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Nonadiabatic Electron Transfer: Exact Analytical Expression of
through-Conjugated-Bridge Effective Coupling and Its Asymptotics and Zeros
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For the conjugated oligomers of the type (Mescribed by a tight-binding Hamiltonian with the nearest-
neighbor interaction between monomers M of otherwise arbitrary electronic structure, the bridge-mediated
donor-acceptor effective coupling is proved to be ruled by an exponentialr%;\v\exp(—éN). Previously,

this kind of dependence has been recovered in many numerical treatments or guessed on phenomenological
basis. The exact expressions of the decay conétant pre-exponential factd‘t%A obtained in terms of the
monomer Green function provide, for the first time, an analytical relationship between the olig@heetronic
structure and through-conjugated-bridge tunneling efficiency. For the fundamental band gap a simple analytical
approximation of the effective coupling that relateso the model of through-rectangular-barrier tunneling

is also given. The dependence of the effective coupling on energy of tunneling electron (hole) is examined
in detail and illustrated for oligomers of polyenes, polyparaphenylenes, and polyheterocycles. The results
obtained suggest a quick and reliable estimate of the effective coupling with a deep insight into the physical
origins of related switching abilities of conjugated oligomers as a useful alternative to lengthy numerical
calculations.

I. Introduction The effective through-bridge coupling squared enters the
intramolecular donor-acceptor electron transfer rate as a principal
actor!617 The linear-response tunnel conductance of metal-
molecular heterojunctiorid;*41® where a molecule spanned
between electrodes acts as a molecular Wir&, is proportional

to this same quantity. Therefore, the present detailed discussion
of the through-bridge effective coupling on the basis of the exact
expression of the Green function for conjugated oligomers, that
has been found by us recentRis of immediate use not only

in the field of the electron transfer but also for measurements
of current-voltage characteristics in metaholecule-metal

Numerous processes that are met in physics, chemistry, an
biology can be put onto a formal schem®&® — DBA that
implies the transfer of charge or excitation from (conditionally)
donor (D) to acceptor (A) through a bridge B. Generally
speaking, the interaction between donor and acceptor, which
makes possible that kind of processes, involves all states of
bridging subsystem. However, under certain conditions the
D—A interaction can be characterized by a single energy
dependent parameteeffective trough-bridge coupling, which

has been proven to play the fundamental role in charge and o1 . : )
excitation energy transfer phenomen. heterostructure¥- From '[.hIS perspective oprlwork aims at
the development of a realistic analytical description of electrical

Itis now well establishett® that the effective coupling in current across a single molecule. This work concerns only the
donor/bridge/acceptor (DBA) systems can be expressed in terms 9 ) y

of a bridge Green function which suggests the physically clear gu“m;?:]:ri”elw ;r;clijbriatfgms ngnlcr;%ioibl\i\l/téeihgﬁl %?Qéﬂgit?ﬁe
basis for computing this quantity explicitly or implicitly in 9 : q P

. _ . . resonance transmission spectrum of “elastic” metablecular
various contextd-14 For a bridge modeled by a monoatomic P

chain, the explicit expression of Green function can also be he_trehrgjugcgcr)?ss.or anized as follows. Section Il proceeds with
found#615 and thus far, this model remains dominating in pap 9 ) P

relevant analytical and semi-analytical treatmér#&813 The ﬁsbg)?;é?;n:]gll Igggldcl;g;ilr?ir':i(()); ﬁgi:ﬁg%ﬁﬁgﬁggggg? (%Ir\(/eeesn
focus of this work is just on this latter aspect of the problem y

. . function for a tight-binding Hamiltonian of conjugated bridges.
pioneered by McConnellwho found the asymptotic energy : : .

. . . We establish the interrelation between the monomer Green
depgnplence Of. effectlve; coupling through a nonalternating CH function and the asymptotic behavior and zeros of effective
Chggegﬁt:aensne\?ee ?325;63 2??;?2;:; Tt’f?::.ass of bridging coupling as a function of energy in sections Ill and 1V,

. . . respectively. Section V exemplifies the analytical relations
molecules-conjugated oligomers, which can be approached by derR/ed in zreceding Sections Ey oligomers ofypolyene poly-
the Green function formalism up to obtaining the exact closed '

expression which relates the effective coupling to the monomer paraphenylene, and_ polyhet_erocycles. .A brief d|scu33|on_ of
) - . some related results is also given in Section V. The concluding
(oligomer building blocks) Green function. In general terms,

this makes possible to oversee the electron transmitting proper-rizsagrlffatgn section VI outline the main findings of this
ties of conjugated bridges at the monomer level. P )

II. Bridge-Mediated Effective Coupling
TIFM. Permanent address: Bogolyubov Institute for Theoretical Physics, . . . . .
Kiev, 252143, Ukraine. In this section we introduce the concept of effective coupling

* Space Research Institute. which is broadly used in the theory of non-adiabatic bridge-
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assisted electron (hole) transfer, see ref$,116, and 17, and The validity of approximation 2 has already been examined
literature given therein. Briefly, the electron transfer event is in detail® Therefore, we restrict ourselves to a few remarks
thought to occur under the influence of a weak derarceptor about its applicability. Obviously, eq 2 is valid if and only if

interaction, whenever electron has the same energy in the initialboth the renormalization correction to the donor (acceptor)
(at donor) and final (at acceptor) states, and at a fixed geometryzeroth order energy (the second term of the right hand side in

of the bridging molecule, whose end atoms are coupled with eq 2) and the splitting (third) term are small in comparison with
donor and acceptor via the electron-transfer resonance interacthe differenceAe betweere and the bridge band edges expressed

tion.
To put this concept on formal basis, it is usually assumed

in units of the intermonomer electron-transfer resonance interac-
tion fc—c. This condition is satisfied if, firstly|Toa/fc—c| <

that the presence of electron at donor (acceptor) described byAe, and, secondly, if both energi€s. andE- are outside the

the HamiltoniarHP (H*) can be approximated by a single orbital
|IDO(JAD, HP|DO= ¢|DO(HA|AL= €|AL), whose overlap with
the bridge end-atom orbitald,Oand [Ny, Ois represented by
the identical hopping integr@l. Then, denoting the Hamilto-
nians of DBA system and bridging molecule (in the present
context the latter is associated with an oligomeNohonomers

M in conjugation) as4 andHO%, respectively, and the operator
of the Green function of the bridging molecule &w =

(E — HO)1, the eigenvalue problem for the DBA system,

detHm,ne — OmdawEl = 0, can be expressed in the foim
=+ B (G, (B) £ Gy, (B)] D)

The notations introduced above have the following meanings:
Himne = mrh|H|naD H = A% + HP + HA + B(|D[M,,| +
|AN,| + h.c.), G o, () = [y| (E — HOw)n 0] In0=

DO AL whenn = 0 (N + 1), respectively, and keh,[Jwhere

n runs over all monomers of the bridge (from the firsiNth),
identifies the 2p atomic orbital of theath atom in thenth
monomer, and these orbitals are supposed to form a complet

to the left and right binding sites (atoms) of the monomer in
the oligomer chain. At this stage the HamiltonielRv is not
needed to be specified.

The solutions to the above set of equations determine (exactly)
all one-electron energies in the system except those correspond-

ing to degenerate oligomer baridslf the contribution of bridge

oligomer one-electron bands defined in the lifdit—~ . The
latter restriction of the validity of the two-state description of
DBA systems and thus, of the validity of the concept of effective
coupling, is particularly important. It has been implied rather
than emphasized previouslyMoreover, it was rarely controlled
in numerous computations of the effective coupling.

Since the width of band gaps of linear conjugated molecules
is of the order of|Sc—c| or less, introducing the effective
coupling makes sense|ifpa/fc—c| < 1. For comparable values
of |f] and|Bc-c| the latter inequality is equivalent to

1Be- CG N, (€)| <1 (4)
that, in physical terms, implies doneacceptor electron transfer
occurring due to tunneling across the bridging molecule.

The above derivation of effective coupling is essentially based
on the method of Lifshi® and Koster and Slat&that in the
same context has been used previoddf/ .The expression of

effective coupling in terms of the Green function of bridging
molecule given in eq 3 can also be obtained by using thedir

: . : : artitioning techniqué’ see, e.g., refs 3 and 6.
orthonormalized basis of the bridge states; indexes | and r referap g d d

To advance this derivation further we shall define the bridge
Green function appeared in eq 3. For the conjugated oligomers
of the type M—-M—---—M it takes the form?

(E) sin&

states to the donor (acceptor) state and vice versa is small (see

the extensive discussion of this point in ref 6) the two energies
of originally degenerate donor and acceptor levels can (ap-
proximately) be defined as

= e+ FG () £ FG (0 )

o, (E) = (5)
R singeN) — ﬁc cGh, () SINEN — )]
WhereG'\’I (E) is the monomer Green function matrix element

referred to 'binding sites; anda, the sites of the intermonomer
interaction, and is related to the electron energy in the DBA
system by the following equatiéh

2 cosé = f(E) (6)

where, unlike the exact eq 1, the argument of the bridge Greenhere

function matrix elementk is replaced by the zero-order donor

(acceptor) energy.
As it is seen from eq 2, the quantity
1 —
Toa=35Es —EI=FIG\ E=9l (3

plays the role of the bridge mediated effective coupling between

donor and acceptor that removes the donor-acceptor degeneracyligomer chain.

In an isolated DBA system described by Hamiltonfansuch

a coupling leads to oscillations of the electron density at donor
and acceptor with the frequendpa/ii* (reversible electron
transfer from donor to acceptor and backward). Under certain
conditions regarding the interaction of DBA with the outer
world, which can be further specified (see, e.g., ref$18, 9,

16, and 17), but this is outside the scope of this presentation:

the effective coupling gives rise to irreversible dohacceptor
electron transfer with the rate proportional g, .146:16.17

Be-cGh (E(E) =1 - B2 _c[Gy . (E) G

('\;lr,ar(E) -
(Goe (BT (1)

The expression 5 has been obtained under the only limitation
with respect to the electronic Hamiltoniai?w:22the assumption
of nearest-neighbor interaction between monomers in the
In the particular case of polyene oligomers,
an equivalent expression was suggested in ref 6. E&flat,
matrix elements of the polyene Green function for the tight-
binding Hamiltonian have been found.

Equations 57 are valid for any energies. Equation 6 has
the meaning of the dispersion relation and, as such, determines
the allowed and forbidden zones, i.e., the bands and gaps in
the energy spectrum of linear sequence-M—-:--—M in the
limit N— .24 The (dimensionless) wave vectis real within
the band energy intervals, 9 £ < x, but it acquires complex
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values,E = +id or &£ = & £ i9, within the band gaps. In this
latter case, the dependence @fon energy is given by the

equation
s =n(fE) 2+ VirEyrE - 1) ®)

that directly follows from eq 6 forlf(E)|/2 = 1. The gap

Onipko and Klymenko

in the framework of a model that has been proven to give an
adequate description of linear conjugated molectfles.

Note also that with the replacemgiftby the spectral density,
the square of the effective couplinglph/Bc-c)? determines
the tunnel conductance in the linear-response th&dd.
Therefore, the model-exact expression of the effective coupling
derived above gives an analytical solution to a particular problem

boundaries (band edges) can also be found from eq 6, often inof current experiment&i ! and theoreticaf?13! interest.

an analytical forn?4.2°
The replacement of in eq 5 by the complex wave vector
gives

(F1)"Gy o (E) sinho
sinh@ N) + fc_cGy o (E) sinh[p(N — 1)]

G?aMN (E) = (9)

where the upper signs correspond&e= 7 + id, and lower
signs correspond t6 = +id, andd > 0. Inequality 4 can be
satisfied, ife’N > 1. Hence, under the latter condition we have
from eqs 3 and 9

—ON

Toa =Toa € (10)
where the preexponential factor is given by
2sinh@)Gy, , (E)
DA — (11)

1+ Bc-Gho(E) e

As is shown by us previouskR#,if Iﬁcchg/:,ar(E)l > 1, thexr
electron spectrum of the oligomer contains ingap (local) states
at the energies, Whe'@m,al(E) = 0. (If |Bc-cGy . (B) = 1,

the neighboring bands join each other at the energies, where,

Gg’:,aI(E) = 0, so that at these energies the concept of
effective coupling is not applicable.) In such a special case
further analysis is required that will be published elsewhere.
Here, we only note that, if the denominator of the right-hand
side of eq 11 turns to zero or has nearly zero value (and this
can be the case only lﬁc_ch’:yar(Eﬂ > 1), the definition of

the preexponential factor given in eq 11 is incorrect. Neverthe-
less, exponential dependence in eq 10 witlgiven in eq 8

remains to be valid but with another definition 8, and at

larger oligomer lengths, i.e., at the energies of ingap states andrational

close to them the conditiog®N > 1 becomes to be insufficient.
With account to the restrictions just specified, eq 10 with

Moreover, eqs 811 can be generalized to the case of oligomers
of the kind M—M—---—M—M3, where M is a two-component
monomer M—M3!8 (such as oligomers of poly(phenylene
vinylene), polyaniline, etc.). Thus, an analytical exponential
dependence, that has been originally found by McConnell for
a chain of one site, one level monomers, is extended to cover
essentially all conjugated oligomers.

Setting in eq 116Gy, (E) = Gy , (E) = Gy, (E) = E =
—(2Bc-ccosh )™t and substituting the resuft in eq 10, one
obtains

2p% sinho
|ﬂC*C|

o O(N+1)

I Toal = (12)

where

6 =1In (|E/(2Bc_o)| + v [E/(2Bc_o))* — 1)

To restore the McConnell original result, one has to set in
eq 12|E/(2Bc-c)| > 1. Then, one geffoa = (5%|Bc-cl)e N,
whered = In|E/Bc—c|.2

One of the disappointing features of this result is that its
validity requires the energy of tunneling electron to be remote
from the bridge states. From the mathematical point of view,
the McConnell formula describes the asymptotic behavior of
effective coupling as a function of energy. Nevertheless, it is
of interest to answer the question: does or does not survive the
McConnell result, if building blocks of the bridging molecule
possess some internal structure?

[ll. Asymptotic Behavior of Effective Coupling

Any Green function matrix element can be represented as a
function.  In  particular, fc-cGy. (E)
Py (E)/PNM(E), wherePy,,(E) and PN.M(E) are polynomials of
theMNMth andNj,th (N}, < Nw) degree, respectively, aldy is

the exponential decay constant and preexponential factorequal to, or less, than the numbersoklectron centers in the
determined by egs 8 and 11, respectively, represent a physicallynonomer. Therefore, for energies which are sufficiently distant

consistent definition of donor-acceptor through bridge coupling.
Above all, the derivation of this equation presents a proof that

tunneling across the band gap of a linear molecule is described
by the same dependence on the molecule length as the

probability W of tunneling across a rectangular barrier of height
V on the barrier widthL = aN: W ~ e %L, wherex = A1

v 2m*(V—E), E is the energy of tunneling electrom®* is the
electron effective mass, ards the lattice constant of the linear
molecule. Earlier, such a dependence was often guts¥ed
but never proved.

Furthermore, provided the monomer Green functions
Gy o (E), Gy, (E) andGy! , (E) are known (and these can quite
easi'y be found in many cases described by the tight-binding
Hamiltonian, see below), eq 10 gives an analytical relationship
between the value offpa (that is probability of electron
tunneling across the bridge) and the electronic structure of the
bridge and its length. Importantly, this relationship is obtained

from the oligomer bands, we can write

taf] -<fs

where the values o€ andNy — Ny, are determined by the
particular electronic structure of monomer, ghd some energy
scale which is convenient to use for the given monomer, see
below.

On the other hand, under the assumption that polynomial
P’N,M(E) does not have roots outside electron bands (the
special cases(“x’:,a(E) = 0 is discussed later) it follows from
egs 8 and 13 that for large values|& and € we have & =
|§C_CGZ:Y&(E)|*1. Then, eq 10 transforms intdipa
(B Pe—c) €N  or, equivalently, Tpa
(B1c—cl)|Bc-cGy, o (E)IN. Thus, with account to eq 13

—(Nm—Nu)
(13)

lim
|E[—co

ﬁC*CG'(\x/:,(xr(E) ‘ = ||Ei|m»
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Hence, the asymptotics of the effective donacceptor coupling

0 =—In|Bc_cGy o (E) = (Ny — Njy) In

’—InC (14)

through an oligomer is determined by the asymptotic behavior

of the corresponding monomer Green function.

It may seem at first sight that the larger is the number of
centers in the monomer, i.e., the larger is the nunitagrthe
larger is the decay constant of effective coupling. But in

applications of the above equation, one should take into account

the real distance which corresponds to the chaN wfonomers.
For example, for nonalternating GHridge (M= CHy) Ny —
Ny, = C =1, and for polyene bridge (M CoHz) Nu — Ny, =

2,C =1, i.e., according to eq 14, the decay constant for the

latter bridge is two times larger. But the chainMfvinylene

J. Phys. Chem. A, Vol. 102, No. 23, 199849

Gl (B)Gio, (B) — (Giy o, (B))° (17)
there are others than the polesﬁﬁ,a(E), or if the poles of the
former function are of higher order than those of the latter. Then,
at the energies which are solutions to equation

Gy, ()

a,,0,

Gl .BGr . (B - [&, EF

(18)

the decay constant is infinite, see eq 8, and consequently, the
bridge Green function, as well as the effective coupling are equal
to zero.

To notice, the number of poles of bilinear combination 17 is
restricted by the number of centers in monomer and can be

groups is equal (in the number of carbons) to the length of the |3 g than ‘the number of poles of diagonal and nondiagonal

chain of 2N CH groups, so that the effective coupling across

Green function matrix elements which enter this combination.

these two bridges is, as expected, identical if compared far from,y,q o4 prove this statement in the general case and it will be

the bridge states.

IV. Zeros of Effective Coupling

By the definition given in eq 3, the effective coupling vanishes
at energies, where the bridge Green funct@ﬁﬁN“ (B)=0
which is the case, whenever (see egs 10 and I11')

Gy (B)=0 (15)

illustrated in the next section by a particular example.

Since the solutions of eq 18 correspond to monomer levels,
and therefore, the interaction between donor (acceptor) and
bridging molecule cannot be regarded as a small perturbation,
it is the right place to emphasize that zeros of effective coupling
have the clear physical consequence: the break of through-
bridge electronic coupling, independent of the values of electron
energy to which they refer. The particular manifestation of this
property, e.g., the character of the dependence of physical
guantities related to the effective coupling on electron energy,

The above equation states that zeros of effective coupling presents another problem which has to be examined separately

coincide with zeros of the nondiagomabnomeiGreen function

element which refers to the binding sites of monomer in the

and in its particular contex.
To this point, the relations obtained and conclusions made

given oligomer bridge. It can be concluded, therefore, the jre rather general and can be applied to any linear molecules
bridging molecules, whose building blocks possess the property consisting of repeating units of arbitrary complexity and coupled
expressed in eq 15, will break the electronic contact at energies,;j; the nearest-neighbor interaction. Below, we center our

given by solutions to the above equation.

As it follows from eq 8, iffz_c Gy , (E)Gy . (E) = 1, zeros
of Gg’:'ar(E) are reflected in the singular behavior of decay
constant as a function of energy. But if equation

Bec G (E)G, . (E) =1 (16)

attention on some particular oligomers which are of interest as
potential molecular wire&-21

V. Comparison of Effective Coupling through Different
Oligomers

It is instructive to illustrate the above general discussion by
comparing the effective coupling for representative oligomer-

is satisfied simultaneously with eq 15, the decay constant bridges such as polyenes, polyparaphenylenes (PPP), and
becomes indefinite, see eqs 6 and 7. This can be the case opolyheterocycles shown in Figure 1. It is also the aim of this
certain relations between parameters determining the monomersection to specify the analytical expression of effective coupling

electronic structure that has to be examined separtely.

for a number of particular cases.

It is also seen from eqs 6 and 7 that except for the case of To calculateGZa,(E) = [&|(E — |3|'V')*l|a’D wherea, o =

the gap closing? eq 15 can have solutions only outside oligomer
m electron band& If such solutions do exist, the monotonic

ay), we have to define the HamiltoniaM of the corresponding
monomers: vinylene group (M= CyHy), phenyl ring (M=

behavior of the decay constant discussed in the precedingC¢H,), and heterocycle (M= C4H,X), where X denotes

section, will be replaced by a singular (highly nonmonotonic)

dependence near energies determined by eq 15. Accordingly,

heteroatom, e.g., sulfur, nitrogen, or oxygen.
Due to the comparatively small number of atoms, the

the singularities of decay constant reveal themselves as zerosnonomer Green functions (and hence, the bridge Green func-

of effective coupling as a function of energy, see illustrative

tion) can be found with very high accuracy, and this is one but

examples represented below. This result is in an obvious not the only strong side of the present approach. For the sake

conflict with expectations based on the £&hain model which
predicts the monotonic decrease Tfa with increase of E|,
see eq 12.

of simplicity and to proceed analytically, we use here the
standard one-electron’idkel model which operates with two
types of integrals only® the Coulomb integral, which deter-

Equation 15 that determines zeros of effective coupling mines the electron site energy at the given atom, and hopping

directly follows from the definition of the bridge Green function

integral, which determines the resonance electron transfer energy

9. Apart eq 15, there is another, somewhat less obvious between neighboring atoms. Using the Coulomb integral for

condition, the fulfillment of which also nullifies through bridge
coupling. As it is seen from eqs 8 and 10, for nonzero
Gg"ya(E) the value ofTpa can still be equal to zero, if among
po|e§ of the bilinear combination

carbon as the energy reference point which is set equal to zero,
and denoting the hopping integrals associated with double
(C=C) and single (&C) carbor-carbon bonds in polyene
chain, and within monomersg8,4 and GH,X (see Figure 1)
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Figure 1. Oligomers of nonalternated CH-chain, polyene, poly-
paraphenylene in quinoid (up) and aromatic (down) conformations, and
polyheterocycle.

aspel andpe, respectively, for the monomers specified above
we find?42°

ﬁ(‘—CGl\x/:,ar(E) = Vint
r”ez’f vinylene group

2e’’
2e 21? — g%

2 coshy
(E? - 2 cosh(Z)) + 1)(E2 — 4 cosK i)’
phenyl ring (aromatic form)
¢E—e) T yx(E —e™)
(E*+Ee" —e)(E-e)(E° —Ee " — &) — 2)3(E—e )]
heterocycle

19)

(E2 o phenyl ring (quinoid form)

and

Be-cGht o, (B) = Be-Blt o (B) = Vin

E invl
———, Vinylene group

E(E? — € — 2e %)
(E? — 2 21)2 — E%™
E[E? — 2 cosh(Z)) — 1]
(E? — 2 cosh (%) + 1)(E2 — 4 cosK y)’
phenyl ring (aromatic form)
E(E — ¢,)[E* — 2 cosh()] — yx(E* — e ™)
(B> +Ee” — €)[(E— e)(E* — Ee ™" — &) — 2/4(E — )]’
heterocycle
(20)

, phenyl ring (quinoid form)

where parametepini = Sc-c/f represents the intermonomer
resonance interaction energy; is the difference in Coulomb
integrals of heteroatom X and carbon C, gndis the Xx—C

resonance interaction energy. In egs 19, 20, and henceforth,NM

the electron energy is expressed in unitgafithout changes
in notation. Note that for polyengn = €%, and for PPP, and
heterocyclic oligomers, parameter,: accounts for possible
deviations of the carbon backbone from the ideally alternated

Onipko and Klymenko

1

2
Ny — N, ={4

4

3

1 CH, chain

(the McConnell result, 1)
1 polyene
c= 2Yime " PPP (quinoid form) (21)

2y COshny PPP (aromatic form)
VintVx polyheterocycle

Equation 21 gives an interesting insight into the nature of
electron tunneling across aromatic-ring-based oligomers. Firstly,
it makes apparent that the noncoplanarity of monomers in the
bridging molecule can substantially affect (suppress) the effec-
tive coupling, if the electron energy is not too distant from the
oligomer r bands, so that the second term in the right-hand
side of eq 14 can compete with the first one. The physical
explanation of the effect is as follows: the twisting of aromatic
rings with respect to each other reduces the degreer of
conjugation. Therefore, it is expected that in noncoplanar
oligomersy;y is less than unity and that this parameter decreases
monotonically with the increase of torsion angle between
neighboring monomer®. This gives an increasing contribution
to the decay constant which is linear|in yin.

Secondly, eq 21 shows that the Peierls distortions which result
in the quinoidlike geometry of carbon backbone of PRR,~
e, produce no or negligible effect on the decay consfaiy
contrast, in the aromatic form of PPP,; ~e7%, 6 increases
linearly with the increase of alternation parameter. This
conclusion is based on the assumption that the dependence of
vint ON 77 is the same as in a polyparaphenylene chain with
regularly alternating €C bonds, where/iy = € and yint =
e (y > 0) in the quinoid and aromatic conformations of the
carbon backbone, respectively.

And thirdly, at the energies which are far from the oligomer
7z bands (deep tunneling), the comparison of through-bridge
effective coupling due to oligomers of PPP and heterocyclic
oligomers is undoubtedly in favor of the latter, since the
asymptotics of decay constant for PPP bridges is substantially
larger. It should be emphasized however, that because of an
unusual behavior of in polyheterocycles (as discussed below),
the energies of truly asymptotic behavior of decay constant can
be too large to be of any practical significance, while for lesser
energies the decay constant for heterocyclic oligomers can turn
to be much larger than that for PPP oligomers.

The asymptotic behavior of the decay constant, eq 14, with
— Ny and C defined in eq 21 and the characteristic
parameters taken from literature, is visualized in Figure 2a by
solid curves. The exact dependencédai E, eq 8, above the
upper Egpde) and below the lowerEf5%) 7 band edges is
shown by bold-faced lines in the same figure. A singular-type

carbon chain. For more details on the monomer Green functionsdependence in the case of polythiophene (PTh) oligomers is in

see refs 24 and 29.
A. Asymptotics of Effective Coupling. Using the asymp-

focus of the forthcoming discussion.
B. Deeps (Antiresonances) in Effective Coupling.In the

totics of the monomer Green functions 19 in eq 13, one can examples represented by eq 19, the only monomer which
easily obtain the following expressions for the decay constants possesses the “electronic contact breaking ability” expressed
of conjugated bridges represented by oligomers of polyene, PPPjn eq 15 is a five-membered heterocycle. According to egs 15
and polyheterocycles (the case of £thain is also supple- and 19, the oligomers of polyheterocycle block the transfer of
mented for comparison) electrons at two energies
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polyene
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Figure 2. Decay constand(E) as a function of energya (to the left) aboveX = E — Eﬁggz) and below ¢ = |E — EZ%))  electron spectrum;
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of the LU-band. Solid curves show asymptotics of decay constant defined in eqs 14 and 21. Bold-faced curves are calculated from eq 9, with
parameters specified in the text.

4.0

gl e 7 3 This band gap is very narrévand for this reason one can
E.=———5 @<+ «/1 +4yye M(ex +yxe ™)) (22) expect that neakE; the switching ability of the kind illustrated
2r% in Figure 3a will be pronounced much more sharply. In the

o -~ other words, zeros of effective coupling that are close to the

An exceptlh;)n is presented by the specific value,of= e7. In oligomer electron carrying states can reveal themselves as

this caseG, , (E) is not equal to zero & = E; = e, sothat  antiresonances in, e.g., the conductance of molecular wires.

E1 = —€/(y5° + e 2) is the only energy at which eq 15 is Unlike eq 15, eq 18 cannot be fulfilled for a five-membered

fulfilled. It is interesting to note that, in heterocycles, where heterocycle, as well as for vinylene group, and phenyl ring in

ex = €77, the energyE = E; = 7" corresponds to the monomer  the quinoid conformation. The calculation of bilinear combina-

eigenstate with nodes at both monomer binding sites. This givestion 17 with the use of expressions 19 and 20 for phenyl ring

rise to an N-fold degenerate band. Nevertheless, at this in the case of aromatic geometry yields (ipr= 0)

particular energy the effective coupling is not equal to zero due

to the contribution coming from nondegeneratéands. -G (B)G W (E) — (Goon (B =

A review of literature data shows that the expected values of 2 2 22 2
heteroatom paramete¢g andyx place the solutions to eq 22 v ("~ €)(E —e ™)

inside E1) and outside E,) of the 7 electron spectrum of (E? — 2 cosh(z) + 1)? (E* — 4 cosH ) (23)
heterocyclic oligomers. In these calculations we used two sets

of sulfur parameters for thiophene ring suggested by Birnbaum i-€., the solutions to eq 18 are given by

et al.3” ex = 0.25,yx = 0.38, and by Van-Catledgé,ex =

1.11,yx = 0.69, and labeled in Figures 2 and 3 as | and Il E) = +v2cosh(z) -1 (24)
respectively. We sep = 0.1 that is close to the experimental

estimate of the €C bond alternation paramet®r.For param- It is seen that the above energies coincide with poles of

eters just specified the value Bf is above the upper conduction Ggﬁﬁf(E). The monomer eigenstates with energi§sand E,
o band of polythiopheneE, = —8 [(—3.757) eV~ 30 eV] are doubly degenerate and one of two states at each of these
for ex = 0.25,yx = 0.38, ande; = —3.3 [(—3.757) eV~ 12 energies has a node at the monomer binding sites. Therefore,
eV] for ex = 1.11, yx = 0.69. Though these values are far the Green functiorGSﬁ';;‘(E) has only simple poleE; ,, see eq
beyond the energies of experimental interest (the ionization 19. The full monomerr electron spectrum containing six levels
potential of PTh is about 7 e¥)), the singularity of the decay is restored by bilinear combination 23, where the poles at
constant aE; affects the bridge mediated tunneling considerably energiesE; andE, are of the second order.
not far from the upper edge of the electron spectrum, see In accordance with eqs 9 and 10,Nf = 1, the effective
Figure 3a. coupling falls to zero at energies 24 lying within very narrow
The singular-type dependence éfand, correspondingly,  gaps between HO-1 and HO bands, and LU andHllbands
antiresonance-type behaviorfa shown in Figure 2a and 3a, (LU; lowest unoccupied). In the quinoid conformation of PPP
respectively, are in a sharp distinction with predictions of the oligomers these gaps are absént.
McConnell model (curves labeled CH), as well as with the  Strictly speaking, the concept of effective coupling fails at
dependence of these same quantities on the electron energy ienergies which are close to the electron levels of bridging
the case of polyene and PPP oligomers shown in the samemolecule. For PPP oligomers it suggests, in particular, That
figures. = 0, if E = E}, at any length excepN = 1. Such an
For the parameters indicated above the energy of zeroexception is, of course, unphysical. Nevertheless, as mentioned
effective couplingE; is within the gap between the HO-1 and above one can expect anomalies in observables related to zeros
HO bands (HO: highest occupied) of polythiophene oligomers. of effective coupling. For example, the strict nonperturbative
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Figure 3. Through-bridge tunneling efficiencyBé¢-cToa/f?)? as a function of energy, calculated with the use athown in Figures 2a and 2b,
andN = 24 for CH chain (only in 3a], i.e., to the left); indistinguishable from polyene cuiNej, 12 for polyene chain, andl = 6 for aromatic-

ring chains of polyparaphenylene and polythiophene.

treatment of zero field conductance of PPP oligomer (in the

Outsidesr bands,|E| > 2 coshy, and for both signs of the

aromatic conformation) which is spanned between metal alternation parameter the preexponential factor saturates with
electrodes predicts a sharp decrease of this quantity from nearlythe increase of energy at the valdé&|s|, while 6 increases

maximal to zero value at the Fermi energy close to vafdes,
including the case o = 1.

C. Through HO—LU-Band Gap Coupling. Here, we
specify the expressions of effective coupling for energies within
the gap between HO and LU bands.

monotonously. The asymptotic behavior Bfa for polyene
bridges is the same as for nonalternated carbon chain, see egs
14 and 21.

Qualitatively, the behavior of the decay constant and effective
coupling within the HG-LU-band gap described above is

The oligomers of polyene are the simplest stable of linear identical for all alternant (all carbon) oligomers. The depen-

conjugated molecules. Theirelectron spectrum contains only

dence ofé and Tpa on E for polyene and PPP oligomers is

one gap between the valence (filled) and conduction (unfilled) represented in Figures 2b and 3b. We set 0.1333 for

bands. Defined in the limiN — « the HO-LU-band gap is

of value 4 sinly| in units |3].41 It is symmetric with respect

to E = 0, and hence, the ingap energies g < 2 sinh|y|.
With regard to the Green function matrix elements for the

polyenes® andy = 0.1, yint = 1.0, for PPP oligomers assumed
to be in an aromatic conformation.

Note that withg = —3.757 e\ used in our calculations,
these parameters give a good agreement with the experimental

vinylene group given in egs 19 and 20, expression 10 takes theestimates of H&-LU-band gaps in polyacetylene (1.8 €yand

form
_ B? 2sinhd s
== ———2¢ 25
DA |ﬁ| |672’7 _ eé| ( )
where, according to eq 8,
= InY,(|2 cosh(#) — E| + v/[2 cosh()) — E}? — 4)
(26)

For#n > 0, the above equations are valid for both ingap and
out-ofwr-band energies, provided the conditioe> 1 is
satisfied. Ify < 0 andN > e?/(1 — €*), there are two in-gap
levels in ther electron spectrum of polyené%. Therefore, for

energies close to these levels, the preexponential factor in eq

25 has to be re-defined (in the particular context of the electron-

transfer process), but an exponential dependence of the effect|vé3a‘ a.(E)

coupling onN with the decay constant defined in eq 26 is still
applicable (see the discussion in section II).
For ingap energiesE| < 2 sinhyn andn > 0, the decay

constant is a nonmonotonic function of energy that takes its

maximal valued, in the middle of the gap and symmetrically

decreases to zero value when the electron energy goes toward
the conduction (valence) band boundary. Qualitatively, the

preexponential factoﬁ{t’,A exhibits the same dependence on
energy with the maximal valu§8A|maX B4 |B| atE = 0.

polyparaphenylene (3.4 é¥%; just as parameters used above
for polythiophene oligomers (also represented in Figures 2b and
3b) agree well with the observed value 2 #V Precisely, we
obtain HO-LU-band gaps equal to 2, 3.3, 2.05 (I), and 2.38
(I1) electron-volts for oligomers of polyene, polyparaphenylene,
and polythiophene, respectively.

Furthermore, since for alternant ohgomﬁ' (E) takes
zero value in the middle of the HELU-band gap, for all such
oligomers covered by the structural formula#¥l—---—M we
obtain T?,A|max BBl at E= 0, &Mfc_cGy , (0)/**, where
sign “+” or “—" has to be taken depending on whether the value
of |Bc- CGOL a(0)| is larger or smaller than unlty To recall, the
case of the gap closindfc- CG 01(0)| 1, is out of the
consideration.

We can prove that in any band gap of symmetric oligomers,
(“X"Var(E), at the energy satisfying equation

E) = (27)

(1| a,(

the preexponential factor attains its maximg@#3|, whereas
ghe decay constant takes the valug(%bich’:,ar(E)Fl. Thus,

n2

B N
Bl o (Bl

Toa=77—1fc- CG (28)
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whereE is a solution to eq 27 in the given band gap, ard “
corresponds tqﬁcchZ'w(EN < 1, and =" corresponds to
|ﬁc_cG(“ﬂm(E)| > 1. It is interesting to notice the formal
similarity between the equation obtained and the asymptotic
expression of the effective coupling, see discussion above eq
14.

Equations 27 and 28 give a useful estimate of the effective
coupling. For the HG-LU-band gap of alternant oligomers,
where the effective coupling as a function of energy is
symmetric with respect to the middle of the gap, it corresponds
to the minimal value offpa. In other cases it gives a value
that is usually very close to the minimum of the effective
coupling in the given gap, as, e.g., for the HOU-band gap
of oligothiophenes shown in Figures 2b and 3b.

One can easily see from Figures 2b and 3b that in the middle
of the gap the tunneling efficiency across polyene and poly-
thiophene bridges with the same number of carbons in a row
(N¢) is nearly identical, whereas it is lower for oligomers of
polyparaphenylene, in clear correlation with the width of the
band gap. (Different molecules of equal length is a kind of
exotic. Itis more informative therefore, to compare oligomers
with equalNc¢’s. In the presented examples, such oligomers
are close in their lengths.) The data 6p for these and a
number of other oligomers are summarized in ref 18.

Itis of interest to compare the above results with an estimate
that can be obtained from the through-rectangular-barrier
tunneling probability mentioned already in section Il. For this
purpose we replace the barrier highby the half-width of the
HO—LU-band gapAn./2 (in units|S]), and the effective mass
of electronm* by h%(2|8]a?). The suggested replacement is
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In the particular case of polyene bridges, a complicated
expression of the effective coupling which, however, can be
transformed to egs 25 and 26 was found eaflier.

We have noticed above that the tunnel conductance of a
metal-molecular heterojunction is proportional to the square of
effective coupling for the given molecule. The quantum
conductance of the one-dimensional tight-binding model of
molecular heterojunctions has been discussed by Joachim and
Venuesa? whose model was restricted to polyenes described
by the same Hamiltonian as used here and in ref 6. They
found: “In the homo-lumo gap, we find that the variation of
t(Eg) with N can be approximated for largéby an exponential
law

t(Ep) = to exp[-y(2N — 2)] )
wherety is a function offi/a, p/h, o/ andy is a function only
of g'IB".

The correspondence with our notations is as follow(&r)
is up to a factor Tpoa/fc-c)% Er = IBIE, ' = expn, f=f
exp(—7n), a = B,y = d, ais on-site electron energy at carbons,
and parameteh represents a 1D electronic band used by
Joachim and Vinue$&to model the source and drain electrodes
in molecular contacts. In a more general approach, ref 11
parameteh is known to enter the spectral density. The square
of the spectral density is simply a factor in the expression of
the tunnel conductance, see, e.g., ref 11.

Thus, eq 5 of ref 30 can be directly compared with our eq
25. Unlike the latter, neither the exponential decay constant
nor the preexponential factor were defined in ref 30.

natural and can be supported by strict arguments. In such a Tg avoid confusion, we note also: (i) the on-site eneagy

representation, the effective coupling takes the form

TDA — e* A/ (AuL/2 — E)N (29)

where 0< E < Ay./2, andE = 0 corresponds to the middle of
the gap.

With the parameters used in Figures 2b and 3b, eq 29 gives
the following values of the decay constait = 0.516, 0.663,

and 0.510, 0.562 which are in a good agreement with the values

m = 0.533, 0.737, and 0.564, 0.569 calculated from eq 10 for
oligomers of polyene, polyparaphenylene, and polythiophene,
models | and I, respectively.

can be taken as the reference point of energy and consequently,
it can be set equal to zero; thus, according to the above eq 5
the tunnel conductance depends on a parameter of infinite value;
[in fact a enters the expression tfEg) as € — a)]; (ii) the

most principal dependence of the tunnel conductance on the
Fermi energy, i.e., the dependencegaindy on Er was neither
mentioned nor properly indicated in eq 5.

VI. Concluding Remarks

We have proved that tunneling across a chain of monomers
of arbitrary complexity coupled to each other via the nearest-
neighbor hopping integrals is described by an exponential law

It should be stressed, however, that eq 29 does not describeof exactly the same form as the handbook formula for the
the above discussed anomalies of the effective coupling as atunneling probability through a rectangular barrier. An impor-

function of energy. The definition of the decay constant given

in eq 29 is also incorrect in the case of the existence of in-gap

states. So, in general, for the purpose of estimating the

efficiency of through-molecule tunneling the model of rectan-

gular barrier should be used with a good deal of precaution.
D. Discussion of Some Related ResultsA number of

tant distinction, however, is that we find the modulus of
imaginary part of the complex wave vector appearing in the
exponent not from the effective-mass-type (parabolic) dispersion
law with an ad hoc choice of the barrier hight but from the
exact relation between the energy and wave vector for the given
electronic structure of the molecule.

advantages of the Green function approach to the description The tunneling efficiency is found to be dependent on the full

of the electron-transfer phenomena has been repeatedly emspectrum of the oligomer one-electron states, and not only on
phasized in the literatuf®1114 However, in the present context the width of the particular band gap through which tunneling

this has been actually enjoyed only in the development and occur. Nevertheless, with the interrelation between the phe-
application of efficient computational schen?é4:4> In relevant nomenological parameters (barrier hight, effective mass, and
analytical treatments published thus far, the Green function lattice constant) and the parameters of Hamiltonian of the
technique has been used either in a perturbation-theory nf&nner molecule, which are suggested in this work, the function 29 is
or for a detailed analysis of the McConnell bridge model in shown to restore well the dependence of the effective coupling
various contextd81! The above discussion shows that the on energy, to the least in the examples given.

power of the Green function method can result in the exact and, The dependence of the effective coupling and its exponent
importantly, easily handled analytical expressions for the (decay constant) on the molecular electronic structure is
effective coupling that take into account essentials of the illustrated for simple (polyenes) and more complex (oligophen-
electronic structures. ylenes, oligothiophenes) linear molecules. Contrary to drastic
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distinctions between the parabolic dispersion law and the bandcharacterized by preferable distribution of the electron density
structure of real conjugated oligomers (consisting of a number near the chain ends. The perturbation-induced HELU-band

of bands divided by band gaps) the above referred formula for gap narrowing/closing and the appearance of ingap states are
the tunneling probability gives, as demonstrated, a good the likely mechanisms of a strong suppression/enhancement of
guantitative estimate of the decay constant of the through-HO the electron transfer across the molecule. These are readily
LU-band gap effective coupling. At the same time, the barrier- foreseeable in the framework of the suggested approach by
type model does not really lead to the understanding of the examining changes in the effective coupling in response to an
relationship between the molecular electronic structure and appropriate modification of the molecular Hamiltonian.
through-molecule tunneling efficiency, and moreover, itis quite  In conclusion, on the basis of a tight-binding Hamiltonian
misleading in the case of the predicted anomalies of the effective known to give a reasonable description of conjugated systems
coupling and when the electron spectrum contains ingap states. and using the Green function technique we have derived the

It is shown that for oligomers built up of monomers such €xact analytical expression of the through-bridge effective
that either eq 15 or eq 18, or both, are fulfilled, the decay coupling for conjugated oligomers of the kind-NA—+--—M,
constant of effective coupling in DBA systems is a singular & Wide class of organic molecules considered as perspective
function of energy. This implies that in addition to a smooth candidates to be used in molecular electronics. This is the
parabolic-type behavior of the effective coupling as a function central result of the work. It has been examined in many
of energy (as that illustrated here for the HOU-band gap) details: the asymptotics and zeros of through band-gap effective
the conjugated oligomers consisting of the monomers, whosecoupling have been found, as well as the expressions of this
Green functions obey egs 15 and 18, possess anomalougluantity for particular oligomers. It is also shown that for the
switching abilities. In the context of the molecular wire Fermienergy in the middle of the HE .U-band gap of alternant
conductance, this leads to a conclusion that in response tooligomers the effective coupling takes an especially simple form.
changes of the Fermi energy within theelectron spectrum ~ New physics and some applied aspects of the results obtained
the ohmic conductance can drop to zero value at certain energieshave been discussed.

The predicted variety of switching properties of conjugated .
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