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Mechanisms of molecular electronic rectification through electronic levels
with strong vibrational coupling
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The A. N. Frumkin Institute of Electrochemistry of the Russian Academy of Sciences, Leninskij Prospect 31,
117071 Moscow, Russia

Jens Ulstrup?
Department of Chemistry, Building 207, Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 23 April 2001; accepted 6 November 2001

We present a new view and an analytical formalism of electron flow through a donor—acceptor
molecule inserted between a pair of metal electrodes. The donor and acceptor levels are strongly
coupled to an environmental nuclear continuum. The formalism applies to molecular donor—
acceptor systems both in vacuum or air, and in aqueous solution under electrochemical potential
control. Multifarious patterns of rectified electron flow from the negatively to the positively biased
electrode arise. The electronic interaction between the donor and acceptor fragments, mutually and
with the electrodes, can be weak, corresponding to the fully diabatic limit. The rectification process
then reduces to a sequence of vibrationally relaxed single-electron transfer steps. In the limits where
the interactions are strong, denoted as the partially and fully adiabatic limits, the character of the
rectification process is different, and electron flow proceeds coherently, without vibrational
relaxation. In still another class of mechanisms the electronic level broadening of either donor or
acceptor from the adjacent electrode is so strong that it is comparable to the vibrational broadening.
The process then reduces to a three-level transition similar to STM of large redox molecules. Recent
data for rectification in hexadecyl-quinolinium tricyanodimethanide monolayers by Metzger and
co-workerdJ. Am. Chem. Socl19, 10455(1997); Acc. Chem. Res32, 950(1999], are discussed

in terms of the reported views and formalism. ZD02 American Institute of Physics.

[DOI: 10.1063/1.1430695

I. INTRODUCTION trodes via the donor—acceptor molecule. The location of the

. . donor level below the Fermi level of the left electrode,
One of the earliest proposed principles for a molecular .

. 3. . ensures that electron transf&T) from this electrode to the
electronic devick3 is the molecular rectifier, introduced by

. . : : hole left on the donor group follows intramolecular ET from
Aviram and Ratnet. This notion represents a device, analo- = .
. . L .~ donor to acceptor. Similarly, location of the acceptor level
gous to macroscopip—n semiconductor rectification, ulti- : .
above the Fermi level of the right electrods;g, ensures
mately composed of molecules of the—S—A type, as-
. . that vacant levels above-g can always accommodate elec-
sembled between conducting substrai@ss a donor andA A
) - . trons transferred from the temporarily filled acceptor level.
an acceptor groufsis a rigid molecular bridge group. ET in the opposite direction requires thatg of the right
Molecular donor—acceptor rectifier function can rest Onnow electror?pdonatin eIectrodg crosses Ftehe acce gtJor’IeveI
the following features independently of details of the mo- 9 ' P '

lecular mechanism. ThB—-S—A molecules are inserted be- TIZit?o%lort;eYﬁé T;l]ftSt’TLui;therr(')cbeeedlgtﬁg E?efﬁ;tm (E?:ntial
tween two metallic conductors. One is the substrate on whicf ’ P P

the D—S—A layer is assembled, the other one a second me-anges depending on the donor—acceptor level gaps, and the

tallic conductor. The donor and acceptor fragment is, for exJaps between the_se levels and thg Fermi levels of the elec-
odes. Current—bias voltage relations are therefore asym-

ample, closest to the left and right electrode, respectivel)}r e | diff ‘1 ite bi it d t
(Fig. 1). In the simplest case the donor level must be belo ireecr:lgé)r:.e” ierent for opposite bias voltage and curren

and the acceptor level above both metallic Fermi levels a I T

zero bias voltagésee, however, Sec. YIThis ensures that The scheme in Fig. 1 holds several other implications:
the donor level is initially filled and the acceptor level va- (a) Threshold, or “switchlike” effects are expected, in the
cant. On application of a positive bias voltage to the right sense that the bias voltage must reach a certain value
electrode the donor and acceptor levels are both lowered but  pefore significant current flows. The current then rises
the acceptor level is shifted faster than the donor level and to high values over a narrow bias voltage range.
crosses the latter at a certain positive bias voltage. When th@) The intramolecular ET step follows normal patterns for

two levels are close, electrons will flow between the elec- molecular ET. This means that after bias voltage-
induced current rise to a certain value the current
dAuthor to whom correspondence should be addressed. Electronic mail: passes a maximum in the _C!J”ent_mas voltage relation.
ju@kemi.dtu.dk This corresponds to transition from the normal to the
0021-9606/2002/116(5)/2149/17/$19.00 2149 © 2002 American Institute of Physics
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a b ¢ geometry-optimization of differently charged electronic
& state$”?® have also, however, been addressed. We shall re-
SFL_T_SMA £ £, JO & P T turn to thls issue in the Discussion.
5 D R Vs Vpias In this report we address theory and molecular mecha-
; 1 1T o a%: , Eix nisms of asymmetric ET through organizBd-S—A arrays
b fEA between a pair of metallic conductors in a different way.

Emphasis is on dynamic, and strong, electronic—vibrational
FIG. 1. Schematic view of rectified electron transfer from the electrode tocoupling, butelectroniclevel broadening is also addressed.

the left, to the electrode to the right via a donor—acceptor molecule. Thel'his is different from the view in Ref. 4 and from other
donor fragment is close to the former electrode and the acceptor fragment )

close to the latter(a) Zero bias voltage. The donor level is occupigé- recent theoretical approaches to molecular CondUCﬂ%&

red

duced, £/¢¥, and below the Fermi level of the electrode to the leff,. The ~ but warranted by the recently discovered actual metal/
acceptor level is vacaripxidized, £3*, and above the Fermi level of the donor—acceptor-molecule/metal systems. Our approach also
electrode to the rightgr. (b) The electrode to the right is biased with a rests on recent broader theoreﬁéa:rﬁ and experimenta'
positive bia_s voltagevbias. T_he do_nor"and acceptor levels are brought to basi§7‘42 for Scanning tunneling microscop(;‘BTM) of im-
resonance in the “energy tip region,” where ET from donor to acceptor . . .
occurs.(c) Vibrational relaxation of the vacaroxidized donor level,eg’, mobilized redox molecules with Iow-Iylng redox levels both
to a position above, and of the occupietteduced acceptor levelg’®, to  in the ex sity vacuum or air ambient, anith situ electro-
a position belowez. Renewed vibrational activation efé® transmits the  chemical modes. These disclose in fact close similarities to
e_lectr_on to vacant levels abowgr. Negative bias of _the_el(_actrc_)de to the asymmetric current flow in donor—acceptor molecules.
;;g\t‘vti:]nfrzzasssotsr;; gﬁgg:@%ﬁ;ﬁfg&gﬁrgy gap, with insignificant current ~ v first overview some systems with behavior resem-
bling molecular rectificatioiSec. I). Recent theoretical no-
tions of STM of redox molecules are introduced in Sec. Il as
reference for thd —S—A systems. In Sec. IV we overview
molecular rectification mechanisms, with dynamic
activationless and inverted free energy ranges. Thelectronic—vibrational coupling as a dominating feature. The
maximum is, however, broadened by interaction withmechanisms extend to both weak and strong electronic cou-
the electrode, nuclear mode excitation, or lateral interpling between the donor and acceptor fragments, and the
actions in the assembly. metallic electrodes. Multifarious behavior arises, including
(c) The highest occupie(HOMO) and lowest unoccupied sequential single-ET, vibrational coherence, superexchange,
molecular orbital§LUMO) of the bridge group are as- and transitions between the donor and acceptor levels, broad-
sumed to be off resonance with the donor and acceptogned by the Fano effect. In Secs. V and VI we focus on
levels. These orbitals therefore assist ET or hole transsequential and coherent ET between the metallic electrodes
fer electronically, i.e., by more favourable donor— and the donor and acceptor fragments. This limit covers fully
acceptor Coup"ng or superexchange Compared witfliabatic, and partially and fuIIy adiabatic transitions. We pro-
vacuum. vide the rate constants for the individual ET steps and show
(d) Two-level resonance between the donor and acceptdtow these are related to the observable steady-state current.
levels is broadened by two effects. One is electronicCurrent—voltage relations are analyzed in Sec. VIl and are
interaction between each of the levels and the neareshown to display characteristic rectification and threshold ef-
metallic continuum(the Fano effegt As, however, the fects. In Sec. VIl we address strong donor and acceptor
localized donor and acceptor level populations changd€Vel broadening by combined electronic—vibrational interac-
during electron flow, a second equally or more impor-tion apd the Fanq effect. This involves notions frqm eIectro—
tant broadening effect is electronic—vibrational cou-chemical adsorption theory. In Sec. IX we provide a brief
pling to local and collective nuclear modes in the two- COMparison with some recent theoretical approaches to other
aspects of molecular wire conductivity, and a discussion of
the recent data by Metzgér?in terms of the formalism.

Stable current—voltage relations for electron tunneling
across self-assembled organic monolayers enclosed betwebnAPPROACHES TOWARD MOLECULAR
close to atomically planar metallic electrodes have beeRECTIFYING SYSTEMS

achieved increasingly frequently over the last few yéaf$. Attempts to construct electrically rectifying me@H#S—
Different classes of organic molecules have constituted th@/metal systems have been reported over the last decade.
tunnel junction, displaying strong features of rectification, Geddes and associates reported Langmuir—Blodgett films of
switching*~%* or pulselike behaviornegative differential ~ 2-bromo,%2'-hydroxy)-tetracyanoquinodimethane dodecyl-
resistance’®*? cf. Sec. II. The development towards con- oxyphenyl-carbamateThe current exhibited weak depen-
struction of actual molecular-scale devicelike systems hagence on the bias voltagé,,s at smallV,,s, followed by a
been paralleled by comprehensive theoretical studies of thiei/Vile. dependence at both positive and negative larger
electronic conductivity through single-molecule wires. MostV,,,, and a stronger, approximatelyilv:,.. dependence for

of the approaches have focused on Green’s function agpositivebias voltages larger than 2 V. Martin and associates
proaches to the electronic conductivity combined with elecobserved similar behavior of monolayer configurations
tronic structure calculations of the molecular modelof Z-B-(1-hexadecyl-4-quinoliniuna-cyano-4-styryldicy-

systemg3~39 Static broadening by the nuclear motilrand ~ ano-methanid@. The behavior of both systems resembles

dimensional molecular array.
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molecular rectification but rather similar patterns were ob-the oxidized and reduced state, respectively. Arrays of de-
served for multilayer films, and views of the molecular rec-vices could be configured to molecule-based logic AND and
tifier concept would have to be modified to cope with thesepR gates. Such intermediate single-level resonance tunnel-
systems. ing is most suitably addressed by ET theory of three-level
Other types of adsorbates display rectification at Iargesystems with  dynamically populated intermediate
bias voltage in STM. Aromatic thiols adsorbed on@&Hl) o ,22-34.364344yich has also become a theoretical frame
Au(111) give more facile ET from sample to tip at positive for STM of redox molecule®-3 STM of electronically

bias than in the reverse directiét.??°The adsorbed sulfur i ecules h b o th ocul
atom was suggested to be the donor group and the conjugart%Sona INg molecules has some resemplance 1o the molecular

organic residue the acceptor. Nanotube devices have be&fictifier butis simpler by having only a single level between
shown to display rectification at particular sites along thethe two electrodes. As a reference we therefore first provide
tube® where local defect states were proposed as sources §Pme recent observations in the theoryimfsitu STM of
conversion from metallic to discrete rectifying conductivity. redox molecules.

Rabe and associates reported STM spectroscopy of the
peri-condensed aromatic molecule hexadedecyl hexa-
benzocoronef. This molecule forms an ordered lattice on
oxidatively modified highly oriented pyrolytic graphite
(HOPG. Resolution was submolecular and current—biad!l. MOLECULAR RECTIFICATION AND /N SITU STM
voltage relations for both the alkyl-substituents and the aroOF REDOX MOLECULES
matic core could be recorded. Those for the former were
symmetric but strong rectification was observed for the latter.  STM of redox-active adsorbates with low-lying popu-
This resembles a pattern for copper phthalocyanin wherdated intermediate states have been reported in bottexhe
however, molecular resolution was not achie¥®dThe  sjtf24546and electrochemicah situ modes”4%47-4%Spec-

HOMO is within the bias voltage energy “tip” and likely to  troscopic current—voltage features have been found only in a
open resonance or multiphonon ET channels but severghy case®-394245,,t hold perspectives for distinction be-

close-lying electronic energy levels seem to contribute. tween different tunnellingnechanismsand for devicelike

A clear-cut case of rectification through a dopor—s stems such as rectifiers or memory storage elements. STM
acceptor monolayer has emerged from recent studies ba)l . )
f redox adsorbates has been given theoretical

Metzger and co-workers:*2 The molecule was the strongly 5345051 54 .
dipolar hexadecyl-quinolinium tricyanodimethanide, en_frame§ based on ET theor¥f**with the following

closed between two aluminum electrodes. Monolayers of thi@PServations:

molecule display strong rectification at room temperaturqy) Electron tunneling through molecular redox levels in-

and bias voltages of=1.5 V, with conspicuous positive variably involves electronic—vibrational interaction. This

threshold voltages. These sharpen as the temperature is low- leads to different vibrationally assisted, multiphonon

ered to about 100 K. In Sec. IX we shall consider this system tunneling mechanisms known as reson:';mce coherent

in terms of the formalism in the present report. g me g aa ’ ’
and sequential tunneling:

An important class of self-assembled organic monolayer o ) ) ) ]
systems with device properties was introduced and compr 2) Electronic—vibrational interactions hawao effects in

hensively studied by Reed and co-work&rst® Current— particular. One is that the intermediate statgilibrium
voltage relations of aromatic sulphides trapped between two €nergies in the oxidizedvacani and reducedpopu-
microscopic gold electrodes showed conspicuous switching lated states are differentFigs. 1 and 2 The second is
and current pulselike effects as the HOMO or LUMO was thatfluctuationsin the nuclear coordinates are crucial by
brought to resonance with the appropriate metallic Fermi  inducing resonance with the Fermi levels of the enclos-
level. Polyaromatic sulphides, moreover, offer the option of  ing metallic substrate and tip.

tuning the redox level by combinations of donor and accep(3) The most important controlling factor is the bias voltage
tor substituent$NH,- and NGQ-group. This gives a narrow but a second, electrochemical potential difference is cru-

spectroscopic feature in the form of apparently negative dif- cial for in situ STM, namely, the substrate—solution po-

ferential resistance, maiching electronic (esonances WIth o ntial differencé®5" This double potentiostatic control
electron transmitting states in the molectfig!®?"28\we

shall also readdress this system briefly in Sec. IX. also offerstwo spectroscopic correlations, i.e., current—

Other types of molecular rectification are available. Fuji- bias voltage relations ‘Tﬂ giveroverpotential and
hira reported photoelectrochemical rectificationéS—A current—overvoltage relations where both the substrate
Langmuir films composed of porphyrins, ferrocene, and @nd tip potentials are varied in parallel.
quinones>** Photoexcitation brings the bridge group (4) The observations ir1)—(3) also apply broadly to mo-
HOMO and LUMO close enough to the donor and acceptor lecular rectification withtwo local (donor and acceptpr
levels for temporary population. Electron tunneling through  redox centers.
intermediate single-level states is also the basis for config-
urable rotaxane-based molecular switchie$hese can be Tunneling through adsorbed redox molecules in electro-
“open” or “closed” by holding the redox active switch in chemicalin situ STM can follow patterns of resonance, co-
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FIG. 2. Electronic level configurations in STM of a redox molecule. Tap:

A. M. Kuznetsov and J. Ulstrup

redox level oxidation and reduction to transmit a con-
siderable number of electrons, i.exeV,/kgT,
where e is the electronic charge&g is Boltzmann’s
constant, and is the temperature.

Level interaction with one electrode can be strong and
weak with the other electrode, so that the former be-
longs to the adiabatic, the latter to the diabatic limit.
Diabatic tunneling features are strongly reflected in
the current while fast equilibrium is established at the
adiabatic contact.

Both interactions can be weak and the transitions fully
diabatic. Tunneling features of both transitions then
appear in the current, which reduces to two sequential
diabatic single-ET steps.

These distinctions also apply to the molecular rectifier,
which involves an additional adiabatic or diabatic intramo-

the redox leveky is vacant(oxidized and above the Fermi levels of the lecular ET step. With a view on the rectifier the foIIowing

substrategg , and tip,egg, at zero bias voltage. This configuration also
representsn situ STM at fixed overvoltage(b) A positive bias voltage on
the tip, Vpias, takesed close to resonance with populated levels arospd
for ET to the redox level(c) The reduced redox levetg®,

e relaxes to a

position belows -z . Renewed thermal activation transmits the electron from

g

to the tip. Bottom: two-mode potential surfaces of the process at the top,

viewed from the energy axis. The initial state is the small cross section to
the left. The cross section to the right is the relaxed intermediate state
corresponding to configuratioft) (top). The cross section indicated by

dashed lines is the final state where the electron has been transmitted to the

tip. The arrow indicates one of many trajectories in the two-step transition
from the initial to the final state.

herent two-step, and sequential two-step ET. Two-step ET is
the mechanism appropriate to the rectifier and follows three
kinds of behavior:

(i)

w1111

s 1111111

The transitions between the redox level and each o#
the electrodes can belong to the adiabatic limit of
strong interaction. Tunneling features are then re-
flected in the tunneling current, and by themberof
electronic levels engaged in the transition, but the
current—voltage relations are dominated by the
nuclear activation energy and the bias and overpoten-
tial dependence of this quantity. The strong
molecule—electrode interactions leads each cycle of

1)

observations fronin situ STM (Refs. 32—36, 5Bare useful:

"

Spectroscopic current—voltage features are expected
when the bias voltage is smaller than the environmen-
tal reorganization Gibbs free enerdy,, i.e.,|€Vpiad

<E, . E, is significantly smaller in the tunnel gap, say
E,~0.2eV, than in the semi-infinite configuration of
electrochemical E® The features are characteristic
resonances in the current— and derivative current—
voltage relations. The position and width reflect
electronic—vibrational couplingthe reorganization
Gibbs free energy the potential distribution in the
tunnel gap, and interactions with the metallic elec-
trodes.

The current—overvoltage relations change to asym-
metric form at largeV,;,s. The current rises initially,
followed by current independence gfover a broad
range (7— Vyiad >0 The current—overpotential rela-
tion is also asymmetric in the sense that the overpo-
tential ranges of current rise and constant current are
different in the two current directions. ET through
single intermediate states can therefore also display
rectifying effects.

FIG. 3. Level configurations in electron flow through a
donor—acceptor molecule. Left: electronic levels in the
initial (i), final (f), first intermediate ¢;), and two
second intermediate staté,, andd,g). Oxidized and
reduced donor and acceptor levels shown. Right: poten-
tial surface cross sections of the four states viewed as in

O0X
—_— SD
po o [fw S
FL A Tev, —]“m [ To
red bias Vi
€p i — Eer i .
— f— red —
— = =
! | B
. 1
iorf ' d, :
OX
— SD
KX =¢ —& r:
L eV, . ] “rL A
ed bias == Vi
Fet oy é = € i .
$ Ered: —] —
= E —
: 1 T
d,, ; d ;

Fig. 2. The arrows show two trajectoriés-d;—d,a
—f, andi—d;—d,g—f from the initial to the final
state.
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FIG. 4. Electron flow through the donor—acceptor molecule at large biadIG- 5. Scheme of interfacial and intramolecular ET reactions for combina-

voltage. Both the oxidizeds%*, and the reduced acceptor levelt?, are

above the Fermi level of the positively biased electragg,. The reduced
acceptor level is dynamically populated, without vibrational relaxation, and
two electrons are transferred in a single reactive event.

IV. MECHANISMS OF ELECTRONIC RECTIFICATION
THROUGH A DONOR-ACCEPTOR MOLECULE

Figure 1 represents the simplest scheme of molecular

rectification via separate donor and acceptor fragments. Rec-
tification can proceed by the following differemtechanisms
rooted in different electronic couplings between the donor
and acceptor fragments and the electrodes:

(A) The sequence of rectifying steps can constitute separate

(B)

©

electronic transitions, from the negatively to the posi-
tively biased electrode via the donor and acceptor frag{D)
ments. Each transition proceeds through a vibrationally
relaxed intermediate state, but the order of ET events is
different in different bias voltage ranges. The ET se-
guence involves several intermediate electronic stategE)
The initial and final states represent the same electronic
population except that the electronic levels are shifted
by the bias voltage. The first intermediate state in the
scheme in Fig. 1 is always present and represented by a
vacant donor and an occupied acceptor level. This is
followed by a second intermediate state where the do-
nor and acceptor levels are either both occupied or va-
cant[Fig. 3 (left)]. Figure 3(right) shows the potential
surface configurations, which can be compared to those
for in situ STM (Fig. 2).

For the rectifier to be efficient the current should not be
limited by tunneling between the donor and acceptor
and their adjacent electrodes. The adiabatic limit of
strong interaction at the metal-donor and acceptor—
metal contacts is therefore appropriate. The diabatic
limit of weak interactions is, however, conceptually the
simplest and will be considered first. Both limits of
intramolecular ET are appropriate and will be denoted
as the fully and partially adiabatic limits when the
metal-donor and acceptor—metal transitions remain
fully adiabatic.

tions of vacant and occupied donor and acceptor levels in the initial state.

the electrode to the right,cg, below the Fermi level of
the electrode to the lefgg, ), the acceptor level in the
equilibrated populated state may be shifted to a posi-
tion aboveerr. ET from donor to acceptor then pro-
ceeds through alynamically populated DA™ state.
This notion implies that there is no vibrational relax-
ation in this state prior to subsequent fast ET from the
populated acceptor to vacant levels abeyg. 34364458
This mechanism is illustrated in Fig. 4. A similar view
applies when the bias voltage is large and negative, and
the equilibrated oxidized acceptor level is belepy of

the negatively biaseftight) electrode but aboveg, of

the electrode to the left.

Other level configurations where donor and acceptor
levels are both vacant or both occupied at zero bias can
be envisagedFig. 5. These will be considered in Sec.
VIB.

Either the donor or the acceptor level, or both may be
strongly broadened by electronic interaction with the
metallic surfaceqFig. 6). The rectifying process re-
sembles STM of a redox molecule with a single mo-
lecular level when only one of the levels is broadened
The current then follows closely the pattern from STM
(Refs. 32—34% but involves convolution of the elec-
tronic broadening with the vibrational continuum. A
two-level limit arises when both donor and acceptor

=7 eV |
bias

I

w1111

-

. _FIG. 6. Molecular rectification when the electronic interaction between the
The character of electron flow throth Ch"’lrge'relaylngdonor levelgp , beloweg, , is strong and electronic broadening comparable

intermediate states may change at certain bias voltageg, vibrational broadening. The broadened donor level density and the dis-

When theVy,,sis large and positivethe Fermi level of

crete oxidized¢$*, and reduced acceptor levef®, are also shown.
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levels are broadened by strong electronic surface inter- , (kpa— Kap) (KZ+ k9

actions convoluted with the vibrational modes. D (0% 1 red
A A
Kap(KB+ K5 — (kpa—Kap) (k3+ kg B
V. RECTIFICATION BY FULLY DIABATIC b KO+ k2 D
SEQUENTIAL ET
Kap(Ka +kp)
. . . + kred+ Kk —Ko*— — (6)
We address here the case when all interfacial and in- D DA D —d—kzx+ ke

tramolecular ET steps belong to the fully diabatic limit.

A. Rectification by stepwise transitions in sequential
diabatic ET or

We confine the analysis to the case wh¥pgs, is small
compared to the electronic—vibrational couplifgig. 1).  P2{(k&+kEYkpa—Kap))} + Ppf(K+ K% (k2+ kied)
This implies that subsequent to ET from the donor to the
acceptor the former level is shifted vertically from a position  +Kpa(K¥+ K +Kkap(KS+ K5 — (Kpa—Kap)
below the Fermi level of the electrode to the lef, , to a
position aboves, . The acceptor level is, similarly, shifted X (KRHKE)} = (KB KR+ K%+ kap(kX+ K9} =0. (7)
from a position above the Fermi level of the electrode to the
right, egr, to a position belowerg. Bias voltage and all
electronic levels are counted frosg, . The scheme for step-
wise ET from the left to the right electrode, rectified by ET
through the donor—acceptor molecule is then

Equation(7) has a single solution foPp, i.e.,

Po= Koa— Kap) (KK — (K2
D 2(kgx+ kE)ed)(kDA_kAD) {( DA AD)( A D) ( A
k' Kpa KR
DoxDredi Dreat Aox™ Doxt Aredi Aox™ Area- (1) + KR (KFH RS — kpa(kR+ KD —Kap(kg+ ki)
© " i {1 (koa—kap) (K KZ) = (K+KIE (Kg+ K
Doy and D o4 are the oxidizedvacan} and reducedpopu- —kpa(KX+ kxS —Kkap(KE+ K12+ 4(kS+ k5% (Kpa

lated donor, respectivelyA., and A4 the analogous forms
of the acceptok2 andk®?, S=D, A, are the rate constants
(s ) of the interfacial ET processes in the first and the third
equation in Eq(1), kpp andk,p the rate constants for for-
ward and reverse intramolecular ET, respectiv@lg. 1).

We introduceP and P, as the probability that the do-
nor and acceptor level, respectively, is populated. Th

steady-state rectified current is then given by

—Kap) [KR(K+ K% + kap(KX+ k) 112} (8)

Equations(5) and (8) are thus the steady-state electronic
populations of the donor and acceptor fragmeRtsandP 5
egive the observable steady-state rectifier current,

i=eClkY(1-Pp)—k5Pp}
—kZ(1-Pp) +k5Pp+kpaPp(1—Pp) i R

=eClkY— (kZ+ K5I Pp}, 9
(1 Po)Pa=0, . (k3= (K3+ k5 ) Po} ©)
—kpaPp(1=Pa) +kap(1=Pp)Pa whereC either represents a single molecue<1), or the
donor—acceptor moleculaoveragein the gap between the
+KRPA—kX(1—PA)=0. (3)  electrodes. Equation®), (8), and(9) aregeneralfor diaba-
tic electronic transitions and small bias voltage. The charac-
Adding Eg.(3) to Eq. (2) we obtain ter of the rectification process is different in the partially and

fully adiabaticlimits (Sec. V).
—KkZ(1—Pp) + kP + KPP, —k(1—Po) =0, (4)

or the following relation betweeR, and Py, :

B. ET rate constants
KR+ kR~ (k§+ k5 Pp

_ _ 5) The level populationdy and P, [Eq. (9)] are deter-
A K+ kﬁfd mined by the diabatic rate constants of sequential interfacial
and intramolecular ET steps via Ed5)—(8).
Insertion of Eq.(5) into Eq. (2) gives, after rearranging We shall use the following broadly valid interfacial ET
terms, rate constant forms>°*
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K= 2kgT Oeit ] (EP—eépn—eypViiad? e 0 exr{ _ eépnt e)’DVbias)
DL T 2m 4EPkgT ! o TP KT '
(11
2KgT weg red_ 1 0x €Voias— €67~ €YAVbias
ka'=k RPRa—R o (10 kn =Ka €x KeT :
A o B 2 wherea and ag are the transfer coefficients for interfacial
» exp{  (Er+eVpias eAfA" €¥aVbiad } ET at the left and right metal, respectively. The intramolecu-
4E kg T lar ET rate constants are

L P I (EP +Ef+eépn+eYpVhias €6a7— €YaVbiad 12
DA™ XDAD A(EP+EMKgT ’
|
€&p 7+ €¥pVhias— €67~ €YaVbias eépn—eipntepg;€Ean—EATT Epo- (14
kAD: kDA ex k T . . . .
B Equations(5)—(9) together with the rate constants in

13 Egs. (10)—(14) were derived as the rectified electron flow
from left to right (Figs. 1 and B under the influence of a

The Origin and Va||d|ty conditions of these forms are dis_pOSitive bias VOltage smaller than the total reorganization
cussed elsewher@3436.5354p/ note: Gibbs free energy. The same formalism applies, however, for

(A)

(B)

©

(D)

) S ) current flow in the opposite direction, at negative bias volt-
Equationg10)—(13) apply to rectification in a continu- age.

ous, aqueous or other condensed matter environment

where both electrodes are subject to electrochemical
potential control. Two potential differences appear,V'- FULLY AND PARTIALLY ADIABATIC TRANSITIONS

namely the bias voltageYyas, and the overvoltage Both interfacial ET steps are adiabatic and electronically
relative to a reference electrodg, Similar forms apply  facile in these limits. This changes the character of the pro-
to vacuum or air when the electronic coupling to in- cesses drastically compared with the fully diabatic limit.
tramolecular or collective modes is strong, except that ) ) . .

the 7-dependent terms are absent. A. Dyngmlcglly pppulatepl_lntermedlate electronic

The activation free energies contaiiit The reorgani-  States in adiabatic transitions

zation Gibbs free energies for oxidation or reduction of ~ As for STM of single-level redox molecules, the physi-
the donor and acceptdg® andE”, respectively. For cal nature of the transitions in electronic rectification is dif-
the sake of simplicity the reorganization free energy offerent when the molecular interactions with the metal elec-
the intramolecular ET step is taken as the sunEBf trodes is strondFig. 4). Very similar patterns apply for the
and E?. (ii) The fraction of the total potential drop fully and partially adiabatic limits, where the intramolecular
between the electrode to the left and the bulk solutionglectronic coupling is strong and weak, respectively, while
at the site of the donor fragmerlp . £5 has a similar  the interfacial couplings remain strong in both cases. The
meaning for the accepta(iii) The fractions of the bias transmission coefficienkp,<1 appears in the rate constant
potential drops at the site of the donor and acceptgr, of this step in the partially adiabatic cases whilg,—1 in

and y,, respectively. the fully adiabatic limit.

werr 1S the effective vibrational frequency of the nuclear When the donor level is initially populated and the ac-
modes reorganizedp, and pr the electronic energy ceptor level vacantFig. 4), nuclear configurational fluctua-
densities of states of the electrode to the left and righttions raise the populated donor level and lower the vacant
respectively.x, and xg are the transmission coeffi- acceptor level to resonance at an energy above the Fermi
cients for interfacial ET, an@p, the transmission co- level of the positively biased electrode. Subsequent to in-
efficient for intramolecular ET. tramolecular ETD-S-A—D"—S—-A", relaxation of the,
Equations(10)—(12) apply explicitly to symmetric lo- now occupied, acceptor level towards lower energy follows.
cations of the energy levels' ands'Ded, with respect Due to the strong electronic interaction at the metallic con-
to the Fermi energgr, and of the levele:3 ande?®  tacts this is, however, intercepted by fast interfacial ET from
with respect tepr. €épn andeé,n in Egs.(10—(12)  the occupied acceptor level to the positively biased electrode
and all subsequent equations must be replaced bgnd fast ET from the negatively biased electrode to the
eépmt+epg andeéan+epg, respectively, if the levels empty donor level. This is the first distinction from the fully
are shifted byepg and e, at equilibrium, whereep,  diabatic limit, i.e., the intermediat® "—S—A~ state is dy-

=er€"— EP and 8A0=s§fd— ErA, ie., namically populated, with only partial vibrational relaxation.
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_ The two interfacial ET steps reverse the e|eth0niC—sBX—e§D7;—eyDVbias—qu’,g
vibrational relaxation. The reoccupied but unrelaxed donor
level initiates a second trajectory downwards and the vacant =&a —€&a7— €¥aVpias— 9aUa (18
unrelaxed acceptor level a second trajectory upwards. As a
result the levels cross a second time and a second electronsgbject to
transferred. Two electrons are thus transferred in a single

cycle. This is the second distinction from the fully diabatic ~ dUJ* . 9o .
limit. dgy @Ay, Te@(dp—dpo)=0, (19
B. A formalism for rectification in the fully sincedga/ddp=gp/ga. Provided that the resonating occu-

and partially adiabatic limits pied donor level and vacant acceptor level remain between

We provide first the current rectification in the configu- the two Fermi levels, i.e.,
ration D-S—A (Figs. 1 and 5 We consider positive and redr % o %
negative bias voltages separately. ep (Op)<ep and &p(0a)>epr, OF

1. Rate constants at positive bias voltages (20

The process is based on the following set of potential _ _ .
energies around the donor and acceptor group in the oxidizedds. (18)—(20) give for the saddle point coordinates,
(“ox” ) and reduced‘red” ) states,

[0):4 *
err<ep —€6p7—€YpViias— IpUp <&EFL,

1 2EY \2EPhw

UB=} fiwgh +ed, UR'=} hwa}+ef, b= EP[\/ PR e G
+_

Up“=3 h0qd—dpdo—e&pn—e¥pVhiast e, (15 EX

d 2
UR'=3 w0 —dada—€éan—eyaVhiast e -

The initial and final state potential surfaces are
Ui(dp ,aa) =UE™+UR', Ug(dp,qa)=UZ+UR’. (16 D

+€YaVbias— €€p 7~ €¥pVbiag J :

[ED 1
o, Ga iS a set of harmonic local nuclear coordinates with ~ GA= E—ZAQ’BJF W[SXX_SBXJF eépn+eypVbias
the frequencyw, e3', and e3* the energies of the vacant ' e

electronic level of the donor and acceptor, respectively, and —eéan—eyaVpiad-

Op andgpa electronic—vibrational coupling factors at the do-

nor and acceptor sit@p andg, are related to the equilib- The donor and acceptor energy at resonance is, at positive
rium nuclear displacements in the reduced stafigg, and  bias voltage,

Oao. and the reorganization energi€ andE?, by

—€Vpigs<e* —epL
do D 1 g% 1

— — _ 2
U00=7, Er=374, = 27@%0 _ (eéant eYAVpiad Er + (€£p 7+ €YpVpiad
- D A
Ja 1 gi 1 (17) Er +Er
W he B3R 2% <0, 22

The processD—-S-A—D*—S—A" is induced by energy The calculation of the rate constant for the intramolecular ET
resonance at the saddle point of the potential surface crosprocesD—-S-A—D*—S—A" follows the procedure in Ap-
ing, g5, dx , whereU;=Uy, or pendix A. The result is

rlo _ i

A [AEPE KT
-V EP+EA

€| Vbiad [E}+EP+eép 7+ eypViias— €647~ €YaVhiad?
-exp — (23

A AEMKgT ’

The observable current from the negatively to the positivelyaccounts for the twofold level crossing. The hyperbolic tan-
biased electrode is, finally gent has been introduced as an interpolation functioms
i=eCI{3’° (24) the thermal broadening in thg, and g, modes(Appendix
A A). If this width is small compared witleV,;,s, the rate

As noted, the factor 2 in the pre-exponential part of 23) constant reduces to the form for intramolecular ET between
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the donor and acceptor. K is large compared witle Vi, olo o [kgT €| Vpiad
only the fractioneV,s/ A contributes. Equation&23) and kDA:KDAE Etanhﬁ
(24) apply in both adiabatic and diabatic limits of intramo- ' .
lecular ET, withkpp—1 andkpa<<1, respectively. [E,D—(e§D 7+ €ypVpiad 12
The other configurations shown in Fig. 5 follow similar -exp| - AECK.T
lines (Appendix B: e
a. Initial configuration D"'—=S—A": TheD-level is ini- [Ef—(egAm— eyaVpiad 1
tially vacant and aboveg, , and the acceptor level occupied - 4Eka-|— (26)

and belowerg. Thermal fluctuations induce level shifts in c. Initial configuration D-S—A: This case is analogous
opposite directions, with intramolecular ET in the “energy to ca;se(a) The rate constant is |
tip” region where the donor level becomes occupied and the '

acceptor level vacant. The rate constant is @ kgT €| Viiad

ko= Koz \ gD @M o T

w kgT €| Vpiad
kg’AZZKDAE \V (ED+EA) tanh KT ool — [E}—eVpiast (eéan+eyaVhiad 12
X t ) 4EMKST
[Er' —€Vpiast (€6an+ €¥aVpiad |
: exp[ - 2EPKLT [EP — e Viast (€€p 7+ €ypVpiad |2
4E kgT

(25 2. Rate constants at negative bias voltages

ET is now from the negatively biased, right electrode to
. . the positively biased, left electrode. The rate constants follow
tially vacant and abover, andegg. Intramolecular ET is

induced by donor level fluctuations to cross the Fermi IevefIOSGIy those for positive bias voltages. The resuilts for the

of the negatively biased electrode. Further relaxation of the ' electronic configurations in Fig. 5 are

occupied donor level brings this level to cross the vacant o _rio F{(egD 7+ €¥pVpiad — (€€a7+€YaVbiad

B [EP —(eépn+e¥pVhad]?
4EPkgT
b. Initial configuration D"—S—A: Both levels are ini-

acceptor level, leading to intramolecular ET. The rate con-AD™ "DA kgT ’
stant is (28
|
[ eVhiast (€€p 7+ €YpVhiad — (EEA+ YAV
k2/5=k%/,&exp _ S Vbias (eépnt+eypVpiad —(€6an+eya b|as)}' (29)
I kgT
[ (eépnteypVpiad +(€Ean+EYAVy
krAler:kg/Ao exp _( Epmt+eypVhiad +(€an+ ey blas)}, (30)
kgT
K2/9= K% exp — € Vhias— (€Ep 77+ e?’DVbiasl)( +TeVbias—(e§A7l+ e'yAVbias)}, (31
B

whereks%, k%4, k%2, andkJh are given by Eqs23)—(26).  phasizes the coherent nature of these processes, in contrast to
the sequential pattern in the fully diabatic limit. Equation

(32) can be given the following other form:
3. Total current for molecular rectification in the fully

: oot 1-P ki3 1-P
and partially adiabatic limits =g p, PA[ kilo 2 0(Vpiad — 2 D
P k P
The total current at given overvoltage and given, posi- A ba °P
tive or negative bias voltage, is [1-Pp k25 1—Pa

X 0(—Vpiad | + Kk O(Vpind — —or —=——
190"= e CLKPRP (L1~ Pa) (Vi — KKBPA(1— Pp) vad | 0] T Ve it T

[1-Pp 1P, K/

X 0= Viiad +KLEPA(L— Pp) 0(Viad — K2 P (1 |
bIaS) DA A D bIaS) AD" D % 0( _ Vbias) + k%/,g 5 P_ 6(Vbias) _ kWB
1 L D A DA

—Pa) 0(—Viiad + KRR(1—Pp)(1—Pp) 0(Viiad

o ofo 1ol KA 1—Pp 1— Py
+KpaPAPp 8(Viiad —Kap(1—Pa)(1—Pp) X 6(—Vpiad | + Kpa| O(Vpiad — B P
] L DA D A
X 0(=Vbiad ~KaDPDPAI(— Viias |- (32
Pp and P, are again the donor and acceptor level popula- X 0(—Vpiad | | » (33

tions, andd(x) the step function. The superscript “coh” em-
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where the electrode coverage is taken to be unity. The levalifferent. The former effect scales with the threshold voltage
populations are and allows a wider overpotential range, and therefore in-
creased donor and acceptor level asymmetry.

b 1
A= _ o\
1+ex F{ _ eéant e')’kAVbias eVb'aS) B. Totally and partially adiabatic limits
T
® (34) These limits can be approached jointly and the currents
P — 1 scaled with respect t&p, of the intramolecular ET step.
b=

eépn+eypVpias They differ from the.fullyl diabatic Iimit' by thg coherent fea-
l+exp —————— ture and partial vibrational relaxation. Figure 8 shows
kgT . )
current—bias voltage relations based on the full set of equa-

or tions, Eqs(32)—(35), and the rate constants, Eq23)—(31).
1-Pn &7+ YAV piac— € Viiac The four different transitions dominate individually in differ-
Py - KeT ; ent overvoltage ranges which prepare BeS—A molecule

in different equilibrium states. The different overvoltages
1-Pp eépn+teypVpias correspond to different vacuum level positions at zero bias
=expg - ————+ | (39 voltage. The correlations show:

Pp kgT
Together with the rate constants and currents in Sec. V, Eq§l) ~ Pronounced current—voltage asymmetry, or rectifica-
(23—(32) are the basis for the numerical analysis in the next tion, is notable already at zero overvoltage. This re-
section. flects both the potential distribution in the gap and

asymmetry in the mechanism where intramolecular
and interfacial ET proceed coherently.
VII. NUMERICAL CURRENT-BIAS VOLTAGE (i)  The asymmetry depends sensitively on the potential
RELATIONS IN MOLECULAR RECTIFICATION distribution (yp and y,), particularly at the donor
site. When this variation is strong, i.eyp is large,
current rectification is abegativebias voltage. Recti-
fication is at positive bias voltage when the potential
variation at the donor site is weak, p small.
The rectification ratio reaches more than an order of

The analytical formalism in Secs. V and VI are illus-
trated in Figs. 7 and 8. The current—voltage relations shown
are also representative of molecular donor—acceptor rectifi-
cation in vacuum or gas ambient but here as noted, with n?
overvoltage. The equilibrium electronic energies are also difiil) _ : _ _
ferent. They are represented in EqB0)—(13) or (23)~(32) magnitude already at fairly small bias voltages and is

by the quantitie®ép 7 andeé,» which assume formally the larger the higher the overp(_)tential or level asymmetry,
role of electronic energy levels at zero bias voltage. and the larger the reorganization Gibbs free energy.

A. Totally diabatic limit VIIl. STRONG MOLECULE-ELECTRODE
The totally diabatic limit applies naturally only to the INTERACTION AND FANO EFFECTS

D-S-A—D"-S-A" case. Reorganization free energies  \ye address briefly the case where either the donor or the
are taken in the range 0.1-0.5 eV. The OXidiZed and reducegcceptor |eve| iS broadened SO Strong|y by the meta”ic con-
level gaps are ther-2E? for the donor and=2E7 for the  tinuua that the exchange interaction exceeds the nuclear re-
acceptor, or a donor—acceptor energy gap=of; +E; organization free energy. ET between the electrode and the
~0.2-1 eV at equilibrium. Bias voltages are in range up tohroadened level then no longer constitutes a separate transi-
leVpad<E.+E;'. Overvoltages are confined within tion, and the four-channel transition via separate donor and
leésn|<E;, S=D, A acceptor states reduces to a three-channel transition. The
Current—bias voltage relations for the totally diabaticproadened level however, still depends on the nuclear con-
limit are shown in Flg 7. There is no rectification at small figurations which affect the amount of Charge on the adsor-
overvoltage where the occupied and vacant levels are synpate and the electronic level density, and therefore the in-
metric with respect to the Fermi levels at zero bias voltagetramolecular ET rate constants involving the broadened
Strong rectification, however, arises as the overvoltage indonor or acceptor level. Several patterns of rectification
creasegnumerically towards the reorganization free ener- arise. Some of these resembitesitu STM of single-level

gies, or as level asymmetry in the gas phase are invoked. Th@dox centres and electrochemical ET via strongly adsorbed
currents are much higher for positive than for negative biagtoms or molecules.

voltage, and increase with increasing There is also a
threshold for strong current onset e~ E,DlgD. The

“rectification ratio,” i.e., i (+Vpiad/1 (— Vpiag is =1.5 when

[Vipiad =250 mV and~2 when|Vi,d=350mV, for eépn The rectification process here reduces to a three-channel
~20mV andeé,np~40mV. These values increase 463  transition. ET is either from the broadened donor level to the

and~6 wheneép 7 andeé, 7 increase to 35 mV and 70 mV, opposite electrode via the discrete acceptor level, or from a
respectively. The rectification ratio can take much higher valdiscrete donor level to the broadened acceptor level. This
ues when the reorganization Gibbs free energy is laffigigr ~ follows closely STM of redox moleculd§igs. 2 and & The

7) or the interfacial transmission coefficients are significantlySTM formalism in previous report$32>®therefore applies,

A. Broadened donor or acceptor level independent
of environmental nuclear dynamics
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except that the interfacial rate constants are replaced by rafthe meaning of the coupling constanfg,}, will be speci-
constants for ET between the discrete and the broadened dfied below. The rate constarid,,, for ET from the electroni-
nor and acceptor levefS:°° The diabatic rate constanks,  cally broadened donor level to the vacant acceptor level is
andk.qin Eq. (35 of Ref. 34 are, for example, replaced by

w
Egs.(23) and(24) in Ref. 59. Kox= KDAZ—;ﬂf de ppi(eLi{ai (e f(eL)
B. Configurational coordinate dependence U.({g*\)— U, .
of a broadened donor or acceptor level xe ;{— '({qk})k T '({qko'})}, (38
B
A self-consistent formalism incorporating the combined
electronic and vibrational level broadening is available forwheref(e ) is the Fermi function
electrochemical ET between a molecule in solution and an e —ep |7t
electronically broadened, solvent dependent adsorbate f(g )= 1+exp( T ) , (39
level %° B

This does not presently carry over to STM of single-
level redox adsorbates or molecular rectification. We providé@nd {qy } are the values ofq,} at the saddle point of the
instead current—bias voltage relations for a simpler case. Thefossing between the initial and final state potential surfaces
broadened level is specifically the donor leve}, (Fig. 6  (acceptor level vacant and occupied, respectjvetieter-
coupled to a set of environmental displaced harmonidnined by
nuclear coordinategg,} of vibrational frequencie$w,}.

The density ofile}(;tronic statesp, , caused lfy ljroad— Oic = (1~ @) Qoi + @Qkor = Gkoi T+ @(Ckor ~ Gkoi)-  (40)

ening of the donor levekop, is Okoi andq,o; are the equilibrium values df in the initial

1 Op and final state where the acceptor level is vacant and occu-
PoL= [(eL—er)—(s0p—er) 12+ 5%- (36) pied, respectively. The transfer coefficient,is
wheresp, is the donor level broadening caused by interaction 21 1 eéan+eyYaVpiast (gL~ €rL) 1)
with the adjacent electrode. Adding linear coupling terms ¢~ 2 EX

along theq,-modes,pp, becomes

With the assumption that the nuclear configuration is deter-
mined solely by ET at the acceptor site, the equilibrium co-

1 5o ordinate displacement and reorganization free energy in Egs.
p 2 - (40) and(41) are determined by the charge state of this site

(SL_SFL)_(SOD_SFL)_EI( Ok(Gk—Okoi) | +85  only.
By combining Eq.(38) with Egs. (39)—(41) k,y is ob-
(37 tained in the immediately usable form,

poL=p(eL{0k(eL)})

Wesf [~ 1 6D
k°X:KDA27rf dov - eéan+eyaVpiast (8L — £rL) 2
—o A AVpi L~ €FL
(SL_‘SFL)_(SOD_sFL)_§<1_ EIZS >2k gk(QkOf_Qkoi) +5%
r

1 [E}—eéan—eyaVpas— (eL—&r)]?

: — exp — A . (42)
ELTERL 4ErkBT

1+ex T

B

The coupling constants,} are related to the reorganization IX. CONCLUDING REMARKS

free energyE;, by Sections V and VI offer an analytical theoretical frame
for electron flow through an ordered assembly of donor—
acceptor molecules between two enclosing metallic elec-
trodes. The formalism follows that for STM of redox
molecules’?~3¢-%8put addresses one level higher complexity.
and the observable current is relatedkt by Eqg. (24). Focus has been on current rectification as this device func-
Further analysis of this limit and approaches to casesion in molecular electronics is coming within

where both the donor and acceptor levels are electronicallyeacht!1?16-22Together with the theory a#x situandin situ

and vibrationally broadened will be provided elsewH&re. STM of redox molecules the formalism, however, holds

1w O 4
EEK‘, ﬁ—wk—Er, (43

Downloaded 05 Mar 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



2160 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 A. M. Kuznetsov and J. Ulstrup

0.4

1.5 T T T T T

250

Vbias 0.5 1 1 H 1 1

FIG. 7. Current/bias voltage relations for electron flow through the donor—

acceptor molecule. The current,,,, IS scaled with the pre-exponential (@)
factor. Vs in mV. Fully diabatic limit with equal interfacial transmission

coefficients. Equilibrium level configuration as in Fig. ErD=Ef‘ 0.8 T T T
=0.1eV, yp=0.2, y4=0.4. Solid line:enér=35mV, ené,=70mV.
Dotted line: enép=10 mV, ené,=20 mV. Dashed lineenép=20 mV,
enép=40mV.

promise as a broader frame for spectroscopic properties of § ;
single molecules and for more complex molecular assem- = 02k ‘ 4
blies and architecturés31° ’ :

ET through two-level donor—acceptor molecules exhib-
its multifarious behavior. Two broad classes of mechanisms
can be anticipated, with strong electronic—vibrational cou-
pling and relations to interfacial ET in condensed media as
common features. One class represents donor and acceptor ()
levels that interact weakly with the enclosing metallic elec-
trodes. Electronic conduction through the molecular layers is
constituted by individual ET steps from the negatively to the
positively biased electrode via the donor and acceptor levels.
The sequence reduces ittdependenET steps in the fully
diabatic limit, where all the electronic interactions between
the participating componentdonor and acceptor fragments,
the electrodegsis weak. This limit, however, strongly attenu-
ates electron flow. Electronic conduction is much more facile
when the electronic contacts between the molecular frag-
ments and the electrodes are strong and the partially or fully

250

adiabatic limit prevails. Both high interfacial ET rate con-
stants and a different physical pattern then emerge, involving
dynamically populated intermediate states. A conspicuous

(©

1
100

0 50
Vbias

feature is that rectified ET proceeds through populated donor
and acceptor intermediate states, with only partial vibrationakFIG. 8. Current/bias voltage relations in the partially and fully adiabatic
relaxation. This follows patterns for adiabatic three-levellimits. Scales as in Fig. 7. Reorganization free enerifs-Er'=0.2 V.
STM processe8!**The additional intramolecular ET step in Eg;ire:”é:gi”é'_alt)c:tstg'dbﬁﬂg?:;g:iefgfgazn\yl?zsg‘jﬂzgﬁ\?oggﬂga
the donor—acceptor rectifier means that two electrons, iNgne: ey, =—25mv, enés=-50mV. (b) Solid line: yp=0.25, y,
stead of several, are transferred in a single reactive event.0.75.: ené,=enéa=0. Dotted line: y5=0.1, y,=0.5. enép
Focus should thus be on the partially and fully adiabatic=—7.5mV, enéx=—-38mV. Dashed line:yp=0.1, y4=0.5, enép
limits in approaches to a real molecular rectifying device. ~2-5MV. €7§,=12.5mV. () ¥p=0.45, y4=0.9. Solid line: en&p

. . . =enép=0. Dotted line:enép=—10mV, ené,=—20mV. Dashed line:

The other class of mechanisms involves so strong mteréngD: —25mV, enéae —38mV.

actions with the metallic surfaces, that electronic broadening
compares with vibrational broadening. The metal and ad-
sorbed molecular fragment then constitute a single element, The first class of mechanisms is addressed in Sec. V for
and rectification reduces to a three-level transition. The denthe fully diabatic, and in Sec. VI for the partially and fully
sity of states of the broadened level is determined by thediabatic limits. Both are characterized by their steady-state
combined adsorbate—metal and vibrational broadening. Suaturrents determined by the individual interfacial and in-
mechanisms resemble three-level ET in STRefs. 33-3%  tramolecular ET rate constants and the populations of the
and electrochemical ET from a molecule in solutibto an  donor and acceptor fragments in different electronic states.

electronically broadened adsorbate level. The rate constants are determined by the electronic energies
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of the donor and acceptor fragments, the nuclear reorganizéihe energy and transfer integrals, respectively. In the super-
tion free energies, the overpotential and the bias potentiabxchange mode the observations would relate to the trans-
the electronic transmission coefficients, and the potential dismission coefficients in the fully diabatic and partially adia-
tribution in the gap between the electrodes. The electron flowatic limits of the formalism in Secs. V and VI. Disorder

in the partially and fully adiabatic limits is, moreover, con- decreases the conductivity close to electronic resonance and
trolled by several reactive channels working in parallel. Thengyces electron localization, but enhances the conductivity
activation free energies of the rate constants resemble tho$gen the molecular levels are off resonance with the metallic

for in situ STM (Refs. 32-36, 5Band interfacial electro-  permi jevels. The latter effect was also observed in an early
chemical ET(Refs. 53, 54 but the electronic and vibrational report61

level widths are different and the voltage ranges of the dif- The mechanism of the molecular resonant tunnel diode

ferent channels crucial. The rectified current pattern is there- . L 2728
. . _of Reed and associatésproposed by Seminariet al?”
fore also different from the overvoltage and bias potential

dependent currents in electrochemical ET amgitu STM. glustrat'es ?fther fﬁ_arlltures of mportag'ce |g tr)ela::onL'S)Mngcliar
The limit of strong electronic contact between the ynamic effects. The current is mediated by the ; the

D—S—A molecule and one of the metallic surfaces, and theeharacter of which changes drastically with the molecular
resulting Fano broadening is addressed in Sec. VIII. Th&harge. When the molecule goes from neutral to being single
most important result is Eq42), which points to a clear Negatively charged the LUMO changes from being partly
relation toin situ STM of redox molecule®*3658The broad- localized to being delocalized over the entire molecule,
ened level and contacting metal thus constitute now a singlepening an efficient ET channel. Double charging again
channel, and the rectification process is reduced to a thredeads to orbital localization and closing of the channel. These
level process. Current/voltage relations therefore followeffects are accompanied by increasing molecular structural
“spectroscopic” patterns similar to those for situ STM. planarity as the negative charge increases, indicative that
The formalism accounts for threshold bias voltage ef-conductivity is controlled both by charging and vibrational
fects and strong current asymmetry in the donor—acceptahotion. Such effects should be incorporated in the formalism
configurations in Figs. 1 and 3-5, with much higher currentsf Secs. V and VI, by introducing additional gating modes
generally for positive than for negative bias volta@®e, such as known in other context&®*
however, the section belgwThe patterns are determined by Organized monolayers of existing molecular wire types
the donor and acceptor energies relative to the Fermi enejgith accessible electronic states suitable for temporary elec-
gies of the electrodes, the electronic—vibrational coupling,gnic population are appropriate target molecules for the

(reorganization energigsthe overvoltage, the potential dis- 15acylar diode formalism in Secs. V and VI, and the recent
tribution in the gap, and the diabatic or adiabatic nature o heory of STM32-365850me systems were noted in Sec. II

the process. Current rise sets in when the donor level 'Sther cases for facile asymmetric current/bias voltage rela-

brought to cross the Fermi level of the negatively blasec{ions and electron flow along molecular wires, could include:

electrode. The t_hreshold voltage is therefore higher the Iarge(%) self-assembled condensed porphyrin compl&&&31b)
the reorganization energy and the lower the overvoltage.

“Rectification ratios,” i.e..i(+Vyad/i(—Vya) are in the ¢ondensed aromatic ring syste#f$,and multiply function-

range 1.5—6 for appropriate parameter vaILEe§,< 0.5eV, alized Ithiol|ate|§,°d((<j:) carbog nar:\otube systefrﬁlg?'%(d) su-. i
S=D,A, [Vyud<0.5V, |7|<0.2V in the totally diabatic pramolecular la gY%gs an 'ot er arrays of large trangmon
limit. The ratio is higher for larger energy gaps a8gl. High metal CO?%'GXG g (e). single molecules in metallic
“rectification ratios” are, however, better achieved in the "anogaps;” (f) differential resistance patterns in adsorbed
partially or fully adiabatic limits, where the “rectification heteropolytungstate complexEs; () molecular photo-
ratio” reaches more than an order of magnitude already fofliodes;***"?and(h) perhaps axial conduction along double-
modest reorganization energies and Overvo“:ag'gs_ aa) stranded OIigOﬂUCleOtidég. We conclude by addreSSing
and 8b)]. The ratio also depends sensitively on the bias voltbriefly recent data for current rectification in monolayers of
age distribution in the gajFig. 8(c)]. Current onset can be at hexadecyl-quinolinium tricyanodimethanidfe’>* the fol-
positive or negative bias voltage when the potential variatiodowing features of which are important in relation to the
at the donor site is weak and strong, respectively, althougformalism and computations above:
the former would be the more appropriate for actual rectify-
ing molecules.

Focus in the approach in Secs. V=VIII was on nuclear
motion, strong electronic—vibrational coupling, and vibra-
tionally induced resonance with the molecular redox levels.

(i) Mono- and multilayer films were characterized com-
prehensively. New synthetic methods were used, and
samples characterized by spectroscopic methods,
electrochemistry, x-ray scattering, Langmuir—

In these respects the approach differs from most recent re- Blodgett techniques, and theoretical methods.

ports on electronic conduction through molecular wires (i) ~ The molecule holds a quaternary quinolinium unit tied
where attention was mostly on the electronic factor. Analysis to a hexadecyl(T) chain, HDQ, and a 3-cyano-
of environmental effects on the electronic features in some quinodimethanide unit, 3CNQ. The ground state is,

reports, however, has some bearing on the results above. Rat-  schematicallyT-D"-S-A~«—T-D-S-A,D" de-
ner and associates addressed the effects of electronic diago- notes the HDQA the 3CNQ units, an&the aromatic
nal and off-diagonal disordéf:>>3! These notions refer to spacer betweeB andA.
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(iv) The ground state is a resonance between a zwitterion

and neutral form, cf. abové&. There is a low-lying
charge transfer state of charge separated biradical n -PPEZ'\éDlx A: DERIVATION OF THE RATE CONSTANT,
ture corresponding to a strong absorption band at Q- (23)
15.300 cm* or 1.9 eV'® The transition is at a higher The intramolecular ET rate constant is, in the classical
energy, i.e., 17.700 cit or 2.2 eV in Langmuir— limit>®
Blodgett films of the molecul& - =

(v)  The spectral bandwidth of the charge transfer transi- kDA:Qalj dQnQnPLzeXF{ - ﬁ) Qq_1J ,dapdaa
tion is about 3.700 cm' or 0.46 eV in the Langmuir— B S
Blodgett film, and 0.60 eV for the molecule in aceto- Ui(dp ,da)
nitrile  solution’® These values correspond to xexp{ © kgT

significant nuclear reorganization energies, i.e., O.SPEkm is the kinetic energy and, is the velocity component

. and 0.90 eV, respectlvely.. ] . normal to the crossing surface between the initial and final
(vi)  The current-voltage relation displays strong rectifica-gi5te potential surfaceS*. U;(dp,q,) is the potential en-

tion with much higher currents at positive bias volt- grgy in the initial stateQ; the normalization of théMax-

ages when the molecule is oriented with the 3CNQwell) velocity distribution andQ, the normalization of the
end towards the negatively biased electrode. There igBoltzmann coordinate distribution.

a threshold voltage aty;,~ + 1.5 V. Rectification ra- The adiabatic Landau—Zener transition probability is
tios range from 2.4 to 26. The threshold voltage de-P,,=1. The first integral then gives
pends insignificantly on the temperature but the tran-

Ex | kT
sition from “blocked” to rectified current is sharper at Qalj dgndn exp( K le) —o\3 Bﬁ ,
105 K and the absolute current values at given bias B mhe

(A1)

voltage much smaller than at room temperature. . 14 ., .,
(vii) Figure 1 accords qualitatively with the data, i.e., the  SINC€ Exn=5 —~(dp+dp)- (A2)

ground state HOMO of the molecule is below and theI ; i the d d i di d
excited state LUMO above the electrode Fermi levels ' cd'ation Over the donor and acceptor coor naigsan

at zero bias voltage. If the first intermediate stake, ga in the second integral is conveniently replaced by integra-

. . ) tion over the donor and acceptor level energies. By defini-
Fig. 3, is roughly represented by the optical chargetion P g y

transfer state, then the observed threshold voltage ac-

cords roughly with the excitation energy of the chargeJ adq exr{ ~ Ui(@p,9a)
transfer state, corresponding to parallel shift of the)s* pEEA kgT
charge transfer state energy with the bias voltage. This

Ui(gp,
could be the case but is far from certain as the poten- =f ququ|V(Ui—Uf)|ex;{ - M
SR . . sT
tial distribution over the molecule in the gap is not
known. X S(U;—Uy), (A3)

The data hold two other suggestions relating to Secs. \yv_hereV(Ui—Uf) IS th? gradient of the potential surface
. difference at the crossing between the two surfaces. From
and VI. One is that the measured currents are very stél.

This could either be because only a small fraction of theEqS'(15) and(16) the integral in Eq(A3) can be recast as

molecules are active, or because the measured currents begjn
when there is still a significant energy gap between the dono
and acceptor states. The latter would be in keeping with the

11
ququ"'_)%aj depdep --8(ea—ep)

. - o 11 Ui(ea=¢p,
substantial temperature coefficigattivation energyof the == | dep exr{ _ M ,
current. The other suggestion is that the reorganization en- 9o Ja BT
ergy determined from the optical charge transfer band width (A4)

imply that the intermediate state where the acceptor level igonstants, cf. Eq(17),

in the reduced state remains above the Fermi level of the

— D . _ A
positively biased electrode. The rectification process would 9o=V2E o) ga=V2Erhw. (AS)
then, interestingly, involve this state in a dynamically popu-Expressingyp andga in U;(qp,qa) in terms ofep andep
lated mode. we obtain for the rate constant,

Downloaded 05 Mar 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Molecular electronic retification 2163

® L[ Ui(ea=¢p,€ep) probability that the two original levels are brought to cross
koa=5_-A" f dep ex;{— — 1 |© A8 the appropriate Fermi levels, at the surf&¥e which sepa-
°FR B rates the initial and final state potential surfaces in the
where the quantityy, is Op .ga-plane.
27 EDEACT . This surface is shown in Fig. Q0 is the (':oordinafte
A=A /Df—rAB_ (A7) displacement along, when the acceptor level is occupied.
Er+E The equilibrium values ofjp andq, in the vacant states are
Since at qp=0,=0, Egs.(15-(17). ¢(gqa,qp.) is the angle be-
tween theqp-axis and trajectories crossimg,, of the sepa-
|V(Ui—=Up)|=o5+ 2= V2(EP+ED)hiw (A8)  rating surfaced(qp ,qar) is the angle between theg,-axis
and cf. Eqs(15)—(17), and trajectories crossingr of the separating surface. Fol-
lowing the procedure in Appendix A we can write the rate
1
es=ep —0sls; Of qs:g_s(gs_sgx); S=D, A, constant as
c kgT ho
Ui(en,80) =~z (ea— 8292+ —p (sp— 82— 2EP)2, A= O\ e 2rkaT BD
AE; 4E;

(A9)  The factorsw VkgT/27mhw andfw/2wkgT derive from the
thenA is noted to be identical to the width of the Gaussiankinetic energy and the normalizing fact@y, ! respectively.
integrand in Eq(A6). Integration with respect tep gives  The function® is
the rate constant,

daL
» Ui(er=¢p e} b= dq, cos ,
kDA:EA,lAS exp{— il AkBTD D) ’ (A10) " 0a COS¢(0a,dpL)
where the activatiofree) energy takes the form in Eq3) % ex;{ B 3w (0a—no) + %ﬁqum
and(A9). The energy widthAe, is controlled by the thermal kgT
donor and acceptor level broadening if this broadening,
given by Eq.(A7), is smaller than the bias voltageV,,.. If n quRd O COSO(qp ,qar)
the thermal level broadening is larger thaiy,s, thenAe dpL
coincides approximately with the latter, i.e., L L )
_ shw(gar—ao) + 27t 0dp
Ae~A if A<eVpias Xe [{— T } (B2)
B
AS%eVbiaS if A>eVbiaS. (All)
The following interpolation formula bridges these two limits: The anglesp(da,dor) and #(do ,dar) are
eVbias OdpL dar
Ae=Atanh . Al12 CoOSp= i COSO= ———==.
A A2 ¢ VO3 +(da—Gao)? Va5 + iR
EquationgA7) and(A12) give the rate constant in EqR3) (B3)

and(24). The transmission coefficienkp,, has been intro-

duced to include the diabatic limit of intramolecular ET. Insertion of Eq.(B3) into Eq. (B2) and integration gives

approximately
APPENDIX B: DERIVATION OF EQS. (25)—(27) FOR
THE D*-S-A~, DY—-S—A*, AND D-S—-A"
CONFIGURATIONS

q 4
_— _ , . A
In  the initial state equilibrium configuration,
D"-S-A", % is located above:r, and &R below epg. N

Configurational fluctuations bring to crosss g, ande'?%to

crossegg. £ then becomes occupied by fast adiabatic ET q

from the negatively biased electrode to the left, whil® AR

becomes vacant by fast ET to the positively biased electrode

to the right. Subsequent to interfacial ET the occupied donor

level relaxes downhill and the vacant acceptor level uphill. qAL

They cross during vibrational relaxation, leading to intramo-

lecular ET from the temporarily filled donor level to the tem-

porarily vacant acceptor level. The nuclear velocities alonq: o _ _ y
IG. 9. Trajectories and crossing surface in the ga-plane. The equilib-

the coordlnatequ and A SmCtIy sp_eaklng, differ from rium values ofgy andq, , and the values where they cross the Fermi levels
the thermal value at the moment of intramolecular ET bUtof the left and right electrodes, at positive bias of the electrode to the right

this effect is small and disregarded. Focus is instead on th&re also shown.

Ip
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