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Local state spectrum of end substituted polyenes

Lyuba I. Malysheva and Alexander I. Onipko®
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—Hedgdrys. Rev. B22, 1099 (1980]
Hamiltonian with a strict account to the end effects, it is shown thatsthetectron 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-band4ee#dctron 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 parametefdefined 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 ther-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[S0021-960806)50148-0

I. INTRODUCTION mr-electron bands in polyenegin-gap states and below/
above the valence/conduction ban(sut-of-band statgs

The inhomogeneous distribution of the electric chargeThe analytical dependence of the critical vale€s$ obtained
due to the localization ofr-electrons in certain parts of mol- in Ref. 7 on the number of double bonds in the polyene chain
ecules plays the crucial role in determining physical and\N, and alternation parametey (see the definition below
chemical properties of organic compounds in the groundillows one to make certain qualitative as well as quantitative
state and changing these properties under excitation. Theonclusions with regard to the character of the electron lo-
problem of localization is especially sound for complex mol-calization in heteropolyenes, its dependence on the param-
ecules which can be decomposed on smaller ones. In thisters of the molecule, and changes in preferable location of
case the challenge is presented to express characteristicsadéctrons caused by the molecule excitation. In the main
the electron localization in terms of parameters of moleculéody of this paper, Secs. II-1V, we develop further the ap-
structural components. In this context it should be addresseoroach proposed in Ref. 7, making it applicable to substi-
to, in particular, substituted polyenes for developing an intuted polyenes with arbitrary end groups. Examples of its
depth understanding of their electronic structure and poterapplication to dialkyl- and diphenylpolyenes with the use of
tial use in photonics materials and molecular electronic deestablished end-group parameters are given in Sec. V, and
vices. the concluding section outlines implications and limitations

The presence of local states in theelectron spectrum of the theoretical results obtained.
supplies one with convincing proof of the preferable location
of electrons in the system and thus, of the macroscopicallyi. MODEL
inhomogeneous charge distribution. Therefore, various as-

pects of the electron Iocaliz_ation problem in Iingar Conj”'include conjugated bridge—a sequence of an even number of
gated molecules have been in focus of a substantial éffort. CH (mething groups connected by alternating single and

Still, this problem seems not yet exhausted since only they, ,ple c—cC bonds, and two end grouPs and I'y con-
simplest case of substituted polyenes, where the end groupg,cteq with end carbon atoms of the polyene chain. This
can _B§7modeleq by heteroatoms, are studied in MO cture can be considered as a result of substitution of end
detail=>" In particular, the conditions of the existence of groups in an ideal polyene by moleculd, and Ty :

I0(+:al states in h?teropolyenes of the type- (>CH)2Nd—X, HZC:(CH)ZNd:CHZ _ FX_(CH)ZNd_FY-

X" = (CH)an,—X™, and X— (CH)y ,=CH; have been found As is commonly accepted with disregard of electron cor-
in Ref. 7. These conditions are represented by a set of criticaklation effects which are responsible, e.g., for weak dipole
values of the perturbation parameter—the difference in  forbidden transition§? the w-electronic structure of poly-
Coulomb integrals between carbon atom and heteroatongnes is adequately described by the appropriately param-
which determines the number of local states with energiestrized Hickel Hamiltonian with three parameterse—the
lying in the gap between the valence and conductionCoulomb integral of carbon atokaetermines only the point
of reference in the energy scalegs—the electron transfer
present address: Department of Physics and Measurement Technolod£SONance integral of adjacent carbon atoms in the undimer-
Linkoping University, S-58183 Linkoping, Sweden. ized carbon chain(determines the energy unitsand

The structural components of the chromophore in focus
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n—the alternation parametédetermines the energy of elec- =exp(—27)sin¢éZ™, represent the diagonal and non-
tron transfer between carbon atoms connected by double anrflagonal matrix elements of the Green function operator
single bonds in unitg, exp 7 and exp¢ 1), respectively. In which are calculated with the use of the end-site atomic or-
brief, here the bridge is supposed to be described by thgitals for an ideal polyene chain witNy double bonds and
electronic part of the Su—Schrieffer—Heeger Hamiltortfan. terminated by single bondsee Ref. 7 for details The di-
However, the essential feature is that we take strict accourigonal matrix element of the Green function operator for
of the end effects. _ I'x(vy end group,Ggfgg% refers to the binding sitéatom of
Strictly speaking, C—C_: bonds in real pquenes are notFX(Y) end group, which is, at the same time, the fitast
exactly altemated, espemglly near the chain ends put, a&ijte” in the chain Fx—(CH)zmd—Fv-
f(:zwg;);%irtlggp t?:%:;;ﬁggssgg esrzgint?]re'deﬂgyé(n;)nor Equation(1) can be Qerived straightforwardly by_ uging .
bonds can be sdbstantiall diff t both doubl éhe same technique as in the case of heterosubstitution, in
. Y eerern oM Dot AouRe i Which casdBl X0 = (E—eyy,) " and Eq.(1) coincides with
single bonds of the conjugated bridge. To account for thigV'c ~_diag EX(Y) q .
effect one has to introduce at least two additional dimensiont-hﬁlt Obta'nf’d in Ref. 7. For unsubstituted ideal polyenes,
less parameter&denoted below by3y, By) which refer to  Caiag —E + Bx=1, Eq. (1) reduces to the Lennard-
the above indicated bonds. Jones equation cited above. Thus, the advantages dflEq.
There can be a vast variety of particular chemical realin comparison with the initial Schdinger equation are the
izations of end groups in substituted polyenes, see, e.g., Refs@me as of the Lennard-Jones equation but applications of
12, 13. In relevant treatments, the problem of the electrofthe former are much wider, than those of the latter.
localization has been often examined for certain end groups TO determine the position of any desireg-electron
by using numerical methods. The results obtained are thelgvel in the presence of end groups of the given structure,
discussed within analytical models too simplified to be real-one needs to use in E¢l) one diagonal component of the
istic (e.g., models of equalized C—C borfdst of the infinite ~ €nd-group Green functions and to specify parameters of the
bridge”®). In the framework of the present approach based oolyene bridge including parametegy, . Provided these
the Green function technique, we obtain conditions of thedata known, the determination of the fuil-electron spec-
existence of local states in substituted polyenes taking int§um is a matter of simple and fast computational routine as
account the finite length of the conjugated bridge and C—@vas demonstrated previously by calculations for heteropoly-
bond alternation. As shown below, the conditions mentione@nes. Here, we concentrate our attention only on the local
can be found in the general form and expressed in terms dgvels of them-electron spectrum placing accents on analyti-
only one effective parameter for each end grdiip., the  cal results.
r-electronic structure of end groups need not be specified Equation(1) may have both real and imaginary roots.
and the results are applicable to any end substituted polythe former correspond to extended or band-likeslectron
end. On this basis, we propose the strategy of systematiétates — with  energies  lying  within intervals
study of electron localization effects in end substituted poly2 Sinfj7|<|E|<2 cosh#, which correspond to the valence
enes which starts from answering fundamental questions: a@d conduction bands of the infinite polyene chain. Further-

there local states, of what kind, and how deep they are? more, if Eq. (1) has solutions for =i or/and
&' =i(w—§), there exist in-gap|E| <2 sint{7|) or/and out-

of-band (E|>2 coshy) local states. Being in such a state,
the electron tends to reside near one of the chain ends. The
smaller the localization radius is, the more pronounced the

The electronic structure of substituted polyenes can béendency of the charge separation along the molecule. As
uniquely described by using the definition of theelectron  mentioned in Sec. |, the inhomogeneity of the charge density
spectrum in the formE= =+ \2(cosh Z+ cosé) suggested distribution has numerous physical and chemical conse-
by Lennard and Jones for unsubstituted polyenes, in whickquences. Therefore, it is of prime importance to determine
case values of are determined b\Np+1 roots of a well the condition of the existence of local states, the number of
known equation these states and their character.

Sin((Ng+1)€)

Sin((Ng+2)¢)
. . IV. CONDITIONS OF THE EXISTENCE OF LOCAL
(We use here the notations accepted in Ref.I’can be  g1aTES

shown that in the general case of arbitrary end groups, values
of ¢ must obey the following transcendent equation A. General case
1— exa 27 B2G... GIX 1—ext( 27 B2G .. GLY A_remarkable feat_ure of I_Ec(l_) is that it allows one to

( XP(27) B, Gaiag d'ag)( XP(27) B\ GaiagCaiag describe the perturbation, which is produced by an end group

— exn4 2022 glx gl -0, 1 of arbitrary complexity, by only one effective energy-
P(47) 8,8, GhondiadaiagCaiag @ dependent parameter of perturbation referred to the end site,
where quantities Ggjag = E €xp(—17) sinNg&Z™ 1, Z  the 1st or (Ng+2)th in these notations. Indeed, we can
=exp(—n)sin(Ng+1)§+ expnsinMNyé), and Gyongiag  introduce

Ill. w-ELECTRONIC STRUCTURE OF SUBSTITUTED
POLYENES

— exp(2y).

J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
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11034 L. I. Malysheva and A. I. Onipko: Local state spectrum of polyenes

EFX(Y)(E):E_(ﬁi(y)eggg))fll ) Bi(Y)Ggf;(g)) o_letermine the number of in-gap_and out-of-

. ) o band states induced by end groups of the given structure.
where the effective site energy, . (E) acquires its literal  Thys, to predict the local state spectrum of substituted poly-
meaning of the site energy in the case of heteropolyenes ikne, one must calculate first the corresponding Green func-
additionally, Bxvy=1. With account tq2) Eq. (1), which is  tions taken at the energies of four edge band states of the
valid in the general case of substitution, formally coincidesinfinite polyene chain. If the indicated values of the Green
with the description of ther-electron spectrum in the frame- functions, as well as parametepyy, 7, and Ng, are
work of the simplest heteropolyene model. To “visualize” known, the number of in-gap and out-of-band local states
this statement, we rewrite E(L) making use of the notation can be easily found from Eqd6) and (7). Moreover,

introduced above changes in the local state spectrum under variation of the
. A chain length can be also overseen. At the least, this provides
( - exquGd'”)( - exp(277)Gd,ag) a useful tool for the verification of quantitative models for
E-er (E) E-er (E) the end groupr-electron spectra and their effect on the elec-
exp(47)G2, tron localization in substituted polyenes.
- nondiag =0. (3) Since, as shown above, the localization effect produced
(E_SFX(E))(E_SFY(E)) by any end groups is described by two uniquely defined ef-

fective parameters and A, one can find the dependence of
the local state spectrum anandA for heteropolyenes and
then, predict the local state spectrum in the presence of any
other end groups. Therefore, we proceed with a discussion of
conditions(6) and (7) in the case of heteropolyenes.

The solutions of Eq(3) have already been examined in
detail for particular types of heteropolyeneﬁx(Y)=sX(Y),
ex=¢e, and ey=—¢e+A, where A=0 for X*—(CH)ZNd—
X, & for X=(CH)zn,—CH,, and 2 for X—(CH)ZNd—X.7
Therefore, for further use of E@3) it is convenient to rede-

fine the effective paramete&‘;x(y) in the following way
B. Heteropolyenes

er(E)=e(E), er (BE)=—e(E)+A(E), ) It is instructive to consider briefly three representative
ey o -1 - types of heteropolyenes, namely, *X(CH),y —X~
where A(E)=2E—(82G.X )~1—(B2GLY )~1. Also sub- g
X diag Y g (A=0), X~(CH)y,~CH, (A=¢), and X~ACH)py, X

stituting in Eq.(3) the explicit expressions for the polyene i )

Green functions we get (A=2¢). In this case, Eqs6) and (7) determine a set of
_ - _ critical values of only one perturbation parameterThese
£%(E)—A(E)[€(E)—EZ *exp(— n)sin((Ng+ 1)£)] critical valuese) , i=1, 2, 3, at which the number of in-gap

_ _ 1 . and out-of-band states present in theelectron spectrum
exp( =22 [exp n sin((Ng+2)£) changes, are summarized in Table I. The numbering{pf
+ exp(— 7)sin((Ng+1)8)]. (5) corresponds to the increase in critical values, i.e.
eM<eP<e® . since the dependence of the &Y on
Ng and » for different types of heteropolyenes has been
Oaléeady examined in many details, we restrict ourselves by
lé(/-','W remarks, paying special attention to effects of the finite
length of the bridge on the local state spectrum.
E(E)[E(E)—K(E)] X—(CH)ZNd—CHz. If >0, there are no local states in
B ~ the unperturbed polyene. The critical values|ef needed
—exp—27)| 142 eXp771+(Nd+1)COSh 7A(E) 1 for the appearance of an out—of—bandglf@) and an in-gap
2Ny coshn+ exp(—7) (e{?) states decrease monotonously with the increase of the
(6)  chain length. In the limiNg=, () = ¢ . Consequently,
where E==*2coshy. Similarly, finding the limit in the infinite-chain model the radius of local states will be
£=m+i6, 5—0 of Eq.(5), whereE= + 2 sinH7|, we obtain ~ overestimated, and the overestimation will be much more
the conditions of the appearance/disappearance of in-gap I§tibstantial for the in-gap statene of frontier orbitals than
cal states below the conduction-§ and above valence for the out-of-band statédeep or high lying orbitals The

Now, setting in Eq. (5) ¢&=is, 6—0, and
E=+*2coshy, we arrive at the conditions of the
appearance/disappearance of out-of-band local states ab
the conduction {) and below valence<) bands 3<0)

(+) bands conclusion just made directly follows from the fact that, as
o ~ seen from the definitions of(Y) and &{®) given in Table I,
e(BE)[e(E)—A(B)] the end effects play a negligible role for" when
1+ (N 1)Z sint 7| 3(E) Ng>>1, however, the same is true in respectsqf for
=exp(—27)| 1+2expy SN Sinh = — , much longer bridges, whergNy>>1, since in real mol-
d 7= exp(—7) eculespy<<1.
(7 If <0, two qualitatively different situations may be
whereE= + 2 sinH7|. actual: (i) there are two in-gap local states fla <& and

The above relations between parameters of the polyen@i) there are no local states if values |ef obey the latter
chain (N4 and ) and parameters of end groufiscluded in  inequality. In addition, in the second case this is an in-gap

J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
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TABLE I. Critical values &{) of the perturbation parametefs| in heteropolyene of the type

X* ~(CH)n,—X ", X—(CH)zy,~CHp, and X«CH)py —X. &3 (eP=<e<z{) dividing the z|-axis into re-
gions with a different number of in-ga¥in” ) and out-of-band*“out” ) local states.

Type < (Ng+1)2 20> Definition of %)
N+1? "EaN, Ng+1
" NE+2Ng <dn< "
Ng+1
21In Ny

7>0 In Out In Out In Out

0 0 0 0 0 0 sM=e"7

1 1 1 1 1 1 sP=e 7+2(2Ngy coshy+e 7t
X=wo =X 0 1 1 2 1 2 e®=|e 7+2(2Ny sinhy—e 7)Y

0 2 0 2 2 2 (Ng+1)?

(2) 3)
ey e ey, if4np<In ————
o T fa NG+2Ng

0 0 0 0 0 eM=e 7/1+2e7(2Ny coshyte ) L
N 0 2 0 2 0 2 e@=e"71+2e"(2Ng sinhy—€e 7)1
Ng+1
0 2 0 2 2 2 if 2 p<In (li\l , €@ does not exist
d

0 0 0 0 0 0 sM=e 7+ (2(Ng+1)coshy) !
X—---—CH, 0 1 0 1 0 1 eP=e"7+(2(Ng+1)sinhzy) !

1 1 1 1 1 1

alyl< | Edﬁ 2|9|>

d .
Type n Ng+2 <4|q|< In Ng+2 Definition of &
Ng+1 Ngt2 Ng+1

<0 Ng+1

In Out In Out In Out

0 0 0 0 2 0 sg§>=|el’7‘—2(22Nd sinh7]+e Y
N 1 0 1 0 1 0 s@=ell

0 1 0 1 0 1 e®=el"l+2(2Ny coshy+e)~t

0 2 0 2 0 2

0 0 0 0 2 0 eW=e"1+2e7(2Ny sinhy—e™ 1
Xt X 0 0 0 0 0 0 @=ell1+2e7(2Ng coshy+e7)?

Ng+1
0 2 0 2 0 2 if 2 7<In (li\l , eI does not exist
d

0 0 0 0 2 0 eM=|el"—(2(Ng+1)sinHz) 7Y

X—---—CH, 0 1 1 0 1 0 e@=ell+(2(Ng+1)coshzy)*
Ng+2
1 1 1 ) @) j d
ey © ey if4|p/<In Nyt 1
state  that appears first at |g|=g1, if  length models of heteropolyenes with regard to the critical

In(Ng+2)/(Ng+1)<4| 7/<2 In (Ng+2)/(Ng+1), while for valugs _of|s| at which the local state spectrum undergoes
smaller values of | an out-of-band state appears first atqualitative changes. Thus, one cannot be sure whether the
|s|:sfj). It is also worth emphasizing that the definitions of effect of localization is underestimated or overestimated,

e ande? are interchanging, see Table I, when passingsince this depends on the relation between valugsjoand
from 4] 7|>In (Ng+2)/(Ng+1) to smaller values of Na. The same conclusion refers to the radius of local states.
|7|. Correspondingly, in the infinite-chain model{} X" =(CH)an,~X". This model corresponds to an ideal-
will be overestimated while sgf)—underestimated, if ized donor/bridge/acceptaiDBA) system with the donor
4| 71>In (Ng+2)/(Ng+1), and vice versa, if the opposite in- (¢>0) and acceptorg<0) levels placed symmetrically on
equality holds. the opposite sides of the Fermi level. Due to numerous po-
As is demonstrated in the above examples, the manifegential applications of this type of molecule, DBA systems
tation of end effects is substantially dependent on the paraniiave been intensively studied in recent years, see Refs. 4-6
eters of the polyene chain. The infinite-chain model at mosand references therein. Note also that we use the term donor
ignores this dependence. Moreover, there is no even definif@cceptoyin its usual “physical” meaning, while in relevant
correlation between predictions of the infinite- and actualiterature it is often used in the “chemical” sen¥g.

J. Chem. Phys., Vol. 105, No. 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 a of the DBA type molecule in focus can be to an extent
guestion to what extent the conclusions made forthought of as a result of a separate action of the donor and
X—(CH)ZNd—CHZ are applicable for X—(CH)ZNd—X‘. As  acceptor end groups, each of which creates not more than
seen from Table I, ify>0 there is a certain correlation be- one out-of-band- and one in-gap local level. However, with
tween definitions ot {"'—the minimal perturbation which is regard to quantitative estimates of critical values of the per-
needed to induce out-of-band states, af@—the minimal  turbation parameter, the values oflY and & in
perturbation at which in-gap local states appear inX —(CH)y,—X" are always larger, than their respective
X+—(CH)2Nd—X‘, and analogous quantities for valuesin X—(CH)sz—CHz. Indeed, for positive values of the

X—(CH),n d—CHz. So qualitatively, the local state spectrum alternation parameter we have

2(Ng+1)coshy +exp(7)
(1)y2 (=12 = =
(ger) |x+—...—x (ger) |x—...—c:H2 [2Ng Coshn+exq—7})]4(Nd+1)2 cosi? 7 F1(Ng,7),
2(Ng+1)sinhy +exp n)
(212 (252 — =
(80r ) |X+7...7X (scr ) |X7...7CH2 [2Nd sinh n— exq_ﬂ)]‘l(Nd"’ 1)2 sinhz ” FZ(Nd17])v (8)
and for <0
(85:%))2|X+—...—X*_(SE:}))2|X—...—CHZZFZ(Ndan)-
Fy(N if 47> N2
b 1 I n 1
By e ) 1(Ng,7) 7=
or /XTI =X or 7 IX= mCHRT ) 1D(Ng+ 1) sin 7] —exp( ) [[4(Ng+ 1) exp(—27) — 1] - | Ng+2
(2N, coshyexp— ) JaNg+ D2 sin? 5 T Al7<ing7

©

Thus, as seen from Eg&8) and(9), the through-conjugated- X—(CH)ZNd—CHz for any value ofe, and Eqgs.(6) and (7),

bridge interaction between end groups gives quite an appregherez and A are replaced by and A, respectively, one
ciable contribution into the localization of frontier states can easily answer the next question: What kind of local state
even in DBAs with rather long bridges, wheig~ 7~ *. spectrum is realized, if the electron site energies of end at-
Distinct from the case of positive values of the alterna-oms in the given heteropolyene are shifted by different val-
tion parameter, fom<<0 the result of a combined action of yes?
the donor and acceptor levels on theelectron spectrum of To answer this question, apart from the data presented in
finite polyenes differs qualitatively from that which would Table I, it is helpful to establish the relationship between
produce these two levels, if each acted individually. One camritical values of|¢| for different types of heteropolyenes. In
see from Table | that in X—(CH)sz—X‘ there are no local the general case, the corresponding relations depend on the
levels whene(M<|e|<e?), and there are no in-gap local Sign of the alternation parameter, and also on the relationship
states whers2)< |¢| independent of values df| andNy. between 5| andNy, see the Appendix. However, for values
At the same time, an attempt to predict the character of th@f | 7| that are of practical interest<0.1), the following

local state spectrum in X~(CH),y —X~ on the basis of data inequalities hold
obtained for X-(CH)ZNd—CHZ, see Table |, may lead to in-

(1) <. <D
. & _ _X=<E _ _ =€ +_ X
correct conclusions. cr |X . —X cr |X ...—CH, cr |X o= X
— — I 2 2
~ X=(CH)zn,—X. As seen from the comparison of <@y __7X$82r)|x7m7CH2
S(C'r)|x— ~ _x and ggr)|x_____cH2, the infinite-bridge model 2 @
(extensively used in Ref. 6 for the discussion of the push— <eq |x+— ... -x-<8¢ Ix—...-x, (10

pull polyene propertioscan be especially misleading. ) )
The above discussion shows that in general, taking intd?Nich are valid,

account the end effects as well as the C—C bond length al-

ternation, which are always present in real substituted poly- o at <exp(277)<3Nd+1 (for >0);

if

enes, is an important component of any useful theory. at1l Ng+2
X-(C H)ZNd_Y- Using the data of Table I, which deter-
i i . Ng+2
mine the number and type of local states present in het exp(2| 7)) > d (for <0). (11)

eropolyenes X—(CH)ZNd—X‘, X~(CH)on,~X,  and Ng+1
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It is obvious that at fixed value dk|, changing ofA  two sets of critical parameters) and Al completely de-
from —o to « will lead to the m-electron spectrum of termine the character of the local state spectrum of het-
X=(CH)on,~CH,, X—(CH),y,~X, and X"~(CH),y ~X™ @t eropolyenes.
certain values ofA| denoted below aa(". This will be As an illustrative example, we consider the case of
accompanied by corresponding changes in the local state>z)|,_ _, and >0, that is when themr-electron
spectrum. Using the data of Table | and Efj0), one can spectrum forA=0, ¢, and Z contains the maximum pos-
easily trace the evolution of the local state spectrum as gible number of local states, see Table I.
function of A at any value ok. The critical valuess(c'r) , at At A=0 there are two in-gap and two out-of-band states
which the local state spectrum undergoes qualitative translaced symmetrically above and below zero. With the
formations, follow from Eqs(6) and(7), wheres andA are  increase ofA from O to & the upper in-gap state disappears
replaced bys and A, respectively. Thus, being combined first at

e’[e" "(Ng+1)—e"™Ny]—e 27e” (Ng+1)—e”(Ng+2)]

=AD=
A=Aa e[e”"(Ng+1)—e"Ng]—e~ 72 sinf 7| (Ng+ 1) ’ (12
and then, the lower out-of-band state also disappears at
e[e” "(Ng+1)+e'Ny]—e 27e "(Ng+1)+e”(Nyg+2)]
A=AD= (13

e[e”"(Ng+1)+e"’Ny]+e” "2 coshy (Ng+1)
A further increase oA from ¢ to 2¢ results in the appearance of the second out-of-band state above the conduction band at
e2[e” "(Ng+1)+e"Ng]—e 27e” (Ng+1)+e”(Nyg+2)]

A= 4q e[e” "(Ng+1)+e’Ny]—e” "2 coshy (Ng+1) : (14)
and then—of the second in-gap state above the valence band at
g2[e” "(Ng+1)—e"Ng]—e ?7e” "(Ng+1)—e”(Ng+2

A=AW= [e”"(Ng+1) dl [e” "(Ng+1)—e”(Ng+2)] (5

e[e”"(Ng+1)—e"Ng]+e” 72 sinj 7| (Ng+ 1)

Finally, at A = A®) = 26+AQ) the upper in-gap state this purpose numerical calculations, see, e.g., Ref. 6, but it is
disappears, so that the spectrum of heteropolyene Xsot our intention to discuss the latter possibility which is too
(CH)ZNd—Y with exyy>0 andey—ex> Af:f) contains two  special and too complex to be included in the present con-

out-of-band states above the conduction band and one in-g&ifleration. Instead, we address available experimental data.

state lying above zero energy. Some of substituted polyenes have been already well
The changes of\ from 0 to —» (¢>&{)|_ _y, described in the framework of the kkel model, i.e., the

7>0) will be accompanied by the disappearance of thevalues of the above mentioned parameters, which are in good

lower in-gap state(which was present in X—(CH)sz— agreement with a number of experimental data, are estab-

X~) at|A| = A@® 50 that the spectrum of heteropolyeneIiShed' so that it makes sense to try them for the description
X—(CH)py —Y vcvrith £x>0, sy<0 and |sy|—|ex|> A4) of other substances and/or other properties of polyenes with
d ] l cr .
contains two out-of-band states above conduction and beloR < end groups. For examplg, as IS "”OW.“’ an alkyl end
valence bands and one in-gap state in the upper half of tndroup can be reasonably described by one filled atomic or-
forbidden zone of the ideal polyene chain bital. In our notations the parameters suggested in Ref. 15 of
The analysis of the local state spectrum dependence de Hickel Hamiltonian ofe,»-dialkylpolyenes are: the al-
A for any other value of (8<8(3)| ) is similar ternation parametey= — 0.1333(that is the last unperturbed
or X=X ' C-C bonds in the polyene chain are supposed to be double
bonds, the Coulomb energy shiiy=ey=¢,, = —1.4254,
V. SOME EXAMPLES WITH THE USE OF and the end-bond perturbatiofly=By= Ba= —0.5118.
EXPERIMENTAL DATA According to Egs. (2) and (4) the values of the

To predict the local state spectrum and other propertie€ffective perturbation to be compared witly) presented
of real end substituted polyenes, one needs to know values &f Table | are® (2 sinh7)=—(8E—1)2 sinhn+Baeax
the polyene chain parametersandNy, as well as the end- and e, (—2 coshn)=(/3(.;|f— 1)2 coshn+,[>’g,,fga|k. Since
group parameters. In the spirit of the proposed approach, the . (2 sinh7)|=4.6889 is larger, tharsgf)|x,__,x=1.14,
best way of practical applications of the formal results ob-and &, (—2 cosh7)>0, we conclude that alklr electron
tained above would be finding the model parameters fronstates ofa,w-dialkylpolyenes are band-like independent of
comparison with experiment. An alternative way is using forthe molecule length.
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a and Bx=—1.5. (Note that for|8x|>1 the lower branch of
the dependence(E) corresponds to negative energies, and
the upper branch—to positive energjds. addition, to visu-
alize the importance of the chain geometry, we displayed in
Fig. 1(b) the solution of Eq(3) for the same parameters of
the system but assuming the reversed geometry of the poly-
ene chain(i.e., single bonds at the ends of the unperturbed
polyene chain of 8 carbohsAn intersection of the upper
branch of the solid curve with a dashed—dotted line to the
right of 7 indicates that in the electron spectrum of this
system there is an in-gap level with nearly zero energy.

Since models of “donor”(e.g., NH,, OH) and “accep-
tor” (e.g., CHO, NQ) groups differ from that discussed
above only by values of the diagonal)(and nondiagonal
(B) perturbations, graphs of Fig. 1 give a useful insight into
electronic structure of polyenes with dor{acceptoy groups
at the polyene ends.

The most simple model accounting 8 excitation en-
ergies of a number of,w-diphenylpolyenes suggests that
the resonance integral for carbons in a phenyl ring—the only
end-group parameter—is equalfgne= — 0.8461' Again,
the last unperturbed C—C bond in the polyene chain is sup-
posed to be a double bond. The energy dependent
effective perturbation(2) is now described byephedE)
= 2B5ned B2~ 2851 EH(E?—3B51en L. The behavior
of this function for E>0 is shown in Fig. a8 by long
dashed lines, whose intersections with solid—dotted lines
represent solutions of Eq3) for an a,w-diphenylpolyene
with Nyg=4 (due to the symmetry of the system only the
upper part of ther electron spectrum can be considered
Changes in these solutions for the same system but with the
reversed geometry can be seen from Fi@p).1From the defi-
nition of the effective perturbation given above it follows
that, as in the case af,w-dialkylpolyenes, all= electron

FIG. 1. Graphical solution of Eqs) for the cases of two alkyl an_d wo gtgtes of a,w-diphenylpolyenes are band-like since
phenyl end groups connected with a polyene chain of 8 carbons with double-

(2) and single(b) bonds at its ends. Solid—dotteB%0) and dashed—dotted Epher(2 Sint#7)=3.5083 is larger, than?% |x-..-x, and
(E<0) curves depend only on the polyene chain paramétene,Ng=4,  £pherd 2 COSh7)=0.9736 is less, thaneg’|x_ _x=1.36.
n=—0.1333(a), and 7=0.1333(b)). Solid, short dashed, and long dashed However, in the chain with the reversed geometry two phe-

curves correspond to the effective perturbation defined ifB&dn the case ny| end groups would generate an in-gap local state, see Fig
of alkyl (&= —1.4254, By= Ba= —0.5118—solid curvey=—1.5— 1(b) ’ '

short dashed curyend phenyl ;.= —0.8461) end groups, respectively. . o .

The solutions fog are given by intersections of solid, short dashed and long It iS worth emphasizing that in the above examples only

dashed lines with solid—dotted and dashed—dotted lines as is explained knowledge of the effective perturbation was needed to con-

the text. clude that there are no local states in alkyl and phenyl end
substituted polyenes and thus, one can expect that the elec-
tron localization effects play a minor role in determining

Figure Xa) represents graphical solution of E@) for ~ physical and chemical properties of these molecules in the

the caseNy=4 and the rest of parameters specified aboveground state.

The solid line in this figure corresponds to the dependence

e,k(E); positive 7 electron energies are determined by in- VI. CONCLUSION

tersections of the lower branch of this dependence with

solid—dotted curves, and negative electron energies—by The conditions of appearance/disappearance of local

intersections of the upper branch with dashed—dotted curvestates in ther-electron spectrum of end substituted polyenes

The graphical representation clarifies the role of end grougre obtained in the form of analytical relations, E(®.and

parameters which determine the behavior of the effectivé?), which determine the set of critical values of two param-

perturbation as a function of energy. To illustrate changes irterse and A. By this, the problem of the classification of

the position ofwr electron levels under variation of the non- local state spectra in dimerized carbon chains terminated by

diagonal perturbation, the dependerg) is also shown arbitrary end groups is reduced to the same problem but for

(by short dashed lingsfor the same diagonal perturbation much more simple molecules—heteropolyenes, where the
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end atoms differ from carbon atoms of the polyene chairshown by Longuet-Higgins and Saléfhand Pople and
only by the value of the Coulomb integrals. All details of the Walmsley!® and, second, the indicated drawbacks seem to
end-groupm-electronic structurgnot restricted by additional be a reasonable payment for the gained simplicity of the
conditiong enter Egs(6) and (7) as only one uniquely de- analytical theory which at most accounts for all principle
fined (in Eq. (2)) energy dependent parameter. Its depenfactors that play a role in determining theelectronic struc-
dence on ther-electron energy is determined by the diago-ture of a wide class of organic compounds.
nal component of the end-group Green function associated It is also worth noting that the predicting power of the
with that atom which is in conjugation with the polyene basic equatioril) (or (3)) is far from being exhausted by the
bridge. For the alkyl and phenyl end groups this dependencabove analysis of the local state spectrum and ranges to any
is obtained with the use of established experimental data. quantity of physical interest related to end substituted poly-
Furthermore, in view of numerous particular realizationsenes. In this respect, possibilities of applications of more
of the local state spectrum which depend (Onthe relation elaborated models are much more limited. In particular, by
between the alternation parameter and the length of th#lustrative examples of Sec. V it is demonstrated how the
bridge, (ii) the sign of the alternation parametéii,) the type  use of Eq.(3) “reveals” the end group effects on alir
of substitution, and(iv) the m-electronic structure of end electron energieswhich remain mostly hidden when using
groups, we elaborated the standard procedure of finding twthe standard routine of numerical calculatipmeaking *“vis-
sets of critical parameters{) and A{), which completely ible” the dependence of the electron spectrum on the per-
determine the number and type of local states in the giveturbation parameters. We believe therefore that the results
heteropolyene. The corner stone of this procedure is the clagresented above, as well as their further development, can be
sification of the local state spectrum developed for hetefficiently used as a guideline in the analysis of the electron
eropolyenes of the type XEH)zy,—CH,, X—(CH)oy X, localization and relevant phenomena that take place in con-

and X" —(CH)ay X" jugated molecules.

All relations necessary for practical applications of the
above mentioned procedure are exact and derived in thRCKNOWLEDGMENTS
framework of the Hakel model(or the electron part of the The authors extend their gratitude to Mariya O. for her
Su—Schrieffer—Heeger HamiltonianThus, all limitations  gincere and encouraging interest in this work. A.L.O. ac-

possessed by this model are transferred to the results OPhowIedges a partial financial support of this work by

tained above. As mentioned in Sec. |, the model used ignoregT|NT.

electron correlation effects though partly, they can be in-

cluded in it by the appropriate choice of the characteristic
. . . APPENDIX

parameters. Another and the most serious restriction is the

assumption of the rigid geometry which prohibits self- We present here the relationship between critical values

consistent electron-phonon states such as solitons, polaroref, || for different types of heteropolyenes.

and the like!®'” However, first, even solitons and polarons () The casep>0. Let us introduce the following nota-

can be roughly described within the kel model as was tions:

Ng+1+(Ng+1)V1+8(Ng+2)(2Ng+1)

(1) —
7 =0.51n 2(2Ng+ 1)(Ng+2) ’
2 —(Ng+1)2+ (Ng+ 1) V(Ng+1)2+ 3Ng(Ng+2)
7o =0.5In ;
Ng(Ng+2)
2(Ng+1)
(3)— e
e =0.51n NG+ 1
Ng+1
7¥=05 |n‘,’\l—d; (A1)
3(Ng+1)
(5 — - - 7.
e =0.51n Ng+2
© (Ng+1)24+ (Ng+1) V(Ng+1)%+3Ng(Ng+2)
N =0.5 1n ;

Ng(Ngt+2)

(Ng+1)(4Ng+7)+ (Ng+ 1) V(4Ng+7)2— 16(Ny+2)

(7) —
e’ =0.51In 2(Ngt2)
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It can be shown that the following inequalities are valid:  if > {").

" (I The casep<0. Denote:
eor |x— .. 7X\Scr |X7 7X\8cr |Xf .—CH,

o 5 =05 In1+ V1+8(Ng+2)(2Ng+1)
Plxro L ox-<egIx- .. -x o 4(Ng+1) '
<sIx— ... —ch, (A2) oo i MNat 7 V(@Ng+7)2=16(Ng+2)
N Ter =% 8(Ng+1) '
M 7<%,
. . , @) Ng+2
e lxo . ox=<e{lx- . 7CH2$85:r)|X7 Co=X 7 =0.251n Nd+1
(1) (3)
Seg |X+—...—X |X— =X 77(4)_05|nN at1 (A10)
cr "
2 N
<e|x- ... —chy (A3) d
In this case, the following inequalities hold:
it p<n<nl?, 1
“ “ 8E:r)|X— X\s( )|X 8cr)lx— .—CH,
1 1
e Ix- . —x<eWx- . —CH, <ellxro _x- 8(c$)|x+— =T
(2) =3
L <e|x— .. —cny (A12)
2
8(cr)|x— ...—CHyp (A4) if p< 77((:]r-)’
. 2 3 1
if n<n<n, e Ix- . x=e@lx— ... x=eIx- .. . ~CH,
1 1
e lx— .. —x=elx- .. .—CH, <ellxr— .. —x- <s{ )|x+f x-<e@lx- .. . —CH,
2 3
<ellx ... x=e&x .. . —CH, e lx- .. x> (A12)
i (1) (2)
<elx .. x, (as) e <m<m’
(1)
. 3 4 Eor |Xf 7X\8cr |X 7X\8cr |X7 .—CH
if 77t(:r)< n< 77£:r)’ 2
(2) (2)
=g, | _ _ S¥ | +_ _x-
1 1 X CH Xt—... =X
8£:r)|xf 7X\Scr |X7 7CH2$85:r)|X+7...7x* z e
<&y (A13)
2) X—...=X»
<g! VP R
cr | X cr |X CH, . @) 3)
(2) (3) if e’ <n<ng’,
Plxt o ox-<eglx—...-x, (AB) D) )| )
cr IX—. 'S cr IX—. CH\ cr IX—...=X
e (4 5
if pP<n<n, 2) 2)
\gcr |X —CH, \scr |X+ L= XT
1 1
8(cr)|Xf...7X$‘9£:r)|Xf —CH, \Scr)|X+ =X 8(3)|X < (A14)
cr — ... T A
2
8E:r)|><— .—CH, \Scr Tx- . x if 77(3)< < 7](4) and
1 1
<8cr)|x+— -X- \Scr)le —x, (A7) 8cr |X7...7X$8£:r)|xf...7CH2$8(cr)|X+f...7X*
: 5 6 2 2
if 17( )<77<77( ) \85:)| 7...—x$3(cr)|xf...ch2
1 1 1 2
ePlx- . —x<eP|x-. ..—CHzgs(cr)|x+— e <e@|yi_ _x-=<eP|y_  _x, (A1)
(4)
2
<acr)|xf 7CH2$85:r)|X+7...7X* it 7> 7¢
2)
\Scr | - *X\Scr |X* =X (A8) 1J. Koutesky, Advan. Chem. Phy8, 85 (1965.
) ©6) @) 2G. F. Kventsel, Teor. Eksp. Khimt, 291 (1968; 5, 26 (1969.
if 7o’ <n<ng’, and 30. Castao and P. Karadakov, Z. Phys. Chem. N.1R6, 205 (1983).
4S. Larsson and M. Braga, Chem. Phgg6, 367 (1993.
(1) (1) (2) 5Y. Y. Suzuki and J. L. Brdas, Phys. Sc#9, 509 (1994.
& _ \8 _ =g _ _ ’ g
o [ x o - ~CHy = P [x-. CH 8Y. Y. Suzuki, D. Beljonne, and J. L. Bdas, J. Chem. Physin press.
(1)| )l L. I. Malysheva and A. I. Onipko, Synth. Me80, 11 (1996.
Eor Ixt-. X_\SCY Xt—... =X~ 8K. Schulten and M. Karplus, Chem. Phys. Léitt, 305(1972.
B. E. Kohler, in Conjugated Polymersedited by J. L. Brdas and R.
2 3 ,
Sf:r)lx— S —ngf:r)|X— =X (A9) Silbey (Kluwer, Dordrecht, 1991
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