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Paul Tavan and Klaus Schulten

Physik Department, Technische Universitdt Miinchen, James-Franck-Str., 8046 Garching, West Germany

(Received 23 June 1986; accepted 19 August 1986)

A correct description of the electronic excitations in polyenes demands that electron

correlation is accounted for correctly. Very large expansions are necessary including many-
electron configurations with at least one, two, three, and four electrons promoted from the
Hartree-Fock ground state. The enormous size of such expansions had prohibited accurate
computations of the spectra for polyenes with more than ten 7 electrons. We present a
multireference double excitation configuration interaction method (MRD-CI) which allows
such computations for polyenes with up to 16 7 electrons. We employ a Pariser—Parr-Pople
(PPP) model Hamiltonian. For short polyenes with up to ten 7 electrons our calculations
reproduce the excitation energies resulting from full-CI calculations. We extend our
calculations to study the low-lying electronic excitations of the longer polyenes, in particular,
the gap between the first optically forbidden and the first optically allowed excited singlet state.
The size of this gap is shown to depend strongly on the degree of bond alternation and on the
dielectric shielding of the Coulomb repulsion between the 7 electrons.

I. INTRODUCTION

Polyenes are well known for their intense optical ab-
sorption which originates from an optically allowed singlet
state of B, symmetry. For a long time this state had been
assumed to be the lowest singlet electronic excitation of po-
lyenes and to be the starting point for the fast polyene photo-
chemistry. However, in 1972 it had been discovered that in a
diphenylpolyene a lower, optically forbidden singlet elec-
tronic excitation of 4, symmetry exists and it had been sug-
gested that such state can be found in all polyene com-
pounds.'? This expectation was based on self-consistent
field configuration interaction calculations (SCF-CI) in-
volving a Pariser-Parr-Pople (PPP) Hamiltonian. The ex-
istence of this state below the optically allowed B, singlet
state in polyenes with 3-6 double bonds is by now a well
established fact.? The early prediction that this state occurs
also in butadiene has been confirmed recently by resonance
Raman spectroscopy.* In this latter molecule the excited 4,
state has been identified about 0.2 eV below the B, state. 4b
initio calculations fail to describe the excitation energies of
these two states properly.>™’

In this paper we want to investigate the electronic level
ordering of long polyenes. The interest in these materials
stems from the observation of large conductivities in doped
derivatives of very long polyenes, i.e., of polyacetylene. In-
vestigations of the physical properties of these compounds
are currently being persued in many laboratories.® These in-
vestigations have been stimulated very much by the intrigu-
ing suggestion that solitonic excitations, i.e., low energy
states which involve a strong coupling between electronic
and nuclear degrees of freedom, mediate the conductivity of
polyacetylene.”'? However, the existence of solitonic excita-
tions in polyacetylene has not been proven conclusively and
their original theoretical description based on a single-elec-
tron picture was found to be at variance with a number of
experimental findings. This issue has been discussed in Refs.
11, 12, 13, and 14. But in spite of the shortcomings of the
original treatment, which are due to the neglect of electronic
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correlations, it appears that the concept of solitons in these
materials is actually correct. Our aim is to investigate elec-
tronic excitations and their vibronic coupling in a wide range
of polyenes in order to relate the well understood properties
of short conjugated chains to the emerging notions on the
properties of polyacetylene.'® A prerequisite for such an in-
vestigation is a knowledge of the energies and wave functions
of the ground state and of the excited 4, and B, singlet states
in polyenes of all sizes.

Due to the importance of electron correlation effects a
description of the electronic excitations in long polyenes is a
rather complicated task. For the description one has to re-
sort to semiempirical Hamiltonians. 4b initio methods can-
not be applied to longer polyenes because of the large total
number of electrons in these compounds. Besides, as pointed
out above, ab initio methods appear to be incapable of cor-
rectly describing the excitation energies of even the smallest
polyene. In this paper we will employ the PPP Hamiltonian
as it proved to describe properly the electronic excitations in
the smaller polyenes. '

In the following we will denote excited singlet states by
the symbols n '4, and n 'B, where 4, and B, denote the
spatial symmetry of the states and n counts in order of in-
creasing energy the excitations of a particular symmetry
type. In this notation the ground state will be denoted by
1'4,.

The singlet ground state 1 '4, of polyenes customarily
is described by a single Hartree~Fock determinant. This de-
scription to a large part neglects the effect of electron corre-
lation. Since the 1 'B, state and, in particular, the 2 '4, state
are dominated by electron correlation the determination of
accurate excitation energies requires that electron correla-
tion is also properly described for the ground state. Actually,
the aim of any computational method for excitation energies
is to account for the contributions of electron correlation in a
“balanced” way, i.e., to determine the contributions of the
correlation energy to the same degree of completion in both
the ground state and the excited state.
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Starting from the Hartree-Fock determinant the effect
of electron correlation on the ground state can be described
by a configuration interaction expansion which includes
double excitations. Such description renders an accurate de-
scription for small polyenes, however, falls short in the de-
scription of longer polyenes. In fact, the correlation contri-
bution to the ground state energy is proportional to JN,
whereas the exact correlation contribution should increase
linearly with the polyene length N. The error obviously be-
comes very large for longer polyenes. An estimate of this
error has been presented in Ref. 15. The results of these auth-
ors let us expect that the inclusion of configurations with up
to four electrons excited from the Hartree—Fock ground
state should provide accurate ground state energies for po-
lyenes that are as long as considered in this work, i.e., N< 16.

The description of the optically allowed 1 'B, state is
rather straightforward. In zeroth order approximation this
state can be constructed by promoting a single electron from
the highest occupied to the lowest unoccupied molecular or-
bital. To account in a first approximation for the effect of
electron correlation all one particle-one hole excitations
have to be included in the description. The resulting expan-
sion describes properly the Coulomb attraction between
electron and hole.'* The energy contribution of this interac-
tion grows with the size of the polyene.'®'” Further correla-
tion effects in the 1 'B, state due to electron—electron repul-
sion are very similar to the electron correlation effects in the
ground state. For a proper description of these effects one
needs to include configurations in the CI expansion in which
at least three electrons are simultaneously excited from the
Hartree~Fock ground state. ' ,

The low-lying excited 2 '4 ¢ State has been characterized
to involve two simultaneous triplet excitations of ethylenic
units which combine to an overall singlet state.2® %19 For a
proper representation of this state all 7-electron configura-
tions with one and two electrons promoted from the Har-
tree-Fock ground state have to be included in a CI expan-
sion (D-CI). However, such a minimal representation does
not provide a balanced description of the correlation ener-
gies of the ground and the excited state and, as a result, fails
to describe excitation energies accurately, the error increas-
ing with increasing lengths of the polyenes as y¥.'S This
deficiency is repaired, at least for the shorter polyenes, when
all triply and quadruply excited configurations are included
in the CI expansion (Q-CI). The resulting description pre-
dicts that the energy gap between the excited 2 'A,and1'B,
states increases with increasing polyene length, a finding
which is in agreement with the available spectral data. This
has been demonstrated previously'® for the polyene series
CyHy , 5, N=4,6,8,10. The results were confirmed in a
series of investigations by Soos and co-workers?*-2* who em-
ployed a full-CI description. However, for the longer po-
lyenes (N > 10) a satisfactory description of the 2 '4 ¢ Stateis
still missing.

Actually, Soos and co-workers chose a parametrization
of the PPP Hamiltonian different from that in Refs. 18 and
19. In order to avoid unneccessary confusion about the accu-
racy of the different methods we will adopt the parametriza-
tion of Soos e al.** This allows a direct comparison of results
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and, as demonstrated below, proves that full-CI calculations
reproduce very closely the results obtained by our previous
Q-CI method.

There are two problems connected with a description of
longer polyenes. First, the larger the 7-electron system, the
more important is the effect of electron correlation. Actual-
ly, for a description which is to reproduce for short and lon g
polyenes the energies of ground and excited states to the
same degree of accuracy one needs to include electron con-
figurations for the longer polyenes which are excited to a
higher degree than those of the shorter polyenes.'s Second,
the dimension of the many-electron Hamiltonian increases
exponentially with the number N of 7 electrons. Even with
the use of supercomputers and very efficient algorithms for
the matrix element evaluation a CI dimension of about 10°
currently represents the upper computational limit. Em-
ploying an orthonormal basis of antisymmetrized, spin- and
symmetry-adapted configurational functions this limit is
reached at N = 14 for Q-CI expansions and at N = 12 for
full-CT expansions. In order to overcome these difficulties
one needs to employ an approximation scheme which selects
in a suitable way the most important electron configura-
tions. On the one hand the selection has to guarantee that the
resulting dimensions of the CI expansions remain within re-
alistic bounds. On the other hand, the selection should
achieve a balanced description of correlation effects in
ground and excited states. For this purpose we have adopted
the multireference double excitation configuration interac-
tion (MRD-CI)** scheme. In our implementation of this
scheme the relevant matrix elements of the many-electron
Hamiltonian are evaluated from a small set of general for-
mulas.”® These formulas render an efficient algorithm for the
matrix element generation allowing the treatment of CI ex-
pansions comprising several 10* spin-adapted, antisymme-
trized functions.

In the following we will demonstrate that the MRD-CI
expansion furnishes accurate descriptions of the five lowest
excited states in polyenes comprising up to 16 = electrons.
The accuracy of the MRD-CI expansion is proven by com-
paring for polyenes with up to 10 and 12 7 electrons our
results to those of full-CI?* and Q-CI calculations. We then
extend our calculations to longer polyenes. The results show
that the 2 '4_—1 'B, energy gap increases from butadiene to
the longest polyene investigated. The energy gap is found to
depend on the degree of bond alternation as well as on a
possible dielectric screening of the Coulomb repulsion
between the 7 electrons. In a subsequent publication the cal-
culated MRD-CI excitation energies and wave functions are
employed for a study of the properties of electronic states in
the long polyenes and for an extrapolation to polyacetylene,
i.e., to the “infinite” polyene limit.2¢

Il. METHOD: PPP-MRD-CI

The excited 7-electron valence states of the polyenes are
described here as in our previous work?'#!5!° by 3 Pariser—
Parr-Pople (PPP) parametrized model Hamiltonian:
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(2.1)

The first term describes the nuclear repulsion, the second
term the attraction between 7 electrons and nuclear cores,
the third term the kinetic energy of the electrons and the last
term their mutual Coulomb repulsion. The Fermion cre-
ation (annihilation) operators ¢, (¢, ) position the 7 elec-
trons in an orthonormal set of atomic orbitals. The effective
Coulomb repulsion integrals U,,, between orbitals at atoms
n and m are given by the Ohno formula®’

U,, =U/J1+061177,,

where r,,, is the atomic distance in A. For the repulsion
energy U of two 7 electrons at the same atomic site we have
adopted the standard value of 11.26 eV such that at large
distances the electron repulsion falls off as €%/7,,,, . To inves-
tigate how a faster decay of the Coulomb repulsion of the 7
electrons affects the polyene spectra we have employed also
a modified formula U, which is related to Eq. (2.2) by

(2.2)

us (r)=U,,(2r). (2.3)
At large distances this expression mimics a dielectric screen-
ing with an intramolecular dielectric constant € = 2. For the
effective ionization potential / of a 77 electron at a carbon site
we assumed the value 11.16 eV. The resonance integral ¢,
between centers n and m is given by (distances 7, in A)
; [—2.4X[1.0+1.4(1.4—r,,,,,)]ev forn=m+1;
"~ lo else.

(2.4)

With atomic distances of 1.45 A for single bonds and of 1.35
A for double bonds this parametrization is identical to that
employed by Sool and Ramasesha?? in their full-CI study on
the m-electron excitations of shorter polyene chains. Since
we have adopted the parameters of these authors we can
employ the full-CI results as a reference for the accuracy of
our description. To study the effects of the degree of bond
length alternation on the polyene spectra, we have alsoinves-
tigated model polyenes with all bond lengths equal to 1.40 A.

For alternating hydrocarbons the PPP Hamiltonian (1)
in addition to spatial and spin symmetries exhibits an addi-
tional symmetry, the so-called *“alternancy symmetry,”
which classifies ( — ) and ( + ) states.?®?° In a valence bond
(VB) description the ( — ) states are characterized by cova-
lent diagrams corresponding to spin wave excitations,
whereas the ( 4 ) states are purely ionic. Hence, the ( — )
states depend much more sensitively on the electron correla-
tion than the ( + ) states'® such that much larger CI expan-
sions have to be chosen for a proper description of the ( — )
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states than for the ( 4 ) states. To underline this difference
we will classify all states by their ( — ) and ( + ) alternancy
symmetry. In our calculations we have dealt separately with
the four symmetry classes, i.e., with '4 ;*, '4 ;~, 'B },and
'B - states, in order to reduce the dimension of the CI ma-
trix.

Exact calculations of the low-energy spectrum of the
Hamiltonian (1) for the polyenes appear to be limited to
systems with at most 12 7 electrons. This is due to the enor-
mous dimension d of the corresponding many-electron Hil-
bert space which increases exponentially with the number ¥
of electrons. For instance, in the VB basis the subspace of
singlet states of the 12-electron system is spanned by'226 512
VB diagrams.?® Therefore, for larger systems one has to rely
on approximations which are based on some kind of selec-
tion of “important” contributions.

A selection of the main contributions to a given state is
difficult in the VB basis but is straightforward when Har-
tree-Fock molecular orbitals are chosen for the construction
of the many-electron states. In the latter case the many-elec-
tron functions can be classified according to the number of
particle-hole excitations from the Hartree-Fock ground
state. Such a classification corresponds to an energetic or-
dering according to increasing energy. Higher excited many-
electron configurations should give successively smaller
contributions to the low-lying excited states and one may
hope to achieve rather accurate descriptions by truncating
the configurational basis at some chosen degree of excita-
tion.

The choice of the CI basis is determined by the character
of the states to be described. The covalent ( — ) states of the
polyenes require single, double, triple, and quadruple excita-
tions for a correct description.!® Consequently, we include
such excitations in our CI expansion. However, the inclusion
of all such excitations leads to very high dimensions d of the
many-electron basis. As shown in Table I a Q-CI description
of the singlet excitations of the 14-electron polyene for each
space and alternancy symmetry class leads to a dimension of

TABLE I. Dimensions d of the CI matrices employed for the Q-CI and
MRD-Cl expansionsofthe 1'4 ;~, 2'4 7, and 1 'B } states. Pariser’s al-
ternancy symmetry has been taken into account in order to reduce d. In the
MRD-CI method d varies strongly with the number n, of reference configu-
rations used for the zeroth order description of the respective state. Dimen-
sions marked with an « have been estimated assuming dq.c; /4 where dq.c;
has been calculated according to a formula given in Ref. 24.

Q-CI MRD-CI Q-CI MRD-CI
I 1'4; 2'4; B} 1'8}
N d n, d n, d d n, d
4 9 2 9 2 9 6 1 6
6 53 2 29 3 47 45 1 25
8 332 2 80 3 183 306 1 74
10 1727 2 180 5 668 1664 1 178
12 7230 2 359 6 2056 7088 1 367
14 24 700* 2 647 9 6699 24 700* 1 682
16 73 545* 2 1086 16 17623 73 545* 1 1167
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about 25 000 of the Hamiltonian matrix. Considering that
the corresponding many-electron basis is made up of about
50 000 spin-adapted antisymmetrized functions for which
matrix elements of the Hamiltonian have to be calculated,
the 14-electron system appears to be the upper limit for a Q-
ClI treatment in a conventional CI approach even on current
supercomputers. For larger electron systems a more detailed
truncation scheme of the CI basis is necessary which selects
the basis more carefully than a scheme which cuts off all
excitations beyond a certain degree of excitation.

Such an alternative scheme is offered by the multirefer-
ence double excitation CI method (MRD-CI) of Buenker
and Peyerimhoff.** This method is based on perturbation
theoretical arguments and is characterized by a two-step in-
dividual selection of the CI basis for each electronic state.

In the first step n, “reference” configurations |X, ) de-
scribing the main contributions to the respective wave func-
tion are selected. The representation of the wave function in
terms of the references |K, ) defines the unperturbed state. In
our implementation of the MRD-CI method the references
are determined in a trial D-CI calculation. For each state
those single and double excitations are included into the set
of references which have the largest coefficients in the D-CI
expansion of the wave function. The number of references is
chosen such that the contribution of the references to the D-
CI electron density exceeds a certain threshold X.

In the second step the “interacting” configurations |K, )
which are actually employed in the CI expansion are genera-
ted from the reference configurations |K, ). The |K;) include
the configurations |K,) and all those configurations which
are singly or doubly excited with respect to one of the refer-
ence configurations. Hence, the set of |K,) comprises all
those single, double, triple, and quadruple excitations which
in second order perturbation theory can give a correction to
the energy of the unperturbed state.

The dimensions d of the MRD-CI basis sets and, conse-
quently, the resulting excitation energies depend on the
choice of the thresholds X, i.e., on the number n, of reference
configurations |K, ) employed for the zeroth order approxi-
mation of the various states. These zeroth order descriptions
are chosen such that the correlation effects neglected are of
similar magnitude for all states, in which case the MRD-CI
excitation energies may be closer to the exact values than the
energies of the individual electronic states, i.e., of the ground
state and of the excited states. Unfortunately, there is no
general g priori criterion which guarantees that a certain

- choice of X yields approximations of similar quality for all
electronic states of the polyene series such that the desired
cancellation of errors actually occurs. A “balanced” descrip-
tion was determined by comparisons with the exact results
available for small polyenes. The values of #, and d render-
ing a balanced description are given in Table I for the
1'dA;, 2'A7, and 1 'B } states. The table demonstrates
the strong reduction of the computational effort achieved by
the MRD-CI expansion as compared to the Q-CI expansion.
This reduction is particularly significant for the ground state
and for the ionic 1'B}* and 1'4;* states, the MRD-CI
basis of which results from only two (1'4 ¢ ) and one
(1'4;5, 1'B ) reference configurations. Up to the 16-

TABLEI1. Excitation energies (energies relative to the CI ground state) ot
the low energy states of the polyenes with N conjugated # electrons as deter-
mined from PPP-MRD-CI calculations for which a geometry of alternating
bonds described by § = 0.10 A has been assumed (energies given in eV),

N 24” 1B} 1'8B; 34, 147
4 5343 - 5828 10.230 9.304 7.547
6 4365 5.046 5.345 6.976 6.751
8 3182 4.558 4.714 5.359 6.098

10 3405 4.231 4.211 4.924 5.600

12 3169 4.006 3.855 4.510 5.217

14 3003 3.849 3.578 4.149 4918

16 2865 3.742 3.387 4.683

electron polyene the MRD-CI dimensions are small enough
to allow a calculation also of the strongly correlated covalent
2'4;7, 1'B,and3 '4 ¢ States for which many reference
configurations have to be taken into account.

We would like to note that the 16-electron system is not
the largest system which currently can be treated in the
MRD-CI scheme since this scheme leads quite naturally to a
couple of further approximations.?***3! For instance, in-
stead of calculating the energies and wave functions varia-
tionally in the full MRD-CI basis, one can divide the set of
interacting configurations |K;) into subsets of strongly and
weakly interacting configurations |K,, ) and |K,,) using asa
selection criterion the second order energy correction to the
energy of the unperturbed state defined through the refer-
ence configurations |X, ). The Hamiltonian is then diagona-
lized in the |K, ) basis (SEL-MRD-CI) and the corrections
due to the weakly interacting configurations |K., ) are ap-
proximated by perturbation theory. An investigation and
comparison of such approximations using the polyenes as
model systems together with a systematic study of the crite-
ria how to achieve balanced descriptions of the ground and
excited states in the framework of the MRD-CI method will
be published elsewhere.?? For the present study we restrict
the discussion to the results of the fully variational MRD-CI
method outlined above.

In spite of the strongly reduced computational effort for
a MRD-CI expansion as compared to a Q-CI expansion very
large Hamiltonian matrices had to be evaluated for the de-
scription of the covalent excited states of the 16-electron po-
lyene. For the 2 '4 [~ state, for instance, the CI basis com-
prised about 35000 spin-adapted antisymmetrized
functions. The necessary calculations became feasible only
after the development of efficient algorithms for the evalua-
tion of the matrix elements of the Hamiltonian and required
a CRAY-1 supercomputer. The algorithms and the corre-
sponding general matrix element formulas for spin-coupled
particle-hole excitations have been presented in detail i
Ref. 25. '

. RESULTS

The calculated MRD-CI excitation energies for the five
energetically lowest excited singlet states of the polyene se-
ries CyHy . ,, N =4,6,..,,16 are collected in Table II. For
comparison Table III shows the corresponding Q-CI results
for N<12 including one further excited state.
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TABLE III. Excitation energies of the low energy states of the polyenes
with N conjugated = electrons as determined from PPP-CI calculations in-

P. Tavan and K. Schuiten: Excitations in long polyenes

cluding all single, double, triple, and quadruple excitations.

N 2'4; 1'By 1'B; 3'4; 1'4} 4'4]
4 5343 5828 10230 9304  7.547 11174
6 4360 5049 5337 6977 6755  8.085
8 3768 4564 4712 5331 6110  6.001

10 3418 4244 4228 4925 5628 5309

12 3217 4024 3892 4542 5267 4837

A. The spectra of the long polyenes

The length dependence of the polyene spectra resulting
from an MRD-CI description is shown in Fig. 1. With in-
creasing polyene length the excitation energies of the cova-
lent ( — ) states decrease faster than those of the ionic ( + )
states. Therefore, the 2 '4 ;-1 'B } energy gap continues
to grow even for the longest polyene investigated. Further-
more, as observed previously by Ramasesha and Soos,?* a
second covalent excited state, the 1 'B [ state, in decapen-
taene (N = 10), falls just below the strongly absorbing
1 'B } state. In the longer polyenes this 1 'B ;= state moves
further below the 1 'B ; state and appears to approach the
1'4 " state. Extrapolations have demonstrated that for
N- o« the excitation energies of the covalent states
2'4;, 1'B;,and 3'4 tend towards a common finite
value, the covalent gap AE, measuring about 2 eV. Similarly
the excitation energies of the ionic states 1 'B } and 1'4
converge to a common value, the optical gap AE; of about 3
eV. Hence, for polyacetylene a band of homopolar singlet
states is predicted below the conduction band of optically
allowed ionic states. The extrapolations and a discussion of
the dependence of the covalent gap AE, on bond alternation
and on the range of the Coulomb interaction of the electrons
are presented in Ref. 26.
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o
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‘: [ -—-=covalent states
5 6 l : LT 1
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FIG. 1. Excitation energies of the five lowest excited singlet states resulting
from PPP-MRD-CI expansions for the polyenes with N = 4, 6,...,16 conju-
gated 7 electrons. The bond length alternation has been described by the
standard value & = 0.10 A and for the description of the Coulomb interac-
tion equation (2.2) has been employed.

6. T T T T T T T

e——— PPP-MRD-CI
----- experiment

......

.....

excitation energy / eV
S
T

number of m—electrons

FIG. 2. Comparison of the PPP-MRD-CI excitation energies and the spec-
tral data for the two lowest polyene singlet states; the experimental data are
from Refs. 3, 4, and 32; see caption to Fig. 1 for further explanation.

B. Comparison with experiment

Figure 2 compares the MRD-CI excitation energies of
the 2 '4 7 state and of the 1 'B ;' state with the available
experimental data taken from Refs. 3, 4, and 33. The ob-
served excitation energies refer to the 0-0 transitions in iso-
lated, unsubstituted polyenes. All these values are somewhat
smaller than those predicted by the PPP model. Such a dif-
ference has to be expected, however, because the theoretical
excitation energies do not refer to 0-0 transitions but rather
to vertical transitions.* In octatetraene, decapentaene, and
dodecahexaene, for instance, the vertical transitions to the
2'4 [ state have been observed 0.2-0.4 eV above the 0-0
bands.?

The relaxation of the molecular geometry in the excited
state which is not accounted for in the theoretical descrip-
tion does not explain all discrepancies between the observa-
tions and the predictions of the PPP model Hamiltonian.
Most remarkable in this respect is the observation, that the
experimentally determined excitation energies decrease fas-
ter with increasing polyene length than those predicted by
our calculations. As a measure for the dependence of the
excitation energies on the size of the compounds one may
consider  the  differences AE,;,(2'4;) and
AE,,, (1'B ;) of the excitation energies in the N = 4 and
N =12 polyenes. For these differences the values
AE,;(2'4; ) =27eVand AE, ,(1'B}) =2.1eV have
been observed whereas our description yields the values 2.2
and 1.8 eV, respectively. In search for the reasons of this
shortcoming we have investigated two possibilities.

A first source for the mentioned error may be the as-
sumption that the pattern of bond alternation of polyenes is
independent of the polyene length. In our calculations the
bond alternation has been described by a parameter § which
is equal to the length difference of single and double bonds.
We have assumed a value § = 0.10 A. In the case of the short
polyenes butadiene and hexatriene such a value of § is actual-
ly too small. Electron diffraction yields the value § = 0.12
A.?3¢ For the long polyenes the value assumed for & is rath-
er too large. Nutation NMR experiments revealed values of
1.44 A for the single bonds and 1.36 A for the double bonds
in polyacetylene, i.., in the polyene of infinite length.>” The
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FIG. 3. The effect of the bond length alternation on the excitation energies
of the two lowest polyene singlet states as calculated by PPP-MRD-CI ex-
pansions.

corresponding value § = 0.08 A can lead to considerable al-
terations of the excitation energies.

In order to investigate the dependence of the excitation
energies on the degree of bond alternation we have carried
out MRD-CI calculations for § = 0. Figure 3 compares the
MRD-CI excitation energies of the 2 '4.,” and 1 'B } states
of model polyenes calculated for § = 0.10 A and & = 0. The
numerical values for the latter case are provided in Table IV,
Figure 3 shows that the excitation energies of both low-lying
states increase strongly upon bond dimerization. We denote
these energy increments by AE,(N,S)=E(N,S,5)

— E(N,S,0), i.e., the energy difference between excitation
energies of the state .S in polyenes of length N characterized
by 8§70 and § = 0. These energy increments are larger for
the covalent state than for the ionic state and more pro-
nounced in the long compounds than in the short ones.
Hence, small changes in the assumed model geometry can
entail considerable variations in the calculated bond length
dependence of the excitation energies. Assuming a linear de-
pendence of §E5; on § and bond alternation parameters
85=0.12 A for N=4 and 6 = 0.08 A for N = 12 one may
obtain from Fig. 3 a crude estimate on the corrections to the
OE, ,, values which might result if instead of the intermedi-
ate alternation more realistic polyene geometries would be
employed. One finds corrected values AE, 1, (2'4 ) = 2.6
eV and AE, ,(1'B ) = 2.1 eV which reproduce the ob-
servations rather well.

A second source of errors in the description of the length

TABLEIV. Excitation energies of the low energy states of the polyenes with

N conjugated 7 electrons as determined from PPP-MRD-CI calculations
for polyenes with6 =0. -

N 24, 1B 1'B; 214}
4 4,647 5.520 9.638 7379
6 3.524 4712 4.692 6.545
8 2.814 4.206 3.951 5.885

10 2.376 3.858 3.357 5.385

12 2.064 3.602 2.922 4.995

14 1.818 3.402 2.569 4.613

16 3.242 4415
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FIG. 4. The effect of a dielectric shielding of the Coulomb interaction U,,,

of the 7 electrons on the excitation energies of the two lowest polyene singlet
states as calculated by PPP-MRD-CI expansions; see the text for discus-
sion.

dependence of the polyene excitation energies might be the
specific form of the Ohno formula (2.2). Although one must
expect an effective shielding of the electric field of the 7
electrons due to correlations with the electrons in the o
core®®° this formula assumes a vacuum type asymptotic
e*/r dependence for the effective 7-electron repulsion. In
order to reveal to which extent the polyene spectra depend
onadielectric shielding of the 7-electron interaction we have
replaced the Ohno formula (2.2) by Eq. (2.3). This latter
expression certainly oversimplifies the description of dielec-
tric shielding. However, application of Eq. (2.3) can provide
a qualitative measure to which extent dielectric shielding
affects excitation energies. [At this point we would like to
note that the unrestricted Hartree-Fock (UHF) treatment
of the dependence of the 1 'B ;* excitation energy and of the
structure of the ground state of polyacetylene on the dielec-
tric shielding of the Coulomb potential in Refs. 38-40 ap-
pears to underestimate the effects of electron correlation.
This is indicated by the erroneous'® UHF prediction of a
charge density wave ground state for strong shielding of the
long range part of the Coulomb potential. ]

In Fig. 4 we compare the excitation energies for both the
2'4; and the 1'B " states for a shielded (2.3) and an
unshielded (2.2) Coulomb interaction. Table V presents the
corresponding numerical values. The results illustrate that a
dielectric shielding increases the 2 '4 ;/~1 'B }* energy gap
by pushing the excitation energy of the ionic state upward
and that of the covalent state downward. Furthermore, with

TABLE V. Excitation energies of the low energy states of the polyenes with
N conjugated 7 electrons as determined from PPP-MRD-CI caiculations.
The Coulomb repulsion between the 7 electrons has been described by the
scaled Ohno formula (2.3).

N 24, 1'B}
4 4.539 7.217
6 3.725 6.231
8 3.246 5.613

10 3.006 5.171

12 2,758 4.836

14 2.607 4.573
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FIG. 5. Comparison of polyene excitation energies obtained from Q-CI and
full-CI expansions; the full-CI results have been taken from Ref. 22; see the
caption to Fig. 1 for further explanation.

a shielded m-electron repulsion the excitation energy of the
1'B * state decreases more rapidly with increasing polyene
length. Comparison with Fig. 2 shows that in this respect the
shielded Coulomb repulsion yields a length dependence of
the excitation energies which is closer to the observed behav-
ior. Hence, one can expect that an appropriately reparame-
trized PPP Hamiltonian including, in particular, a shielded
mr-electron interaction and a size-dependent bond alterna-
tion, should reproduce all observed features of the low ener-
gy spectra of the polyenes rather well.

C. The accuracy of the Cl methods

MRD-Cl is an approximate method for the determina-
tion of the excitation energies of low-lying excited states
which relies on an assumed cancellation of errors. If, in par-
ticular, MRD-CI excitation energies of long compounds are
used for extrapolations to the polyacetylene case’® then
small deviations from the exact results can cause large errors
in the extrapolations. For this reason it is important to dis-
cuss the magnitude of the errors connected with the results
reported here. The errors depend strongly on the properties
of the Hamiltonian under consideration.

Comparing Tables II and III for the standard polyene

TABLE V1. Ground state correlation energies E_,,, /N per site determined
from full-CI, Q-CI, and MRD-CI calculations for various polyene PPP
Hamiltonians. The correlation energy E,,,, is defined here as the difference

of the CI and SCF ground state energies.

§=0.104, U, Eq. (2.2)
§=00A U=, Eq (2.3)

N FullCl Q€I MRD-CI MRD-CI  MRD-CI
4 01491 —0.1491 —0.1491 —0.1759  —0.4238
6 ~—01547 —0.1504 —0.1470 —0.1787  — 0.4040
8 —0.1555 —0.1512 —0.1438 —0.1780  —0.3791

10 —0150 —0.1515 —0.1402 —0.1752  —0.3554

12 —01564 —0.1515 —01367 —0.1712  —0.3348

14 —01334 —01665  —0.3173

16 —0.1303 —-0.1616

PPP Hamiltonian at intermediate bond alternation we first
note that MRD-CI reproduces the Q-CI excitation energies
very closely. The mean square deviation of the excitation
energies for the first five singlet state of decapentaene
(N = 10) measures 0.017 eV even though the dimensions of
the corresponding variational spaces differ by factors in the
range 3-10 (cf. Table 1). The high accuracy of the Q-CI
excitation energies, on the other hand, can be judged from
Fig. 5 which compares the Q-CI data of Table III with the
available full-CI data.?® In the case of decapentaene the
mean square deviation of the Q-CI energies from the full-CI
energies for the first four singlet states measures 0.023 eV.
The MRD-CI excitation energies match the exact results
even somewhat better, the mean square deviation measuring
only 0.006 eV. However, for a judgment on the latter agree-
ment one has to keep in mind that the selection of the num-
ber of reference configurations for the MRD-CI description
had been chosen to minimize deviations from the exact re-
sults on the short polyenes (N = 4,6,8,10).

Table VI compares the ground state correlation energies
per carbon atom as resulting from full-CI,>* Q-CI, and
MRD-CI calculations. The correlation energy is defined
here as the difference of the Hartree-Fock and CI ground
state energies. A comparison of the energy values reveals the
magnitude of the errors in the absolute energies for the Q-CI
and the MRD-CI method. For decapentaene, for instance,
Q-CI reproduces 97% of the correlation energy of a full-CI
calculation, whereas the MRD-CI expansion involving a
tenfold smaller variational space reproduces 90% of this en-
ergy. The absolute errors are 0.045 and 0.158 eV, respective-
ly. Hence, for both Q-CI and MRD-CI the excitation ener-
gies of the low-lying states are much better described than
their absolute energies, i.e., the desired cancellation of errors
actually occurs.

For the standard PPP model the MRD-CI excitation
energies are rather insensitive to the zeroth order description
of the excited states. Adding, for example, a sixth configura-
tion to five reference configurations describing the 2 '4 =
state of decapentaene results in a 22% enlargement of the CI
dimension. However, this considerable increase of the com-
putational effort reduces the excitation energy only by 0.3%.
The MRD-CI excitation energies are more sensitive to the
description of the ground state. Adding a third configuration
to the reference configurations for the ground state of deca-
pentaene expands the CI basis by 145% and results in an
increase of the excitation energy by 19-2%. Summing up
all the mentioned effects on the MRD-CI excitation energies
one expects that for the polyenes with 12-16 carbons the
error in the MRD-CI excitation energies is likely to be much
smaller than 0.1 eV.

These statements on the high accuracy of the MRD-CI
results remain true as long as the correlation effects, on an
absolute scale, are not much larger than in the case of the
standard polyene PPP Hamiltonian. A comparison of the
MRD-CI correlation energies in Table VI reveals that these
energies increase for both modifications of the standard PPP
model, i.e., in case of vanishing bond alternation and in case
of dielectric shielding. For the model with § = O the ground
state correlation energy increases by about 20%. The dielec-
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tric shielding of the Coulomb interaction as described by Eq.
(2.3) leads to a strong increase of the ground state correla-
tion energies. One expects that the uncertainties connected
with the choice of a particular MRD-CI basis are consider-
able in the latter case. For example, adding in the case of
decapentaene one further reference configuration for the
ground state increases the calculated excitation energies by
5%-10%, i.e., much more than in the case of an unshielded
Coulomb interaction. But even in such a strongly correlated
case one can achieve a satisfactory MRD-CI description of
the large electron systems if the exact results for the corre-
sponding small compounds are known. Then the optimal
MRD-CI descriptions of the large systems can be extrapolat-
ed from those of the small ones.?? If exact results are unavail-
able, like in the case of dielectric shielding, and if one has to
resort to Q-CI approximate results for the fit of the MRD-CI
description, then, of course, the results may be less reliable.
In the strongly correlated case we estimate errors in the exci-
tation energies smaller than 0.2 eV.

IV. SUMMARY

We have presented an MRD-CI method for the calcula-
tion of the spectra of extended conjugated systems compris-
ing up to 16 7 electrons in a PPP parametrization. The
MRD-CI expansions cover only a small part of the complete
many-electron basis of such systems and, consequently, en-
tail certain errors in the calculation of the absolute energies
of the ground and excited states. However, the selection pro-
cedure of the many-electron basis employed in the MRD-CI
scheme individually for each state is designed to lead to an
approximate cancellation of these errors and, thereby, to
rather accurate predictions of the spectra.

The MRD-CI method has been employed to describe
the excited singlet states of polyenes. For short polyenes with
up to ten 7 electrons the MRD-CI expansions have been
shown to render excitation energies which match the exact
results?® very well. It has been demonstrated that the errors
in the MRD-CI excitation energies should be very small also
for the longer polyenes with up to 16 7 electrons. Differences
between observations and predictions must be attributed to
shortcomings of the PPP model rather than to inaccuracies
of the MRD-CI approximation.

A comparison with spectral data has lead to the conclu-
sion that the PPP model furnishes a qualitatively correct
description of the observed energy gap between the excited
2'4 ;7 and 1 'B * states. This gap increases with increasing
length of the polyenes. For polyenes with more than 12 7
electrons for which up to now no experimental data are
available this behavior is predicted to continue. However, a
PPP model of the polyenes which assumes a constant bond
length alternation underestimates the decrease of the excita-
tion energies and the increase of the energy gap associated
with an increasing length of the polyenes. To a large degree
these deficiencies can be repaired if one follows the experi-
mental evidence and assumes a weakening of the bond length
alternation. Calculations which assume no bond length al-
ternation to exist predict smaller excitation energies for both
low-lying states and a steeper decrease of the 2 '4 ¢ CXcita-
tion energy with increasing chain length. To a lesser degree
the shortcoming of the PPP model might arise from the as-

sumption that the Coulomb interaction of the 7 electrons
decays like ¢°/r at large distances. Calculations assuming an
intramolecular  dielectric  shielding  predict larger
2'4;-1'B} energy gaps and a steeper decrease of the
1'B } excitation energy with increasing polyene length. Al-
together we expect that an appropriately reparametrized
PPP model Hamiltonian should be capable of describing
quantitatively the low-lying excitations in polyenes.

Since accurate descriptions of the electronic excitations
in long polyenes are now available these results can be used
for an extrapolation to polyacetylene, i.e., the polyene of “in-
finite” length. The reader is referred to Ref. 26 for a presen-
tation and discussion of such extrapolation.
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