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Local state spectrum of end substituted polyenes
Lyuba I. Malysheva and Alexander I. Onipkoa)
Bogolyubov Institute for Theoretical Physics, Kiev, 252143, Ukraine

~Received 11 June 1996; accepted 17 September 1996!

Starting from the electronic part of the Su–Schrieffer–Heeger@Phys. Rev. B22, 1099 ~1980!#
Hamiltonian with a strict account to the end effects, it is shown that thep-electron spectrum of
substituted polyenes is determined by solutions of the Lennard-Jones type equation, where each end
group is represented by a single energy dependent parameter associated with the diagonal
component of the end-group Green function referred to the binding site. The conditions of the
appearance/disappearance of in-gap and out-of-band localp-electron states are found in the form of
analytical relations between the conjugated bridge length, the C–C bond alternation parameter, and
parameters of end-groups included in the above mentioned Green functions. These relations
determine a set of critical parameters~defined explicitly!, at which the local state spectrum
undergoes qualitative transformations. On the basis of the obtained results we propose a certain
procedure that allows us to predict the number of in-gap and out-of-band states in any substituted
polyene provided thep-electronic structure of end groups and the bridge parameters are known.
Throughout the discussion, several conclusions are made concerning the dependence of the electron
localization on the finite-length and bond-alternation effects. ©1996 American Institute of
Physics.@S0021-9606~96!50148-0#
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I. INTRODUCTION

The inhomogeneous distribution of the electric cha
due to the localization ofp-electrons in certain parts of mo
ecules plays the crucial role in determining physical a
chemical properties of organic compounds in the grou
state and changing these properties under excitation.
problem of localization is especially sound for complex m
ecules which can be decomposed on smaller ones. In
case the challenge is presented to express characteristi
the electron localization in terms of parameters of molec
structural components. In this context it should be addres
to, in particular, substituted polyenes for developing an
depth understanding of their electronic structure and po
tial use in photonics materials and molecular electronic
vices.

The presence of local states in thep-electron spectrum
supplies one with convincing proof of the preferable locat
of electrons in the system and thus, of the macroscopic
inhomogeneous charge distribution. Therefore, various
pects of the electron localization problem in linear con
gated molecules have been in focus of a substantial effor1–7

Still, this problem seems not yet exhausted since only
simplest case of substituted polyenes, where the end gr
can be modeled by heteroatoms, are studied in m
detail.2,3,7 In particular, the conditions of the existence
local states in heteropolyenes of the type X2~CH!2Nd2X,

X12~CH!2Nd2X2, and X2~CH!2Nd5CH2 have been found

in Ref. 7. These conditions are represented by a set of cri
values of the perturbation parameter«—the difference in
Coulomb integrals between carbon atom and heteroat
which determines the number of local states with energ
lying in the gap between the valence and conduct

a!Present address: Department of Physics and Measurement Techno
Linkoping University, S-58183 Linkoping, Sweden.
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p-electron bands in polyenes,~in-gap states! and below/
above the valence/conduction bands~out-of-band states!.
The analytical dependence of the critical values«cr

( i ) obtained
in Ref. 7 on the number of double bonds in the polyene ch
Nd and alternation parameterh ~see the definition below!
allows one to make certain qualitative as well as quantita
conclusions with regard to the character of the electron
calization in heteropolyenes, its dependence on the par
eters of the molecule, and changes in preferable locatio
electrons caused by the molecule excitation. In the m
body of this paper, Secs. II–IV, we develop further the a
proach proposed in Ref. 7, making it applicable to sub
tuted polyenes with arbitrary end groups. Examples of
application to dialkyl- and diphenylpolyenes with the use
established end-group parameters are given in Sec. V,
the concluding section outlines implications and limitatio
of the theoretical results obtained.

II. MODEL

The structural components of the chromophore in foc
include conjugated bridge—a sequence of an even numbe
CH ~methine! groups connected by alternating single a
double C–C bonds, and two end groupsGX and GY con-
nected with end carbon atoms of the polyene chain. T
structure can be considered as a result of substitution of
groups in an ideal polyene by moleculesGX and GY :
H2C5~CH!2Nd5CH2 → GX–~CH!2Nd–GY .

As is commonly accepted with disregard of electron c
relation effects which are responsible, e.g., for weak dip
forbidden transitions,8,9 the p-electronic structure of poly-
enes is adequately described by the appropriately par
etrized Hückel Hamiltonian with three parameters:aC—the
Coulomb integral of carbon atom~determines only the poin
of reference in the energy scale!, b—the electron transfer
resonance integral of adjacent carbon atoms in the undim
ized carbon chain~determines the energy units!, and
gy,
6/105(24)/11032/10/$10.00 © 1996 American Institute of Physics

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



-
a

th
.
u

no
,
r

n
h
ion

a
e
ro
u
h
a

o
th
in
–
e
s

fie
o
at
ly
: a

b

ic

lu

n-
tor
or-

for

g
, in

es,
-
.

s of

re,
e
the

as
ly-
cal
ti-

s.

s
e
er-

e,
The
the
As
sity
se-
ine
r of

oup
-
site,
n

11033L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
h—the alternation parameter~determines the energy of elec
tron transfer between carbon atoms connected by double
single bonds in unitsb, exph and exp(2h), respectively!. In
brief, here the bridge is supposed to be described by
electronic part of the Su–Schrieffer–Heeger Hamiltonian10

However, the essential feature is that we take strict acco
of the end effects.

Strictly speaking, C–C bonds in real polyenes are
exactly alternated, especially near the chain ends but
shown experimentally,11 deviations are small and play mino
role. By contrast, in substituted polyenes the end C–GX(Y)

bonds can be substantially different from both double a
single bonds of the conjugated bridge. To account for t
effect one has to introduce at least two additional dimens
less parameters~denoted below bybX , bY) which refer to
the above indicated bonds.

There can be a vast variety of particular chemical re
izations of end groups in substituted polyenes, see, e.g., R
12, 13. In relevant treatments, the problem of the elect
localization has been often examined for certain end gro
by using numerical methods. The results obtained are t
discussed within analytical models too simplified to be re
istic ~e.g., models of equalized C–C bonds,4 or of the infinite
bridge5,6!. In the framework of the present approach based
the Green function technique, we obtain conditions of
existence of local states in substituted polyenes taking
account the finite length of the conjugated bridge and C
bond alternation. As shown below, the conditions mention
can be found in the general form and expressed in term
only one effective parameter for each end group~i.e., the
p-electronic structure of end groups need not be speci
and the results are applicable to any end substituted p
ene!. On this basis, we propose the strategy of system
study of electron localization effects in end substituted po
enes which starts from answering fundamental questions
there local states, of what kind, and how deep they are?

III. p-ELECTRONIC STRUCTURE OF SUBSTITUTED
POLYENES

The electronic structure of substituted polyenes can
uniquely described by using the definition of thep-electron
spectrum in the formE56A2(cosh 2h1 cosj) suggested
by Lennard and Jones for unsubstituted polyenes, in wh
case values ofj are determined byND11 roots of a well
known equation

sin~~Nd11!j!

sin~~Nd12!j!
52 exp~2h!.

~We use here the notations accepted in Ref. 7.! It can be
shown that in the general case of arbitrary end groups, va
of j must obey the following transcendent equation

~ 12exp~2h!b
X

2GdiagGdiag
GX !~ 12exp~2h!b

Y

2GdiagGdiag
GY !

2 exp~4h!b
X

2b
Y

2Gnondiag
2 Gdiag

GX Gdiag
GY 50, ~1!

where quantities Gdiag5 E exp(2h) sin(Ndj)Z
21, Z

5exp(2h)sin((Nd11)j)1 exph sin(Ndj), and Gnondiag
J. Chem. Phys., Vol. 105, N
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5exp(22h)sin jZ21, represent the diagonal and no
diagonal matrix elements of the Green function opera
which are calculated with the use of the end-site atomic
bitals for an ideal polyene chain withNd double bonds and
terminated by single bonds~see Ref. 7 for details!. The di-
agonal matrix element of the Green function operator
GX(Y) end group,Gdiag

GX(Y) , refers to the binding site~atom! of
GX(Y) end group, which is, at the same time, the first~last!
‘‘site’’ in the chain GX–~CH!2Nd–GY .

Equation~1! can be derived straightforwardly by usin
the same technique as in the case of heterosubstitution
which caseGdiag

GX(Y)5(E2«X(Y))
21 and Eq.~1! coincides with

that obtained in Ref. 7. For unsubstituted ideal polyen
Gdiag

GX(Y)5E21, bX(Y)51, Eq. ~1! reduces to the Lennard
Jones equation cited above. Thus, the advantages of Eq~1!
in comparison with the initial Schro¨dinger equation are the
same as of the Lennard-Jones equation but application
the former are much wider, than those of the latter.

To determine the position of any desiredp-electron
level in the presence of end groups of the given structu
one needs to use in Eq.~1! one diagonal component of th
end-group Green functions and to specify parameters of
polyene bridge including parametersbX(Y) . Provided these
data known, the determination of the fullp-electron spec-
trum is a matter of simple and fast computational routine
was demonstrated previously by calculations for heteropo
enes. Here, we concentrate our attention only on the lo
levels of thep-electron spectrum placing accents on analy
cal results.

Equation~1! may have both real and imaginary root
The former correspond to extended or band-likep-electron
states with energies lying within interval
2 sinhuhu,uEu,2 coshh, which correspond to the valenc
and conduction bands of the infinite polyene chain. Furth
more, if Eq. ~1! has solutions for d5 i j or/and
d85 i (p2j), there exist in-gap (uEu,2 sinhuhu) or/and out-
of-band (uEu.2 coshh) local states. Being in such a stat
the electron tends to reside near one of the chain ends.
smaller the localization radius is, the more pronounced
tendency of the charge separation along the molecule.
mentioned in Sec. I, the inhomogeneity of the charge den
distribution has numerous physical and chemical con
quences. Therefore, it is of prime importance to determ
the condition of the existence of local states, the numbe
these states and their character.

IV. CONDITIONS OF THE EXISTENCE OF LOCAL
STATES

A. General case

A remarkable feature of Eq.~1! is that it allows one to
describe the perturbation, which is produced by an end gr
of arbitrary complexity, by only one effective energy
dependent parameter of perturbation referred to the end
the 1st or (2Nd12)th in these notations. Indeed, we ca
introduce
o. 24, 22 December 1996
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11034 L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
«GX~Y!
~E!5E2~b

X~Y!

2 Gdiag
GX~Y!!21, ~2!

where the effective site energy«GX(Y)
(E) acquires its literal

meaning of the site energy in the case of heteropolyene
additionally,bX(Y)51. With account to~2! Eq. ~1!, which is
valid in the general case of substitution, formally coincid
with the description of thep-electron spectrum in the frame
work of the simplest heteropolyene model. To ‘‘visualize
this statement, we rewrite Eq.~1! making use of the notation
introduced above

S 12
exp~2h!Gdiag

E2«GX
~E! D S 12

exp~2h!Gdiag

E2«GY
~E! D

2
exp~4h!Gnondiag

2

~E2«GX
~E!!~E2«GY

~E!!
50. ~3!

The solutions of Eq.~3! have already been examined
detail for particular types of heteropolyenes«GX(Y)

5«X(Y) ,
«X[«, and «Y52«1D, where D50 for X1–~CH!2Nd–
X2, « for X–~CH!2Nd–CH2, and 2« for X–~CH!2Nd2X.7

Therefore, for further use of Eq.~3! it is convenient to rede-
fine the effective parameters«GX(Y)

in the following way

«GX
~E![«̃~E!, «GY

~E!52 «̃~E!1D̃~E!, ~4!

where D̃(E)52E2(b
X

2Gdiag
GX )212(b

Y

2Gdiag
GY )21. Also sub-

stituting in Eq.~3! the explicit expressions for the polyen
Green functions we get

«̃2~E!2D̃~E!@ «̃~E!2EZ21exp~2h!sin~~Nd11!j!#

5 exp~22h!Z21@exph sin~~Nd12!j!

1 exp~2h!sin~~Nd11!j!#. ~5!

Now, setting in Eq. ~5! j5 id, d→0, and
E562 coshh, we arrive at the conditions of th
appearance/disappearance of out-of-band local states a
the conduction (2) and below valence (1) bands (b,0)

«̃~E!@ «̃~E!2D̃~E!#

5exp~22h!S 112 exph
17~Nd11!coshhD̃~E!

2Nd coshh1 exp~2h!
D ,

~6!

where E562 coshh. Similarly, finding the limit
j5p1 id, d→0 of Eq.~5!, whereE562 sinhuhu, we obtain
the conditions of the appearance/disappearance of in-ga
cal states below the conduction (2) and above valence
(1) bands

«̃~E!@ «̃~E!2D̃~E!#

5exp~22h!S 112 exph
16~Nd11!Z sinhuhuD̃~E!

2Nd sinhh2exp~2h!
D ,
~7!

whereE562 sinhuhu.
The above relations between parameters of the poly

chain (Nd andh) and parameters of end groups~included in
J. Chem. Phys., Vol. 105, N
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2 Gdiag
GX(Y)) determine the number of in-gap and out-o

band states induced by end groups of the given struct
Thus, to predict the local state spectrum of substituted po
ene, one must calculate first the corresponding Green fu
tions taken at the energies of four edge band states of
infinite polyene chain. If the indicated values of the Gre
functions, as well as parametersbX(Y) , h, and Nd , are
known, the number of in-gap and out-of-band local sta
can be easily found from Eqs.~6! and ~7!. Moreover,
changes in the local state spectrum under variation of
chain length can be also overseen. At the least, this prov
a useful tool for the verification of quantitative models f
the end groupp-electron spectra and their effect on the ele
tron localization in substituted polyenes.

Since, as shown above, the localization effect produ
by any end groups is described by two uniquely defined
fective parameters«̃ and D̃, one can find the dependence
the local state spectrum on« andD for heteropolyenes and
then, predict the local state spectrum in the presence of
other end groups. Therefore, we proceed with a discussio
conditions~6! and ~7! in the case of heteropolyenes.

B. Heteropolyenes

It is instructive to consider briefly three representati
types of heteropolyenes, namely, X1–~CH!2Nd–X

2

(D50), X–~CH!2Nd–CH2 (D5«), and X–~CH!2Nd–X
(D52«). In this case, Eqs.~6! and ~7! determine a set of
critical values of only one perturbation parameter«. These
critical values«cr

( i ) , i51, 2, 3, at which the number of in-ga
and out-of-band states present in thep-electron spectrum
changes, are summarized in Table I. The numbering of«cr

( i )

corresponds to the increase in critical values,
«cr
(1)<«cr

(2)<«cr
(3) . Since the dependence of the set«cr

( i ) on
Nd and h for different types of heteropolyenes has be
already examined in many details, we restrict ourselves
few remarks, paying special attention to effects of the fin
length of the bridge on the local state spectrum.

X– (CH)2Nd–CH2. If h.0, there are no local states i
the unperturbed polyene. The critical values ofu«u needed
for the appearance of an out-of-band («cr

(1)) and an in-gap
(«cr

(2)) states decrease monotonously with the increase of
chain length. In the limitNd5`, «cr

(1) 5 «cr
(2) . Consequently,

in the infinite-chain model the radius of local states will
overestimated, and the overestimation will be much m
substantial for the in-gap state~one of frontier orbitals!, than
for the out-of-band state~deep or high lying orbitals!. The
conclusion just made directly follows from the fact that,
seen from the definitions of«cr

(1) and «cr
(2) given in Table I,

the end effects play a negligible role for«cr
(1) when

Nd..1, however, the same is true in respect of«cr
(2) for

much longer bridges, wherehNd..1, since in real mol-
eculesh,,1.

If h,0, two qualitatively different situations may b
actual:~i! there are two in-gap local states foru«u,«cr

(1) and
~ii ! there are no local states if values ofu«u obey the latter
inequality. In addition, in the second case this is an in-g
o. 24, 22 December 1996
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TABLE I. Critical values «cr
( i ) of the perturbation parameteru«u in heteropolyene of the type

X1–~CH!2Nd–X
2, X–~CH!2Nd–CH2, and X–~CH!2Nd–X. «cr

( i ) («cr
(1)<«cr

(2)<«cr
(3)) dividing the u«u-axis into re-

gions with a different number of in-gap~‘‘in’’ ! and out-of-band~‘‘out’’ ! local states.

Type 4h,

ln
~Nd11!2

Nd
212Nd

ln
~Nd11!2

Nd
212Nd

,4h,

2 ln
Nd11

Nd

2h.

ln
Nd11

Nd

Definition of «cr
( i )

h.0 In Out In Out In Out

X–•••–X

0 0 0 0 0 0 «cr
(1)5e2h

1 1 1 1 1 1 «cr
(2)5e2h12(2Nd coshh1e2h)21

0 1 1 2 1 2 «cr
(3)5ue2h12(2Nd sinhh2e2h)21u

0 2 0 2 2 2 «cr
(2) ⇔ «cr

(3) , if 4h, ln
(Nd11)2

Nd
212Nd

X1–•••–X2

0 0 0 0 0 0 «cr
(1)5e2hA112eh(2Nd coshh1e2h)21

0 2 0 2 0 2 «cr
(2)5e2hA112eh(2Nd sinhh2e2h)21

0 2 0 2 2 2 if 2h, ln
Nd11
Nd

, «cr
(2) does not exist

X–•••–CH2

0 0 0 0 0 0 «cr
(1)5e2h1(2(Nd11)coshh)21

0 1 0 1 0 1 «cr
(2)5e2h1(2(Nd11)sinhh)21

1 1 1 1 1 1

4 uhu, ln
Nd12
Nd11

2 uhu.

Type ln
Nd12
Nd11

,4uhu, ln
Nd12
Nd11

Definition of «cr
( i )

2 ln
Nd12
Nd11

h,0
In Out In Out In Out

X–•••–X

0 0 0 0 2 0 «cr
(1)5ueuhu22(2Nd sinhuhu1euhu)21u

1 0 1 0 1 0 «cr
(2)5euhu

0 1 0 1 0 1 «cr
(3)5euhu12(2Nd coshh1euhu)21

0 2 0 2 0 2

X1–•••–X2

0 0 0 0 2 0 «cr
(1)5euhuA112eh(2Nd sinhh2euhu)21

0 0 0 0 0 0 «cr
(2)5euhuA112eh(2Nd coshh1euhu)21

0 2 0 2 0 2 if 2h, ln
Nd11
Nd

, «cr
(1) does not exist

0 0 0 0 2 0 «cr
(1)5ueuhu2(2(Nd11)sinhuhu)21u

X–•••–CH2 0 1 1 0 1 0 «cr
(2)5euhu1(2(Nd11)coshh)21

1 1 1 1 1 1 «cr
(1) ⇔ «cr

(2) if 4 uhu, ln
Nd12
Nd11
a
of
in

-

fe
am
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ua

cal
es
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ed,
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po-
s
4–6
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state that appears first at u«u5«cr
(1) , if

ln(Nd12)/(Nd11),4uhu,2 ln (Nd12)/(Nd11), while for
smaller values ofuhu an out-of-band state appears first
u«u5«cr

(1) . It is also worth emphasizing that the definitions
«cr
(1) and «cr

(2) are interchanging, see Table I, when pass
from 4uhu. ln (Nd12)/(Nd11) to smaller values of
uhu. Correspondingly, in the infinite-chain model«cr

(1)

will be overestimated while «cr
(2)—underestimated, if

4uhu. ln (Nd12)/(Nd11), and vice versa, if the opposite in
equality holds.

As is demonstrated in the above examples, the mani
tation of end effects is substantially dependent on the par
eters of the polyene chain. The infinite-chain model at m
ignores this dependence. Moreover, there is no even defi
correlation between predictions of the infinite- and act
J. Chem. Phys., Vol. 105, N
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length models of heteropolyenes with regard to the criti
values of u«u at which the local state spectrum undergo
qualitative changes. Thus, one cannot be sure whether
effect of localization is underestimated or overestimat
since this depends on the relation between values ofuhu and
Nd . The same conclusion refers to the radius of local sta

X1– (CH)2Nd–X
2. This model corresponds to an idea

ized donor/bridge/acceptor~DBA! system with the donor
(«.0) and acceptor («,0) levels placed symmetrically on
the opposite sides of the Fermi level. Due to numerous
tential applications of this type of molecule, DBA system
have been intensively studied in recent years, see Refs.
and references therein. Note also that we use the term d
~acceptor! in its usual ‘‘physical’’ meaning, while in relevan
literature it is often used in the ‘‘chemical’’ sense.14
o. 24, 22 December 1996
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11036 L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
As to DBA type molecules, it is of interest to answer
question to what extent the conclusions made
X–~CH!2Nd–CH2 are applicable for X1–~CH!2Nd–X

2. As
seen from Table I, ifh.0 there is a certain correlation be
tween definitions of«cr

(1)—the minimal perturbation which is
needed to induce out-of-band states, and«cr

(2)—the minimal
perturbation at which in-gap local states appear
X1–~CH!2Nd–X

2, and analogous quantities fo
X–~CH!2Nd–CH2. So qualitatively, the local state spectru
-
pr
es

a
f
f
ld
ca
l

l

th

-

f

h
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of the DBA type molecule in focus can be to an exte
thought of as a result of a separate action of the donor
acceptor end groups, each of which creates not more
one out-of-band- and one in-gap local level. However, w
regard to quantitative estimates of critical values of the p
turbation parameter, the values of«cr

(1) and «cr
(2) in

X1–~CH!2Nd–X
2 are always larger, than their respectiv

values in X–~CH!2Nd–CH2. Indeed, for positive values of th
alternation parameter we have
~«cr
~1!!2uX12 . . . 2X22~«cr

~1!!2uX2 . . . 2CH2
5

2~Nd11!coshh 1exp~h!

@2Nd coshh1exp~2h!#4~Nd11!2 cosh2 h
[F1~Nd ,h!,

~«cr
~2!!2uX12 . . . 2X22~«cr

~2!!2uX2 . . . 2CH2
5

2~Nd11!sinhh 1exp~h!

@2Nd sinhh 2 exp~2h!#4~Nd11!2 sinh2 h
[F2~Nd ,h!, ~8!

and forh,0

~«cr
~1!!2uX12 . . . 2X22~«cr

~1!!2uX2 . . . 2CH2
5F2~Nd ,h!,

~«cr
~2!!2uX12 . . . 2X22~«cr

~2!!2uX2 . . . 2CH2
5H F1~Nd ,h!, if 4 uhu. ln

Nd12

Nd11
,

@2~Nd11!sinhuhu2exp~h!#@4~Nd11!exp~22h!21#

@2Nd coshh1exp~2h!#4~Nd11!2 sinh2 h
, if 4 uhu, ln

Nd12

Nd11
.

~9!
tate
at-
al-

d in
en
n
the

ship
s

Thus, as seen from Eqs.~8! and~9!, the through-conjugated
bridge interaction between end groups gives quite an ap
ciable contribution into the localization of frontier stat
even in DBAs with rather long bridges, whereNd;h21.

Distinct from the case of positive values of the altern
tion parameter, forh,0 the result of a combined action o
the donor and acceptor levels on thep-electron spectrum o
finite polyenes differs qualitatively from that which wou
produce these two levels, if each acted individually. One
see from Table I that in X1–~CH!2Nd–X

2 there are no loca

levels when«cr
(1),u«u,«cr

(2) , and there are no in-gap loca
states when«cr

(2),u«u independent of values ofuhu andNd .
At the same time, an attempt to predict the character of
local state spectrum in X1–~CH!2Nd–X

2 on the basis of data

obtained for X–~CH!2Nd–CH2, see Table I, may lead to in

correct conclusions.
X– (CH)2Nd–X. As seen from the comparison o

«cr
( i )uX2 . . . 2X and «cr

( i )uX2 . . . 2CH2
, the infinite-bridge model

~extensively used in Ref. 6 for the discussion of the pus
pull polyene properties! can be especially misleading.

The above discussion shows that in general, taking
account the end effects as well as the C–C bond length
ternation, which are always present in real substituted p
enes, is an important component of any useful theory.

X– (CH)2Nd–Y. Using the data of Table I, which dete

mine the number and type of local states present in
eropolyenes X1–~CH!2Nd–X

2, X–~CH!2Nd–X, and
e-

-

n

e

–

to
l-
y-

t-

X–~CH!2Nd–CH2 for any value of«, and Eqs.~6! and ~7!,

where «̃ and D̃ are replaced by« andD, respectively, one
can easily answer the next question: What kind of local s
spectrum is realized, if the electron site energies of end
oms in the given heteropolyene are shifted by different v
ues?

To answer this question, apart from the data presente
Table I, it is helpful to establish the relationship betwe
critical values ofu«u for different types of heteropolyenes. I
the general case, the corresponding relations depend on
sign of the alternation parameter, and also on the relation
betweenuhu andNd , see the Appendix. However, for value
of uhu that are of practical interest (;0.1), the following
inequalities hold

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~2!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X , ~10!

which are valid, if

2
Nd11

2Nd11
,exp~2h!,3

Nd11

Nd12
~ for h.0!;

exp~2uhu!.ANd12

Nd11
~ for h,0!. ~11!
o. 24, 22 December 1996
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11037L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
It is obvious that at fixed value ofu«u, changing ofD
from 2` to ` will lead to the p-electron spectrum o
X–~CH!2Nd–CH2, X–~CH!2Nd–X, and X1–~CH!2Nd–X

2 at

certain values ofuDu denoted below asDcr
( i ) . This will be

accompanied by corresponding changes in the local s
spectrum. Using the data of Table I and Eq.~10!, one can
easily trace the evolution of the local state spectrum a
function ofD at any value of«. The critical valuesDcr

( i ) , at
which the local state spectrum undergoes qualitative tra
formations, follow from Eqs.~6! and~7!, where«̃ andD̃ are
replaced by« and D, respectively. Thus, being combine
X

-g

th

ne

lo
t

tie
s
-
, t
b
om
fo

J. Chem. Phys., Vol. 105, N
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two sets of critical parameters«cr
( i ) andDcr

( i ) completely de-
termine the character of the local state spectrum of h
eropolyenes.

As an illustrative example, we consider the case
«.«cr

(3)uX2 . . . 2X and h.0, that is when thep-electron
spectrum forD50, «, and 2« contains the maximum pos
sible number of local states, see Table I.

At D50 there are two in-gap and two out-of-band sta
placed symmetrically above and below zero. With t
increase ofD from 0 to « the upper in-gap state disappea
first at
and at
D5Dcr
~1!5

«2@e2h~Nd11!2ehNd#2e22h@e2h~Nd11!2eh~Nd12!#

«@e2h~Nd11!2ehNd#2e2h2 sinhuhu~Nd11!
, ~12!

and then, the lower out-of-band state also disappears at

D5Dcr
~2!5

«2@e2h~Nd11!1ehNd#2e22h@e2h~Nd11!1eh~Nd12!#

«@e2h~Nd11!1ehNd#1e2h2 coshh ~Nd11!
. ~13!

A further increase ofD from « to 2« results in the appearance of the second out-of-band state above the conduction b

D5Dcr
~3!5

«2@e2h~Nd11!1ehNd#2e22h@e2h~Nd11!1eh~Nd12!#

«@e2h~Nd11!1ehNd#2e2h2 coshh ~Nd11!
, ~14!

and then—of the second in-gap state above the valence band at

D5Dcr
~4!5

«2@e2h~Nd11!2ehNd#2e22h@e2h~Nd11!2eh~Nd12!#

«@e2h~Nd11!2ehNd#1e2h2 sinhuhu~Nd11!
. ~15!
it is
oo
on-
ata.
ell

ood
tab-
tion
with
end
or-
5 of
-
d
uble

of
Finally, at D 5 Dcr
(5) 5 2«1Dcr

(1) the upper in-gap state
disappears, so that the spectrum of heteropolyene
~CH!2Nd–Y with «X(Y).0 and«Y2«X.Dcr

(5) contains two
out-of-band states above the conduction band and one in
state lying above zero energy.

The changes ofD from 0 to 2` («.«cr
(3)uX2 . . . 2X ,

h.0) will be accompanied by the disappearance of
lower in-gap state~which was present in X1–~CH!2Nd–

X2) at uDu 5 Dcr
(4) , so that the spectrum of heteropolye

X–~CH!2Nd–Y, with «X.0, «Y,0 and u«Yu2u«Xu. Dcr
(4)

contains two out-of-band states above conduction and be
valence bands and one in-gap state in the upper half of
forbidden zone of the ideal polyene chain.

The analysis of the local state spectrum dependence
D for any other value of« («,«cr

(3)uX2 . . . 2X) is similar.

V. SOME EXAMPLES WITH THE USE OF
EXPERIMENTAL DATA

To predict the local state spectrum and other proper
of real end substituted polyenes, one needs to know value
the polyene chain parameters,h andNd , as well as the end
group parameters. In the spirit of the proposed approach
best way of practical applications of the formal results o
tained above would be finding the model parameters fr
comparison with experiment. An alternative way is using
–

ap

e

w
he

on

s
of

he
-

r

this purpose numerical calculations, see, e.g., Ref. 6, but
not our intention to discuss the latter possibility which is t
special and too complex to be included in the present c
sideration. Instead, we address available experimental d

Some of substituted polyenes have been already w
described in the framework of the Hu¨ckel model, i.e., the
values of the above mentioned parameters, which are in g
agreement with a number of experimental data, are es
lished, so that it makes sense to try them for the descrip
of other substances and/or other properties of polyenes
same end groups. For example, as is known, an alkyl
group can be reasonably described by one filled atomic
bital. In our notations the parameters suggested in Ref. 1
the Hückel Hamiltonian ofa,v-dialkylpolyenes are: the al
ternation parameterh520.1333~that is the last unperturbe
C–C bonds in the polyene chain are supposed to be do
bonds!, the Coulomb energy shift«X5«Y5«alk521.4254,
and the end-bond perturbationbX5bY5balk520.5118.
According to Eqs. ~2! and ~4! the values of the
effective perturbation to be compared with«cr

( i ) presented
in Table I are «̃alk(2 sinhh)52(balk

2221)2 sinhh1balk
22«alk

and «̃alk(22 coshh)5(balk
2221)2 coshh1balk

22«alk . Since
u«̃alk(2 sinhh)u54.6889 is larger, than«cr

(2)uX2..2X51.14,
and «̃alk(22 coshh).0, we conclude that allp electron
states ofa,v-dialkylpolyenes are band-like independent
the molecule length.
o. 24, 22 December 1996
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11038 L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
Figure 1~a! represents graphical solution of Eq.~3! for
the caseNd54 and the rest of parameters specified abo
The solid line in this figure corresponds to the depende
«̃alk(E); positivep electron energies are determined by
tersections of the lower branch of this dependence w
solid–dotted curves, and negativep electron energies—by
intersections of the upper branch with dashed–dotted cur
The graphical representation clarifies the role of end gr
parameters which determine the behavior of the effec
perturbation as a function of energy. To illustrate change
the position ofp electron levels under variation of the no
diagonal perturbation, the dependence«̃(E) is also shown
~by short dashed lines! for the same diagonal perturbatio

FIG. 1. Graphical solution of Eq.~3! for the cases of two alkyl and two
phenyl end groups connected with a polyene chain of 8 carbons with do
~a! and single~b! bonds at its ends. Solid–dotted (E.0) and dashed–dotted
(E,0) curves depend only on the polyene chain parameters~here,Nd54,
h520.1333~a!, andh50.1333~b!!. Solid, short dashed, and long dash
curves correspond to the effective perturbation defined in Eq.~2! in the case
of alkyl («alk521.4254,bX5balk520.5118—solid curve;bX521.5—
short dashed curve! and phenyl (bphen520.8461) end groups, respectively
The solutions forj are given by intersections of solid, short dashed and lo
dashed lines with solid–dotted and dashed–dotted lines as is explain
the text.
J. Chem. Phys., Vol. 105, N
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andbX521.5. ~Note that forubXu.1 the lower branch of
the dependence«̃(E) corresponds to negative energies, a
the upper branch—to positive energies.! In addition, to visu-
alize the importance of the chain geometry, we displayed
Fig. 1~b! the solution of Eq.~3! for the same parameters o
the system but assuming the reversed geometry of the p
ene chain~i.e., single bonds at the ends of the unperturb
polyene chain of 8 carbons!. An intersection of the uppe
branch of the solid curve with a dashed–dotted line to
right of p indicates that in the electron spectrum of th
system there is an in-gap level with nearly zero energy.

Since models of ‘‘donor’’~e.g., NH2, OH! and ‘‘accep-
tor’’ ~e.g., CHO, NO2) groups differ from that discusse
above only by values of the diagonal («) and nondiagonal
(b) perturbations, graphs of Fig. 1 give a useful insight in
electronic structure of polyenes with donor~acceptor! groups
at the polyene ends.

The most simple model accounting forS2 excitation en-
ergies of a number ofa,v-diphenylpolyenes suggests th
the resonance integral for carbons in a phenyl ring—the o
end-group parameter—is equal tobphen520.8461.15 Again,
the last unperturbed C–C bond in the polyene chain is s
posed to be a double bond. The energy depend
effective perturbation~2! is now described by«̃phen(E)
5 2bphen

2 (E222bphen
2 )E21(E223bphen

2 )21. The behavior
of this function for E.0 is shown in Fig. 1~a! by long
dashed lines, whose intersections with solid–dotted li
represent solutions of Eq.~3! for an a,v-diphenylpolyene
with Nd54 ~due to the symmetry of the system only th
upper part of thep electron spectrum can be considere!.
Changes in these solutions for the same system but with
reversed geometry can be seen from Fig. 1~b!. From the defi-
nition of the effective perturbation given above it follow
that, as in the case ofa,v-dialkylpolyenes, allp electron
states of a,v-diphenylpolyenes are band-like sinc
«̃phen(2 sinhuhu)53.5083 is larger, than«cr

(2)uX2..2X , and
«̃phen(2 coshh)50.9736 is less, than«cr

(3)uX2..2X51.36.
However, in the chain with the reversed geometry two p
nyl end groups would generate an in-gap local state, see
1~b!.

It is worth emphasizing that in the above examples o
knowledge of the effective perturbation was needed to c
clude that there are no local states in alkyl and phenyl
substituted polyenes and thus, one can expect that the
tron localization effects play a minor role in determinin
physical and chemical properties of these molecules in
ground state.

VI. CONCLUSION

The conditions of appearance/disappearance of lo
states in thep-electron spectrum of end substituted polyen
are obtained in the form of analytical relations, Eqs.~6! and
~7!, which determine the set of critical values of two para
eters«̃ and D̃. By this, the problem of the classification o
local state spectra in dimerized carbon chains terminated
arbitrary end groups is reduced to the same problem but
much more simple molecules—heteropolyenes, where

le

g
in
o. 24, 22 December 1996
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11039L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
end atoms differ from carbon atoms of the polyene ch
only by the value of the Coulomb integrals. All details of th
end-groupp-electronic structure~not restricted by additiona
conditions! enter Eqs.~6! and ~7! as only one uniquely de
fined ~in Eq. ~2!! energy dependent parameter. Its dep
dence on thep-electron energy is determined by the diag
nal component of the end-group Green function associa
with that atom which is in conjugation with the polyen
bridge. For the alkyl and phenyl end groups this depende
is obtained with the use of established experimental data

Furthermore, in view of numerous particular realizatio
of the local state spectrum which depend on~i! the relation
between the alternation parameter and the length of
bridge,~ii ! the sign of the alternation parameter,~iii ! the type
of substitution, and~iv! the p-electronic structure of end
groups, we elaborated the standard procedure of finding
sets of critical parameters,«̃cr

( i ) and D̃cr
( i ) , which completely

determine the number and type of local states in the gi
heteropolyene. The corner stone of this procedure is the c
sification of the local state spectrum developed for h
eropolyenes of the type X–~CH!2Nd–CH2, X–~CH!2Nd–X,
and X1–~CH!2Nd–X

2.
All relations necessary for practical applications of t

above mentioned procedure are exact and derived in
framework of the Hu¨ckel model~or the electron part of the
Su–Schrieffer–Heeger Hamiltonian!. Thus, all limitations
possessed by this model are transferred to the results
tained above. As mentioned in Sec. I, the model used ign
electron correlation effects though partly, they can be
cluded in it by the appropriate choice of the characteris
parameters. Another and the most serious restriction is
assumption of the rigid geometry which prohibits se
consistent electron-phonon states such as solitons, pola
and the like.16,17 However, first, even solitons and polaro
can be roughly described within the Hu¨ckel model as was
J. Chem. Phys., Vol. 105, N
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shown by Longuet-Higgins and Salem,18 and Pople and
Walmsley,19 and, second, the indicated drawbacks seem
be a reasonable payment for the gained simplicity of
analytical theory which at most accounts for all princip
factors that play a role in determining thep-electronic struc-
ture of a wide class of organic compounds.

It is also worth noting that the predicting power of th
basic equation~1! ~or ~3!! is far from being exhausted by th
above analysis of the local state spectrum and ranges to
quantity of physical interest related to end substituted po
enes. In this respect, possibilities of applications of m
elaborated models are much more limited. In particular,
illustrative examples of Sec. V it is demonstrated how t
use of Eq.~3! ‘‘reveals’’ the end group effects on allp
electron energies~which remain mostly hidden when usin
the standard routine of numerical calculations!, making ‘‘vis-
ible’’ the dependence of thep electron spectrum on the pe
turbation parameters. We believe therefore that the res
presented above, as well as their further development, ca
efficiently used as a guideline in the analysis of the elect
localization and relevant phenomena that take place in c
jugated molecules.
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APPENDIX

We present here the relationship between critical val
of u«u for different types of heteropolyenes.

~I! The caseh.0. Let us introduce the following nota
tions:
hcr
~1!50.5 ln

Nd111~Nd11!A118~Nd12!~2Nd11!

2~2Nd11!~Nd12!
;

hcr
~2!50.5ln

2~Nd11!21~Nd11!A~Nd11!213Nd~Nd12!

Nd~Nd12!
;

hcr
~3!50.5 ln

2~Nd11!

2Nd11
;

hcr
~4!50.5 ln

Nd11

Nd
; ~A1!

hcr
~5!50.5 ln

3~Nd11!

Nd12
;

hcr
~6!50.5 ln

~Nd11!21~Nd11!A~Nd11!213Nd~Nd12!

Nd~Nd12!
;

hcr
~7!50.5 ln

~Nd11!~4Nd17!1~Nd11!A~4Nd17!2216~Nd12!

2~Nd12!
.

o. 24, 22 December 1996

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



11040 L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
It can be shown that the following inequalities are valid:

«cr
~1!uX2 . . . 2X<«cr

~2!uX2 . . . 2X<«cr
~1!uX2 . . . 2CH2

<«cr
~1!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X

<«cr
~2!uX2 . . . 2CH2

, ~A2!

if h,hcr
(1) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~2!uX2 . . . 2X

<«cr
~1!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X

<«cr
~2!uX2 . . . 2CH2

, ~A3!

if hcr
(1),h,hcr

(2) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~3!uX2 . . . 2X

<«cr
~2!uX2 . . . 2CH2

, ~A4!

if hcr
(2),h,hcr

(3) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~2!uX2 . . . 2CH2

<«cr
~3!uX2 . . . 2X , ~A5!

if hcr
(3),h,hcr

(4) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~2!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X , ~A6!

if hcr
(4),h,hcr

(5) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2CH2

<«cr
~2!uX2 . . . 2X

<«cr
~2!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X , ~A7!

if hcr
(5),h,hcr

(6) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~3!uX2 . . . 2X , ~A8!

if hcr
(6),h,hcr

(7) , and

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~2!uX2 . . . 2CH2

<«cr
~1!uX12 . . . 2X2<«cr

~2!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~3!uX2 . . . 2X , ~A9!
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if h.hcr
(7) .

~II ! The caseh,0. Denote:

hcr
~1!50.5 ln

11A118~Nd12!~2Nd11!

4~Nd11!
;

hcr
~2!50.5 ln

4Nd171A~4Nd17!2216~Nd12!

8~Nd11!
;

hcr
~3!50.25 ln

Nd12

Nd11
;

hcr
~4!50.5 ln

Nd11

Nd
. ~A10!

In this case, the following inequalities hold:

«cr
~1!uX2 . . . 2X<«cr

~2!uX2 . . . 2X<«cr
~1!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X

<«cr
~2!uX2 . . . 2CH2

, ~A11!

if h,hcr
(1) ,

«cr
~1!uX2 . . . 2X<«cr

~2!uX2 . . . 2X<«cr
~1!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2<«cr

~2!uX2 . . . 2CH2

<«cr
~3!uX2 . . . 2X , ~A12!

if hcr
(1),h,hcr

(2) ,

«cr
~1!uX2 . . . 2X<«cr

~2!uX2 . . . 2X<«cr
~1!uX2 . . . 2CH2

<«cr
~2!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2

<«cr
~3!uX2 . . . 2X , ~A13!

if hcr
(2),h,hcr

(3) ,

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~2!uX2 . . . 2X

<«cr
~2!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2

<«cr
~3!uX2 . . . 2X , ~A14!

if hcr
(3),h,hcr

(4) , and

«cr
~1!uX2 . . . 2X<«cr

~1!uX2 . . . 2CH2
<«cr

~1!uX12 . . . 2X2

<«cr
~2!uX2 . . . 2X<«cr

~2!uX2 . . . 2CH2

<«cr
~2!uX12 . . . 2X2<«cr

~3!uX2 . . . 2X , ~A15!

if h.hcr
(4) .

1J. Koutesky, Advan. Chem. Phys.9, 85 ~1965!.
2G. F. Kventsel, Teor. Eksp. Khim.4, 291 ~1968!; 5, 26 ~1969!.
3O. Castan˜o and P. Karadakov, Z. Phys. Chem. N. F.126, 205 ~1981!.
4S. Larsson and M. Braga, Chem. Phys.176, 367 ~1993!.
5Y. Y. Suzuki and J. L. Bre´das, Phys. Scr.49, 509 ~1994!.
6Y. Y. Suzuki, D. Beljonne, and J. L. Bre´das, J. Chem. Phys.~in press!.
7L. I. Malysheva and A. I. Onipko, Synth. Met.80, 11 ~1996!.
8K. Schulten and M. Karplus, Chem. Phys. Lett.14, 305 ~1972!.
9B. E. Kohler, inConjugated Polymers, edited by J. L. Bre´das and R.
Silbey ~Kluwer, Dordrecht, 1991!.
o. 24, 22 December 1996

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



e

t

is

n the

hys.

11041L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes
10W. P. Su, J. R. Schrieffer, and A. Heeger, Phys. Rev. B22, 1099~1980!.
11R. H. Baughman, B. E. Kohler, I. J. Levy, and C. Spangler, Synth. M
11, 37 ~1985!.

12A. D. Kachkovski,Structure and Color of Polymethine Dyes~Naukova
Dumka, Kiev, 1989! @in Russian#.

13N. Tyutyulkov, J. Fabian, A. Mehlhorn, F. Dietz, and A. Tadjer,Polyme-
thine Dyes. Structure and Properties~St. Kliment Ohridski University
Press, Sofia, 1991!.

14In, e.g., Ref. 6, NH3 is referred to as a donor group, since being added
a polyeneN-site chain it contributes two electrons to thep-electron sub-
system. Speaking ‘‘chemical’’ language, we haveN 1 1p-centers with
N 1 2 p-electrons. However, thep-electron energy at the nitrogen atom
J. Chem. Phys., Vol. 105, N

Downloaded¬23¬Oct¬2005¬to¬130.236.162.183.¬Redistribution¬subject
View publication statsView publication stats
t.

o

lower than it is at carbon atom,aN,aC , i.e., speaking ‘‘physical’’ lan-

guage, the presence of a nitrogen atom in the carbon chain results i
appearance of an acceptor level.

15B. E. Kohler, J. Chem. Phys.93, 5838~1990!.
16A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W.-P. Su, Rev. Mod. P
60, 781 ~1988!.

17D. Baeriswyl, D. K. Campbell, and S. Mazumdar, inConducting Poly-
mers, edited by H. Kiess~Springer, New York, 1990!.

18H. C. Longuet-Higgins and L. Salem, Proc. R. Soc. London Ser. A251,
172 ~1959!.

19J. A. Pople and S. H. Walmsley, Mol. Phys.5, 15 ~1962!.
o. 24, 22 December 1996

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp

https://www.researchgate.net/publication/223439036_The_crystal_structure_of_transtrans-1357-octatetraene_as_a_model_for_fully-ordered_trans-polyacetylene?el=1_x_8&enrichId=rgreq-d7465cb27363f34b81e2b2401f2c75db-XXX&enrichSource=Y292ZXJQYWdlOzI1Mjc5MjY4NTtBUzo0NzE4ODA0NDEzMDcxNDNAMTQ4OTUxNjQ3MjkzNw==
https://www.researchgate.net/publication/223439036_The_crystal_structure_of_transtrans-1357-octatetraene_as_a_model_for_fully-ordered_trans-polyacetylene?el=1_x_8&enrichId=rgreq-d7465cb27363f34b81e2b2401f2c75db-XXX&enrichSource=Y292ZXJQYWdlOzI1Mjc5MjY4NTtBUzo0NzE4ODA0NDEzMDcxNDNAMTQ4OTUxNjQ3MjkzNw==
https://www.researchgate.net/publication/252792685

