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The construction of a very simple electronic device, a rectifler based on the use of a sin;,le organic molecule is
discussed. The molecular rectifier consists of a donor pi system and an-acceptor pi system, separated by z sigma- -
bonded (methylene) tunnelling bridge. The response of such a molecule to an apphed field is calculated, and rectifier

propertles indeed appear.

‘1. Intreduction

The tremendous 1mprovements in reliability, com-
pactness versatrhty and range of electronic circuitry
due to the widespread manufacture and use of solid--
‘state devices constitutes perhaps the major techn'ologi
.cal advance of the past quarter century. Within biologi-
cal systems, however, some tasks performed by solid-
state devices in electronic applications are performed
instead, by organic molecules; such tasks include

storage and transfer both of energy and of electrons. -
‘Tt has been suggested occasionally [1] that the develop-
‘ment of synthetic electronic devices based on organics

be atternpted. Particular interest has been evinced - -
-recently in the use of organic crystals both as semi-
conductors [2] and as possible superconductors [3].
It seems to us reasonable to examine the potenhal use
of molecules as components of electromc circuitry by.

looking, as a start, at the current—voltage charactens- :

_','tlcs of a single molecule acting as a rectifier.
‘In this article we present semiquantitative calcula-

tions that are intended to. demonstrate the feasrblllty

of such a molecular dewce.

o Al_fre_d P. Sioan Foundaﬁon‘Fgu'dw.

- 2. Architecture of the rectifier cizcuit

Common solid-state rectifiers are based on the use
of p—n junctions. An organic molecule, to show recti-

. fier properties, should have roughly the properties of
. a p—n junction. By the use of substituent groups on

aromatic systems, it is possible to increase or decrease

" the pi electron density within the organic, and there-
fore to create relatively. eleciron-poor (p-type) or .
" electron-rich (n-type) molecular subunits. Those sub-.
" stituents classified as electron withdrawing (that is,
" showing positive Hammett constants) [4] will cause
.their aromatic subumt to become relatively g poor in pi

electron density, thus raising the election affinity and
making the subunit a good electron acceptor. Con-

versely, electron- releasmg substituents will iricrease
“the pilectron density, theraby lowering the joniza--
.. tion potentml and rendermg the subumt a good elec- '
~ tron donor [5-7].

Certain solids, the =o-callecl cha:ge transfer crystals,

“show lugh electronic conductivity 2nd spin susceptibi-
lity due to the donor—acceptor transfer of electrons
'[8]. This electron motion suggests that a rectifier
- could be built in. which electrons would be allowed to
B "pass from a cathode 1o anac ceptorsrte_ orfroma -
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Fig. 1. An example of a hemiquinone.

donor site to an anode, but not in the other sense. If,

- however, the electronic systems.of the donor and ac-
ceptor molecular subunits are allowed to interact

. strongly with one another, a single donor level will
exist on the time-scale’of any laboratory experiment

- [9]. Therefore, the donor and acceptor sites should

 be effectively insulated from one another in order for
the device to function. This can be accomplished by

" the use of a sigma-electron system between the donor -
and acceptor pi subunits *. Such-a molecule, illustrated
“in fig. 1, might then be expected to show. rectifier
properties; electron current would be expected to pass
only from left to right in the figure, along the system
cathode -> acceptor > donor =» anode. The hemi-
qumone molecule shown in fig. 1 may.be used asa’
‘prototype for understanding rectifier behavior. The
-quino (=0) groups on the left decrease the pi density

* and raise the electron affi inity, whereas the methoxy
(—OCHj,) groups on the right increase pi density and

lower ionization potential. Fig: 2 shows a similar mole- .

cule based on the extremely popular acceptor tetra-
cyanoquinodimethane (TCNQ) and the donor tetra-
thiofulvalene (TTF). In this case, we have indicated a
‘triple, rather than single, methylene (—CH,—) bridge;-
this will help ensure molecular rigidity. We will refer
to.the methylene bridge as a Z bridge henceforth. Its
purpose is to cause the pi leveis of the donor and ac-
ceptor sites to be essentially non- -interacting on the
‘time-scale of electromc motion to or from the elec- :
trodes. " '

rectifier circuit to an ac signal, we will employ an in-
dependent-partlcle plcture for the pi electrons. The
empty orbital which accepts electrons from the -~
_cathode wﬂl be called the afﬂmty state In th\, free

2y Compa:e e, the beaunfu; cxpetunental worl\ on photo- .

elec’cmn spectra of met.h_;lene bridged aromatics by
Berkowm. et al [10] anr" :elated papers

_zi7_'s "
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To describe sunply the reaponse of such a molecular_' :
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o donor acceptor molecules of the type shown in ﬁgs 1 )

and 2, the electron affinity of the acceptor will be of '
order 1-2.5 volt, while the ionization potentiai of the
donor will be of order 6—9 volt. These values are con-

" siderably modlﬁed in crystals [3], as we might expect

them to be m_our rectifier circuit, due to interaction
with other (in our case metailic electrode) electronic
states.-For proper rectifier behavior we require the af-
finity lével of the: acceptor to be either totally or par-
tially empty, and lie at or slightly above the Fermi
level of the electrode (and of course above the 1omzmg
level C of the donor) as shown in fig. 3.

Figs. 4 and 6 demonstrate the passage of electron
current from cathode to ancde and the non-conduc-
tion of current on reversal of polarity; that is, they
show the rectifier property of the molecule. As soon
as the applied field becomes large enough for the '
cathade levels to overlap' the acceptor levels in fig. 4,
electron transfer onto the acceptor becomes possible.
The threshold for this process will depend on several

-factors, principally the affinity perturbed level energy

Eg and the work function ¢. A similar process occurs
at the donor end; where electron transfer from the
donor orbital C to anode becomies possible when the
applied voltage V' > IP — ¢, where [P is the donor
ionization potential. Motion of electrons from acceptor

_to donor will occur under the action of the field. The .

(nows occupied) affinity level and the hole left on the
ionized-donor are sufficiently close in energy that an .
electron tunneling process will occur: the tunneling

-width can be of tke order of 10—5000 em—!. This

tunneling is generally inelastic as can be abserved by

* glancing at fig. 5. The. charged acceptor contains an

electron in orbital B, in the ground vibrational state,
that tunnels w1th_cqnservat10n of energy to the empty
orbital C at'the donor site. Except in cases of resonant

’ framfer, the level B will lie above C, so that C will be -
- prepared in an excited Franck—Condon state, whlch

will then decay rad1at10nlessly [1 1]. This processis :
clearly irreversible so long as ‘B lies above C. v
. We thus think of current passage through our recti-
fiermolecule as a three-step equivalent-resistance-
Kircaoff net, with the three steps being cathode to -

acceptor, acceptor to donor and donor to anode ,

" transfers. Thus when polarity is reversed as shown 1n
fig. 6 level D'would have to be lowered to the Fermi

~:level of the metal on the naht and the Fermi level of _
the metal on. t.he left would have to be lowered below -



" "side and an electron on the left side. Following this,
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Fiz: 3. Energy versus distance of the device (schematic). B
and D are the affinity levels and A and C the highest occupxed
' ie&els, of acceptor and donor, respectively.

level A'in order to nbtain assisted tunneling through

- these levels. As can be seen from the figure, the thresh-
old voltage for this process should be relatively high.

" There may be an additional mechanism for conduc-

- . tion in this dnectxon ‘that has to be taken into ac-

‘count. The first step of this mechanism involvesanin-
: ternal tunneling from level C of the donortolevel B~ -
-~ of the acceptor. This would lead to a hole at the right -

* initia! step, tunneling would proceed from charged® =
' A‘levels to and from the metals. Tlrus mechamsm also m-ﬂ .

Vs0-

F:g.4 Encrgylevels thth apphed voltage “A" “B"
"C” are: three tunnehng pmcesses TR
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TUNNELING
R

Fig. 5. Internal iunne{ing. :

- volves a threshold voltage, since it is imperative that

the donor highest occupied molecular orbital C, an
the right, be energetically at or. -above the acceptor
affinity orbital B, before tunrehne would oceur. It 13

. the nonreversibility of the internal tunneling (for
. small applied fields) that yields the rectification
properties of these molecules. It is thus possible to,

. Fig. 6. Reverse applicd volage.
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de..lgn n‘atenals that would have a larger threshold

. voltage for conduction in one direction than for the
"otker d:rectxon that s, recnﬂers

' 3. 'Calcdla'tions

: The‘passagé of elsctric current through a molecular

o system can generally be considered simply from the

viewpoint of perturbation theory, with the total

. molecular wavefunction perturbed by the applied

. field. In the case of our A~E—D system, however, the
-Z bridge effectively separates the pi units, and the
‘concept of a total molecule wavefunction to describe
the response to an external field is no longer necessari-
ly the most convenient starting point. Instead, we now
choose to consider the three steps of cathode ~ A,
A - Z =D, and D - anode as processes in an equiv-
alent resistance network; arguments for the use of this
method have been given by Mott and Twose,
Kirkpatrick and others [12]. The essential reason for
the use of this model is really based on time-scales;
the electrode and bridge processes occur on such di-
ferent time-scales that each one is really not dynami-
cally coupled to the athers. We will also choose to ig-
nore, in our present crude independent-particle de-

- scription, any direct excitonic interactions of the

. .donor hale with the acceptor electron. The electronic

.- - eigenenergies (donor acceptor levels) as well as the ef-
- fective tunneling matrix-elements can be roughly

"estimated using self-consistent field molecular orbital

calculations. Alternatively, and preferably, these levels -

" cant be found from photoelectron spectra of the mole-
.cule. Our SCF calculations, which were carried out

- for the molecule of fig. 1 using the INDO semi- empm _

. _cal method [13], give rough one-electron energies for
'the molecule alone; interaction shifts =nd broadening
- must then be added. ‘ y

3.1. The cat/zode - aécepror step

_ To estunate the rate of th1s transition in an apphed
“field, we have employed a variant of the transfer-
hamiltonian method originally proposed by Oppen-
heimer [14] to treat field ionization. In this method,
_the expres.,.on for the transition probablhty per unit

- time is sunply C

280 .
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E———Et(ﬂ—leonZa(Ef-Eo) o  (1) 

‘Here | ) is the final eigenstate (in our case, the '
- vibronic state on the A site), (0) is the initial eigen- -

state (the metallic wavefunction), and the electric
field of strength F is directed along the z axis. Duke -

 [15] has shown the equivalence of (1) to Bardeen’s

calculation of junction tunneling {16]. The only dif-
ference between (1) and the usual golden-rule result is
that |77 is associated with the unperturbed hamiltonian
on the final site, rather than with the original un-

- pertured hamiltonian of which 10} should be an eigen-

state. The state [0) has simply been taken as a plane-
wave state (Bloch states within the electrode would of
course be more correct, but we do not expect this to
make rauch difference in.our final result).

For the states | f), however, the unperturbed states

- of the pi system of the acceptor are not good enough.

As studies of molecular adsorption have shown, the
molecular ejgenstates undergo both shift and broaden-

- ing due to interaction with the electrodes. Gadzuk

[17] presented an early treatment of these effects for

the case of an atom interacting with a metallic surface.
He shovred that the concept of image charges could

be taken over from classical electrostatics, and that an

estimate of both the shift and the broadening could

be obtained from perturbation theory. For the case

- of an alkali atom adsorbed on a metal, he showed that
- correct semiquantitative results could be obtained using

as an unperturbed basis set the bare atom s-function
and the fTee-electron states within the metal. The =
level shift is then 51mp1y ‘

=(sld, metls>/ (sls) ; (_2&)_

" where |s) is the atomic function and #, —met S the s-

electron interaction with the jmage charges in the
metal. For the adsorption of K on Pt, he finds that
AE drops off slowly with’ distance, from 0.3 volt at
3 A separation to 0.1 volt at 15 A*. Similar values .~
had been previously suggested by Rasor [18] and by
Levine [19], while Gomer [20] had proposed the es- -
sential shape of the AF curve as a function of distance.

- For our molecule—metal interaction, we first com-
pute the-shift for each atomxc basm function. The -

- * For slightly smal]er dJStances, the shz.ft goes up dramatnczzlly

for distances of Ofder 2.5°4A, values af 1.5~ 2 valt seem
rear-onable L :
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total shift of the molecular orbitals on the rectifier
donor and acceptor ends will then be given by linear
combinations of these basis-function shifts. That is, if
we say, for a particular molecular orbital ¢; '

‘pl=2qauas L . (2b)
=1 .

where 1, are the atomic basis functions, then, denoting _

by H,
.<(‘ai| m—-metl‘pi = E

‘We find the coefficients Cj, using the INGO procedure,
while the final matrix elements in (3) are evaluated
using the image-charge procedure of Gadzuk*.

—me: the molecule—~metal interaction, we have

i§<uct'

Thus far, the calculations have been based on those

for either elastic electron tunneling (Oppenheimer
‘transfer hamiltonian) or adsorption (shift and broaden-
ing of molecular levels). There is, however, one extra
complication brought about by the fact that, even
after broadening due to interaction with metallic
electrodes has been included, there can stiil be im-
portant contributions from vibrationally inelastic
tunneling; that is, a contribution to the electron trans-
fer possibility can arise from transfer of an electron
from the cathode to a vibrationally excited level of
the acceptor. On the basis of strong-coupling theory
[11] and assuming, as is generally the case for aromat-
ics, that one particular normal mode (usually the

1400 cm~L stretch) is far more strongly coupled than

any other, one can evaluate the relative transition
probabilities to various vibrational states. This is a
standard problem in electron-transfer reactions. For
our present calculations, we have taken the diagonal
Frolich-type coupling constant as 1.5, the standard
spectroscopic value. The contribution of the inelastic
component is in fact small for the electrode process;
it makes its major contribution in the internal tunnel-
ing step. . :

32.4 ->D motion

Within our equivalent-resistance scheme and one-
electron model, we have effectively chosen to write

* Gurney [21] has pointed out that, duc to tunneling, the
one-<lectron levels will in fact become broadened. This
broadening is negligible at our assumed 3 A separation.

CHEMICAL PHYSICS LETTERS
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the electronic hamiltonian of the entire molecule as

Hy =Hp +Hp + Vpy - )
Vpa = EZ;Taah:c (5)
-leD] <A

The H a and Hp are the subunit electronic hamiltonians
for the A, D ends, and of course include two-electron
terms. The 7,7 in (5) run over the one-electron pi states

- of the donor and the acceptor T, respectively; Ty is an

effective one-electron transfer, or tunneling matrix
element, and_af is a Fermion creation operator for or-

- bitalj. Using simple molecular-orbital splitting con-
siderations (or, more elaborately, a canonical trans-

formation), the size of the tunneling elements 7; can
be estimated from separate SCF-type calculations on
D, on A, and on A—Z-D. The element T, was
evaluated in this fashion for the rmolecule of fig. |
using the INDO parametrization, and found to be
360 cm~!. While this is certainly not quantitatively
correct, it is in qualitative agreement with expecta-
tions as to the transfer probability for a Z bridge, and
we will use it without further correctionit.

When the rectifier molecule is placed between

" electrodes, the one-electron levels will, as stated above,

shift and broaden. The transfer probability for an
electron passing from A to D will still be proportional
to lealz, but it will also contain density-of-states fac-
tors on the final state, as well as Franck—Condon fac-
tors describing the possibility of inelastic transfer.
Both the electronic changes and the vibronic factors
were discussed above in connection with cathode =+

.agceptor motion.

3.3 Dorior = anode motion

Tlus is treated in a Lranst‘er-harmltoman procedure,

very similar to the cathode - acceptor calculation.

4. Results

A current—voltage characteristic can be calculated -

.along_,the .l‘mes described above. The t:ue_ cha:acteristic

T We have assumed that the i, states are agprcmmatel}' or--

thogonal, so that [ar, aﬂ+- 1.
T Then—z-= 1dea was ﬁ.rst sugusted to us by P.E. Seiden.
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Fig. 7 I= V characteristics of a molecular rectifier including
direct electrode to electrode tunneling. [ in A/cm2 V'in volt,
EA acceptor_—__ 5.0eV,IP donor =5 3 eV, = 5 1 eV

.’of such a c1rcu1t however will contain other contri-
_'butrons to the current. These mlght include surface
terms and direct passage due to mhomogeneous pre-
"paratlon of the molecular layer, both of which could

be difficult experlmental problems but will be ignored °

here Another possible contributor. would be direct
tunnehng of electrons from electrode to electrode

‘with the sigma networl' as a barrier. ‘This last contri- -

'butlon is rather difficult to calculate. Kuhn [22],in
‘'an elegant series of experrments has measured the
:dll‘BCt conductmty of molecular films of fatty acrds
.using a. Langmuir—Blodgett film with a vapor- .
deposrted electrode, We have compared the direct

passage current with that expected by pr-electron . R

“motion in the rectifier, and it appears clear, that the
-drrect transmission contnbution will be smarl com-
_pared to the rectrﬁer current T o
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Inf1 Fg 7 we have presented the caaculated I— V.

- ... characteristic for arbitrary choices of donor 1omzat1on
~ " potential, acceptor electron affinity, and electrode -
. work function. Moré’ complete calculations, including -

a discussion-of the dependence.of the. current on these

. parameters wrll be published subsequently Thé im-
-portant observatron to be made about the present

result is that there is indeed a rectlﬁcatron evident:

" that is; current passes preferentrally to the right in figs.

1 and 2. The threshold potential for passage of current

1S determmed essentjally by the voltage at which

meamngt'u] overlap of the broadened states IB) and

|CYand the respective metallic states occur. In our
 case, the broadening has been found to be neglmble

due to the large distance from the electrode, so that -
the [— I curve is nearly discontinuous near thréshold.

- “For larger broadening, this onset of current flow will

become smoother. If the reverse voltage is pushed

" high enough, current will indeed begin to flow through

the pi system from anode to cathode; for the present

_choice of parameters ‘this occurs at an apphed voltag
'of 0.55 volt.

A large number of materials and synthesrs problems
must, clearly, be overcome before such a molecular

' ; electronic device can be tested in the laboratory. Ef
forts tewards the solutron of these problems are

presently under way. In addition, there are several

serious drawbacks to the present senuquantrtatwe
treatmert, mcludmg neglect of direct energy transfer

from D to A (this can; however, be minimized if the

.geometry is chosen properly), possiole Jahn—Teller-

effects, difficulties with electrode polarization, and,
particularly, electron correlation effects. Some of

these will be corrected in further work. The essential
point to be made, however is that these calculatlons

seem to verify that a properly coristructed single or-
.. ganic molgcule can indeed exhrb:* useful device proper-
_“ties. In turn, such propertles may aid in our further
- -understanding of the molecular electromc structure .
of these molecules
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