picture can be adopted while the rules of quantum P ) F@—l e e

mechanics are maintained. Therefore, we can speculate that,
in the limit, for instance, in long-range interactions and beyond,
both gquantum mechanics and electronic circuit theories will

merge as is widely demonstrated by classical mechanics '@" 1Bl .O_EH_OEH_@_.

simulations of quantum mechanical molecules. Therefore, a 2. om;@-m

quantityP is assigned and is indicative of a molecular system’s 59%

opposition to change the electrostatic potential in a defined Acs O _
region. This quantityP will be a better descriptor if the NaBH, | O% -@CHz @—|

molecular circuit is designed to interact with others only through R Pl o
long-range interactionsP is connected or directly related to )

the electron affinity and the chemical potential as well as
polarizability and chemical hardne¥s®® P is also reminiscent A°SC“2@°“2SA°
of the impedance in electronic circuits and control theory, and | 2

practically represents the transfer function of the device. This
guantity would depend on the wave function in a molecule, a PE) @ P(1,0) @

much more complicated entity than in control theory. Therefore,

P is a measure of the reluctance of the electron density at theFigure 2. Chemical syntheses df and 2 and their corresponding
boundaries of the molecule to reshape the form of the Molecular circuit symbols as described in Tablellis a molecular
electrostatic potential when an excitation on another spatial part\gr'];elow'ct)zsatéugns.ll_gamer’ and is a wire with two barriers and is
of the molecule is applied. However, a direct relation to power, g ’

as in the standard impedance, is accepted. Thus, hereafter we o . w
refer to this molecular impedance as, simply, impeddahce i

r 27 A !

10 = SiMe, CoHs |

N . o Pd(dba),, Cul, 80% . _ ___Pd(dba), Cul
Specific Molecular Structures wi D= e ‘ w

We present here several convergent synthetic routes to
conjugated molecules with various potential digital device
applications including a two-terminal molecular wire with a
tunnel barrier, a molecular wire with a quantum well to serve
as a resonant-tunneling diode (RTD), three-terminal systems
with switch-like possibilities, and four-terminal systems that
could serve as logical gates without the use of multiple
transistors (Figures-25). In each case, the loW segments
are based om-conjugated oligo(phenylene ethynylene)s. The
synthesis of the oligo(phenylene ethynylene) branching arms
was described previously, and we attached them to the cores of
the device structures here using Pd/Cu-catalyzed cross-coupling
reactions’® The highP segments are based on methylene units | |
since SPM studies showed us that alkyl units pose larger ) 24 ] ) o
electronic transport barriers (higher resistance for currents, whichFigure 3. Chemical synthesis &, a three-terminal molecular junction,
intuitively implies higherP for electrostatic potentials) than the and its corresponding molecular circuit symbol as described in Table
m-conjugated moieties in single molecular systémsThe
methylene units were either derived from readily available
starting materials or made by aryllithium additions to aldehydes
followed by the vigorous borohydridef/trifluoroacetic acid (TFA)-
induced reduction of the resulting bis(benzylic) alcoliélEhe

ethyl groups impart solubility to the larger molecules so that
synthetic manipulations and depositions can be freely executed
in solution® All of the final compounds described have termini
bearing self-assembling moieties, namely, acetyl-protected thi-
(34) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and ols, _to serve as_ protect_ed "a”'gatPr clips”, a_lnd we have
Molecules Oxford University Press: Oxford, 1989. previously described their preparation and utifity® The

(35) Recent Deelopments and Applications of Modern Density Func-
tional Theory Seminario, J. M., Eds.; Elsevier: Amsterdam, 1996; p 900. (38) Gribble, G. W.; Nutaities, C. FTetrahedron Lett1985 6023—

(36) Jones, L., II; Schumm, S.; Tour, J. NI. Org. Chem.1997, 62, 6026.
1388-1410. (39) Tour, J. M.; Jones, L., Il.; Pearson, D. L.; Lamba, J. S.; Burgin, T;
(37) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin, = Whitesides, G. W.; Allara, D. L.; Parikh, A. N.; Atre, $. Am. Chem. Soc.
T. P.; Jones, L., Il,; Allara, D. L.; Tour, J. M.; Weiss, P.&iencel996 1995 117, 9529-9534.

271, 1705-1707. (40) Pearson, D. L.; Tour, J. Ml.. Org. Chem1997, 62, 1376-1387.
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| 1. Br,, MeOH Br, Br 1. n-BuLi, TMSCI

2. NaNOy, H,S0, 2,101, CCly, 36% 2 steps
H N—< >»CH Q) NH CH
i 2 2 2 3. HPO, 2 [N
1. n-BuLi; DMF, 50% 1. NaBH,, CF4CO,H, 48% o o
- —— CHOH  — 36% 3. AcS Q = O =
C2Hs

1 |
‘ , \Q/ Bl 59% /@\ 2 e Q . ' o Pd(dbal,, Cul, 49%
. . Ac: = = —
[ |

i Pd(dba),, Cul, 79%

20A

Gate

R oy 7 Fa

If Vip = L then Zoy = H (~2P)
If Vin = H then Zoy = L (Zo ~3P/2)

Vin Zout

low potential | high impedance
high potential | low impedance

Vain

Figure 4. Chemical synthesis af, which acts as a molecular switch,
and its corresponding molecular circuit symbol as described in Table

1. The corresponding logic table is also shown. £V, = Land Vo = L 1V n = Land Vo = H IV, = Hand Vy = H
then Vo= L and Zyy ~ 2P then Vo1 = H and Z,, ~ (4/3)P then Vo, = H and Z,, ~ (4/3)P

Vin=H

precise termini needed for the ultimate arrangement in a
molecular-based CPU is, or course, not known; however, the
capability of modern synthetic methods to construct precise
molecular frameworks is exemplified. For our specific mol- -
eculesP(m,n) refers to the molecular electrostatic potential
impedance of a system witm 1,4-phenylene moieties and
ethynylene moieties. To have a preliminary idea of the
qualitative form of the interactions using molecules designed
and synthesized in our laboratory, the nomenclature in Table 1
has been adapted to aid in explaining the behavior of electronic
circuits.

CompoundL is a molecular wire with a tunnel barrier. The
term molecular wire refers to the ability to make connections H
to other devices. Beyond that, no physical similarity t0  or @D if negative logic is used) NOR (NANDH it negati'\-/'e logic is used)
macroscopic wires is implied. An ideal wire has zero resistance, Figure 5. Chemical synthesis d, which serves as a molecular logic
and practical wires normally have a resistance much smaller geyice, and its corresponding molecular circuit symbol as described in

than _19; however, the feSiStanC(_? of molecular Wi_res is likely Table 1. Corresponding circuit diagrams are also shown with the derived
considerably larget37 Thus, as discussed above, in molecular logic tables.

scale electronics we do not want to transport electrons through
the molecules; simply a reshape of the electron density would molecular three-terminal junction that could be used as a
be necessary to perform a logical function. Therefore, the molecular interconnect. A common feature of logic circuits is
applied potential between the sulfur terminals would determine that output from a gate is connected to two or more successive
the ability of the circuit embodied by to reshape its electron  gates.
density. Due to the methylene transport barrierlinit is Compound4 is a molecular-sized switch for which we have
proposed that the reshape of the electron density will be indicated the corresponding equivalent of source, drain, and gate
practically unnoticeable on the output end if the potential on terminals of a bulk solid-state FET. The operation of this device
the input end is relatively small. However, if the applied could be in the following manner: A lowL] input potential
potential is above a threshold imposed by the methylene barrier,will not be easily transmitted through the barrier. For simplicity,
the electron density will reshape the electrostatic potential at we assume thd(2,2) is approximately equal #(3,2) so both
the output end. With this simple structure, we could assess thecan be assigned a vall®e Understanding that all results are
barrier height imparted by a single methylene, the simplest approximations, the impedance observed from the output will
alkylidene unit. be equal to B, reminiscent of two impedances connected in
Compound? is a more sophisticated device with two barriers series. Conversely, if a higi] input potential is applied such
which resembles a linear quantum dot or a RTD, wRBils a that the threshold imposed by the methylene barrier is exceeded,

Vout
P

Vout

If the output is active (as a potential) If the output is passive (as an impedance)

Viin  Vain| Vou Zout

Viin  Vain

rxrrr
-
I
rrr
I
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Table 1. Chemical Symbols and Their Corresponding Molecular
Circuit Symbols

Chemical Symbol Molecular Circuit Description
Symbol
—SAc? —e Contact to input or output g
—CH,— @ Transport barrier g
1,3,5-Trisubstituted benzene or T- 5
/@\ /@\ junction 6
~
1,2,4,5-Tetrasubstituted benzene or %)
:@: I@i Q-junction P
@ _ 1,4-Disubstituted benzene %
. — . _ 1,4-(Pheny;e}:\:n;i}ex,{:ylene)—l,4— §
T.4-(Phenyl hynylene)-1,4- 2
0—=—0— FEm | | el e &
1,4-(Pheny] hynyl -1,4-
Pea 1— | i etynyiene)-14-
phenylene
a Although the acetyl unit was synthetically affixed to provide . . . .
stability to the precursor systems, it can be removed in situ to afford 010 7 e p T
the free thiol which could bind to a metallic probe or to a second device .
via, for example, a disulfide linkag®. Distance (A)
. . . —&— ] molecule, charge=0
a further reshape of the electron density is possible since an —— 1 molecule, charge=1
extra channelP(3,2) is available. Therefore, the molecular —— | molecule, charge=-1
imp_edan(_:e observe_d from the output_will be smaller than When e 2 molecules, charge= 0
the input is low. This effect is qualitatively presented as having —*— 2 molecules, charge= 1
the inputP(2,2) and thé>(3,2) impedances in parallel, yielding —— 2 molecules, charge=-1
an equivalent of (1/3 to be added to the outpu®(2,2), ~—#* 3 molecules, charge=0
affording a total of ®/2. These two possible and well *— 3 molecules, charge= 1

distinguishable values of impedances, which are controlled by 3 molecules, charge=-1

the input potentials, permit this structure to have switch-like Figure 6. Changes in electrostatic potentials that are transmitted from
properties, and thus correspond to an active molecular scaleone H molecule to another using an external potential on one end of
electronic device with an inherent power supply (which a series of Fhree H_nolecules. When no potential is applied, the central
maintains the device in its operation point but not as a power- 1€ft curve is obtained for a single sHmolecule. When an external
producing source). This specific configuration would behave POSitive potential is applied on one side of the bond axis of thefté
as a NOT logic gate, and it outlines only one of the three Fotentlal on the other S|d<_e of the axis is mcre_aseq as shown by the top
. . . L - , . eft curve. When a negative potential is applied instead, the potential
possible con_flguratlons, S|m|I_ar toa bulk transistor’s versatlllt_y. on the other side of the Hs lowered as indicated by the lowest left
Though the impedance relationship between the two Sta#s in cyrve of the figure. The second trio of curves corresponds to the
is small when compared to that in the present bulk devices, it potentials when two Hmolecules are aligned along their bond axes
is important to understand that these molecular devices are notso that a potential on the first molecule is passed onto the second
used as amplifiers, but logical gates, where it is only necessarymolecule. The third group of lines correspond to the case of theee H
to distinguish between the low and high levels of potentials molecules aligned along their bond axes.
(similar to the 0 ©5 V in some present circuits).

Compound5 could be viewed as a molecular logic device. of this section is to demonstrate that the electrostatic potential
The output would be the electrostatic potential, and the level can also be used as a tool to perform logical operations. The
of the electrostatic potential represents the binary information. third goal is to computationally demonstrate that the molecules
This circuit can be analyzed analogously4doy finding the we synthesized could perform the functions for which they were
output impedances (so the molecule is being used as a passivéesigned.
device) as shown in the accompanying circuit diagrams. Specifically, we have used DFT techniques since these are
Alternatively, we can calculate the approximate output potential the most powerful tool to deal with a relatively large number
(so the molecule is being used as an active device) using theof atoms3® The use of DFT is fully justified due to the fact
same assumptions used fdrand considering that the low thatitis an ab initio technique able to deal with a broad variety
potential L corresponds to a zero potential and that the high of systems. Several successful applications of DFT have been
potentialH corresponds to a positive potentid). As shown reported using the hybrid functionals where a portion of the
in Figure 5,5 can be an active OR or a passive NOR gate if exchange functional is calculated as a fully nonlocal functional
positive logic is usedl(= 0 andH = 1). Conversely5 can of the wave function of an auxiliary noninteracting system of
be an AND or NAND gate, respectively, if negative logic is electrons. Since this resembles the exchange in the HF
used [ = 1 andH = 0). This shows only one of the several procedure (actually in any wave function procedure), it is

possible configurations for this device. common to refer to this functional, or procedure, as a BFT
. _ HF hybrid. However, we have to consider that the exchange
Theoretical Calculations is being calculated using a noninteractive wave function whose

One of the benefits of molecular electronic systems is the density, but not its wave function, corresponds to the real system.

fact that they can be successfully guided by precise calculations. f_’eta"eg' analysis and its theoretical rigor were recently
In this section we illustrate how the electrostatic potential of a '€viewed!* The functional that we used is the B3PW91 with

molecule can be used as the carrier of digital information. The the triple splitted valence basis 59546'311(3** which includes
importance of this study focuses on the fact that molecules canPolarization functions for all atonf§ 44 All calculations were

be considered active electronic devices able to transfer the™ (41) Galing, A.; Levy, M. J. Chem. Phys1997, 106, 2675-2680.
information from one molecule to another. The second goal (42) Becke, A. D.J. Chem. Phys1993 98, 1372-1377.




8492 J. Am. Chem. Soc., Vol. 120, No. 33, 1998 Tour et al.

C3
Reference

cs'
Input 1

’
Output& @\ C/ 0\
cs I

H H

Input 2
C3'

3.0
o)
.
=
=]
E sl
<
(5]
M
N
° -4
=
S 20
St
L
= -
a ()
- 2 1t ]
E] L g
8 15 =
a8 13
s < o 1
] 2
1.0 L < -1r 7
1.0 2.0 .0 g
Distance (A) é
2k -1
i i i i i i w2
Flgure 7. The switching properties efare pomputatlt_)nally simulated 8 EP at Reference (two waters) |
using toluene as the central core of swittand using the oxygen 51 o EP at Output (two waters)
atom of a water molecule as the region of approaching electrostatic é’ 3F —=—  EP at Reference (one water) |

potential. (a, top) As the water molecule approaches (2.2 A) the proton
at toluene C3 (source), the electrostatic potentials are monitored at the 4 , ) . ,
C5 proton (drain) and the methyl protons (gate). As the input potential 1 2 3 4
increases (at C3), the output potential (at C5) also increases with little Distance (A)

potential change at the methyl protons (gate); therefore, the gate circuit _. .
is “open”. At a threshold input potential when the water molecule Figure 8 . (a, top) Dlphenylmeth_ane se_rveq as the mc_JdeI system for
approaches C3 to within 2.2 A, the methyl (gate) closes, producing a € @b initio calculations of logic device-like properties bnThe
drop in the output potential. (b, bottom) Output transition at C5, with orientation of the dlphenylmethane shows the minimized structgral form
respect to the reference (G over a series of approaching water where the two aryl rings are in orthogonal planes. The C3 diphenyl-

molecule distances. Notice the drop in the output as soon as the methylmemane proton is the reference_or ground, th_e C5 proton is the out_put,
and the C3nd C5 protons are inputs. (b, middle) The electrostatic

potential of the diphenylmethane wherein the negative electrostatic
performed using the Gaussian-94 progr&mAll geometry potenti_al r_egions of the input phenyl ring (right) are seen_because the
optimizations were performed via the Berny algorithm in NPt ring is perpendicular to the plane of the paper (as in (a)). Also
redundant internal coordinatés. The thresholds for conver- depicted is one water molecule approaching at 2.5 A to the input proton

. at C3 (input=L, H), and it is able to induce an electrostatic potential
gence were 0.000 45 and 0.0003 au for the maximum force andoutput ) at the C5 proton. A second water molecule approaching the

root-mean-square (RMS) force, respectively. The self-consis- c5 jnput proton (input= H, H) at 2.5 A was calculated, and it
tency of the noninteractive wave function was performed with complements the output at the C5 proton (data not shown). Therefore,

—<—=EP at Output (one water)

(gate) circuit closes due to the increase in the input.

a requested convergence on the density matrix of,ldhd 10° either one or twdH inputs induces an output much greater than zero,
(43) Perdew, J. P.. Chevary, J. A; Vosko, S. H.. Jackson, K. A namely,H. (c, bottom) A plot of 11 input distances for both one and
Pederson. M. R.: Sinéh D. J.: éolﬁais”le}nys. Re. 81992 46 6671  two water molecules approaching diphenylmethane. The electrostatic

6687. potential outputs are higher than the corresponding references when
(44) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244-13249. one or twoH inputs are added, respectively.
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for the RMS and maximum density matrix error between  Compoundb is a prototype for a logic device based upon a
iterations, respectively. These settings provide correct energiessingle molecule rather than the typical arrangement of several
within the level of theory of, at least, five decimal figures, and transistors. There are two equivalent inputs, one output, and
geometries of approximately three decimal figures. one reference or common terminal. This is simulated using
The electrostatic potentials are well-proven tools for the study diphenylmethane (Figure 8a) as the central cor® &dr the
of molecular systenté#8 and utilizing these computational DFT calculations of the electrostatic potentials, one point of
methods. Figure 6 shows how the changes in electrostaticwhich is shown in Figure 8b. The entire sequence with several
potential are transmitted from one molecule to another using added data points is plotted in Figure 8c, which shows that the
an external potential. Although there may be decay of the electrostatic potential outputs are higher than the corresponding
electrostatic potential in some regions of space when small references when one or twé inputs are added, respectively,
portions of the electron density are transferred between mol- thereby demonstrating that an OR gate can be obtained since
ecules, there is always a corresponding electrostatic potentialeither oneH input or twoH inputs will induce anH output.
region that compensates for such a decay since the electrostatitience, ab initio calculations on the cores of the synthesized
potential depends directly on the electron density and the latter switch @) and logic device&) demonstrated the possibility for
holds to an evident conservation law. In fact, as one region these molecules to be used as digital components via perturba-
decreases, the electrostatic potentials conformably increase irtions of their electrostatic potentials.
other regions. Thus, their arrangements in a circuit can be
exploited in order to obtain the best signal transfer. In addition, . ) .
the natural decay on the electrostatic potential can always be When molecular scale electronic systems are considered, it
restored by a process similar to that proposed by t&where is important to recall the hl_storlc steps tha_t took el_ectrqnlcs from
the part of the molecule producing the barrier between the input the vacuum tube to semiconductor devices. Likewise, when
and output (the gate branch #) is connected to a periodic ~ Moving from semiconductors to molecules, we can expect
external potential, via the underlying substrate. This would 'adical new changes in device architectures and philosophies.
permit the barrier between the input and output states to be Since we are only at the beginning of a systematic science in
increased, thereby changing the input/output signals to specific mo[ecular §cale electronics, s_everal targets of research must be
relative values. Although this potential restoration would permit Projected in order to have single molecules perform realistic
the long-range transfer of the signal, it would not suffer from device functions. For instance, one of the systems needed is a
the typical heat-dissipation problems that a current-based systenfn0lecular regulator, a molecule able to produce a constant
would inflict. electrostatic potential output regardless of the value of the
Figure 7 shows the functioning of the switeh This is electrostati(_: potential input. We must also have a be_tter
simulated using toluene as the central core of switehd using understandlng_ (_)f surface_chemlstry and met_hods _to precisely
the oxygen atom of a water molecule as the region of order a_md position the adjacent molecular units using thermo-
approaching negative electrostatic potential. The transition in dynamically driven processes such as self-assembly. The effects
the output is noted by the slope change when plotted in Figure of qonformatlonal changes in molec_ules must be systemat|_cally
7b, indicating the switch-like properties of this molecular system. delineated by constructing ladder oligomers that have restricted
The use of these molecules for binary circuit applications is "otation about single bonds. The effects of differing isotopes
only one possible scheme. The variety of shapes available on®" electro§tat|9 t.ra.nsport must be studied. On the.5|de of.short-
the electrostatic potentials could give rise to several higher levels "@nge testing, itis imperative to develop an SPM-like device to
of computational design that cannot be readily compared to anal)_/ze three- and four-termmal molec_ules_s_o that we can assess
macroscopic devices. precise smgle-molepule device functionalities. Degplte these
(45) Frisch, M. J.; Trucks, G. W.. Schiegel, H. B.; Gill, P. M. W.: hurdles, the enormity of Avogadro’s number, the richness of
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.the Shapes of the electrostatic potentials, and the physical
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, advantages of using systems in a quantized regime make the

\N/'er%;a%zgfé JA' Yéhgﬁ;‘égmgg' ,\JA , %?en%io(':o"z(s'_‘% ;é?lasfff";‘(”?é'hgh ?N prospects of molecular scale electronics eminently attractive for
Wong, M. W.; Andres, J. L.: Replogle, E. S.; Gomperts, R.; Martin, R. L.. the next generation of ultracomputing.
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
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