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Early quantum chemistry of polyenes.
Useful stimulus in research on conducting polymers
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Early quantum-chemical modeling of polyenes is compared with modern developments. An inconsistency in modern treat-
ments not present in early models is tolerated and interpreted by modern authors as an indication of a general failure of single-
electron approaches (the discrepancy between the measured value of the elastic force constant of the molecular skeleton and the
fitted value). In contrast, we find the discrepancy to be due to a specific defect of the used SSH model. Single-electron approaches,
in the view of modern authors, fail in explaining excited-state properties (in particular the low lying 2 'A, state in polyenes).
However, the feature results unambiguously from an early single-electron-coupling model.

Early quantum chemistry has an aspect which
should be relevant to modern research. Being ex-
posed to a world of unexplained facts, researchers
were driven to attempt to understand these facts on
the basis of quantum-mechanical models that were
as simple as possible but sufficiently detailed to em-
brace the main experimental features. An important
problem in inventing models then was to extract
physical features that are essential in understanding
the experimental facts while neglecting others.

In present day quantum chemistry of polyenes [1]
rigidity of the basic formalism is emphasized more
than the aspect of understanding experimental facts,
and the formalism is strongly altered to allow com-
parison with experiment, tolerating adjustable pa-
rameters and inconsistencies. Standard models are
applied and critical assumptions usually not ques-
tioned anymore. Reviving the worries of the early
days and bringing up unsettled questions should be
useful in modern conjugated polymer research.

In the late 1940s the color of organic dyes was puz-
zling. A simple empirical relationship was known for
cyanine dyes (100 nm shift of absorption band each

time when increasing the chain length by a -CH=CH-
unit ). The strong difference between the absorption
of cyanines and polyenes was unexpected. It had been
assumed [2] that long polyenes as well as cyanines
have uniform bond lengths along the chain. A the-
oretical treatment explaining the basic difference be-
tween the spectroscopic properties of cyanine dyes
and polyenes was needed to understand the color of
organic dyes.

To approach this problem a given n electron was
viewed as moving along the chain of a cyanine dye,

o _
Nec—{o=c) .
| | 1/n-2

as if it were solely in the Coulomb field of the pres-
ently closest C(+ ) or N(+ + ) respectively, all other
7 electrons, by their high mobility, shielding the
charges of the residual C(+ ) in the chain. For sim-
plicity, the variation of the potential along the chain
was neglected, i.e. it was assumed that the wave-
function of the 7 electron can be considered as the
product of a function of the coordinates perpendic-
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ular to the chain which is the same for all &t electrons
and a function of the coordinate s along the chain
(length L) which is a sine wave with nodes at both
ends and 0, 1, 2, ... nodes between. The 2n & elec-
trons occupy the n lowest free-electron molecular or-
bitals and the optical excitation energy (transition of
the electron from the highest occupied to the next
orbital) 1s given by

hZ
AE=8m—Li(2n+1)zA/n,

2

16ma

with A= 2=9.57€:V. (1)
L is the chain length, a=1.4 A the bond length, m
the mass of the electron and h Planck’s constant.
Agreement with experiment showed that this simple
model leads to a rationalization of the color of cy-
anine dyes [3]. The model was refined by using a
more realistic potential V(x, y, z) constructed from
Slater potentials of C {and N) atoms and more so-
phisticated atomic potentials, assuming for all CC
bonds the same length, the experimental bond length
in benzene. The agreement between predicted and
observed positions and intensities of absorption
bands stayed unchanged, supporting the simple free-
electron model approach. Digital computers did not
exist at that time and a room-filling analog computer
to solve the Schrodinger equation in these quite
complex molecular model potentials was developed
[4].

But how to understand the difference between the
absorption of polyenes HH~<CH=CH--,H and cy-
anine dyes? The simplest cases, butadiene and ami-
dinium ion,

H2 C=C= C=CH2 5
HH
@ _
H,N=C-NH,,
H

-
H2 N-’C=NH2 y
H

were considered using the free-electron model ap-
proximation [5]. The four = electrons present in both
cases occupy the two lowest levels. The charge den-
sity (sum of sine-squares) has a minimum between
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two equal maxima (symbolized by the single bond
between the two double bonds in butadiene and the
two equal bonds (resonance hybrid) in the amidi-
nium ion). The o-bonded elastic molecular lattice of
charged C (and N) atoms in the Coulomb field of
the n-electron cloud is compressed since the nuclei
are attracted by the n-electron cloud in between.

Each o bond is shortened according to the electron
density in the bond. This decreases the potential of
the n electrons within the bond, and this again in-
creases the n-electron density. The additional n-elec-
tron accumulation in the short bonds causes a fur-
ther shortening until an equilibrium situation is
reached between Coulomb attraction of nuclei and
= electrons and elastic repulsion of the compressed
o bonds.

Based on the experimental values of the CC single
bond length and the elastic force constant of the CC
single bond, this consideration leads to bond lengths
in butadiene which are in reasonable agreement with
the experimental values, but the treatment is not un-
ambiguous (sp?® instead of sp? hybridization in o-
bond orbitals, and deviation from Hooke’s law at high
compression ). For that reason a somewhat different
approach to elucidate the geometry of long polyenes
was used.

Starting with the hypothesis that the above con-
sideration on the compression of the o-bonded lat-
tice by the n-electron cloud would result in an alter-
nation between single and double bands of a polyene
essentially independent of the chain length, the
expression

h2
AE= e (2n+ 1)+ Vo(1 =), (2)

with Vy=2 eV was obtained [6]. The position of the
absorption maxima and the oscillator strength of the
absorption bands were found to be in agreement with
experiment. Thus, the pertinent problem was: can
we theoretically substantiate the hypothesis of bond
alternation independent of chain length? More spe-
cifically: given the bond lengths in butadiene (which
were known), what are the bond lengths in a long
polyene (which were unknown)?

The program to answer this question, avoiding the
above-mentioned ambiguity, was clear: bond length
and n-electron density in the middle of the bond are
related. Thus we must construct the potential ¥(x,
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¥, z) for butadiene with the experimental bond
lengths (say, by using atomic Slater potentials) and
compute the electron density distribution in the
ground state by solving the Schrédinger equation.
Then the long polyene must be treated in the same
manner, assuming the same alternation of bond dis-
tances. The hypothesis that the bond alternation is
independent of the chain lengths is correct only if the
calculated density in each *“‘single” bond is the same
as in the “single” bond of butadiene and if the same
holds for the “double” bonds, i.e. if self-consistency
is reached between assumed bond lengths and bond
lengths resulting from the calculated n-electron den-
sities. This turned out to be the case [7].

An even simpler way [7] to get an unambiguous
justification of the hypothesis on which eq. (2) is
based was obtained by replacing the actual potential
by a simple model potential (sine-wave potential with
amplitude fitted to the experimental position of the
absorption maximum of the long polyene). Again,
the same n-clectron density alternation of ‘“‘single”
bonds and “double” bonds in the long polyene and
in butadiene was observed. The straightforwardness
and simplicity of the two approaches should be seen.

A generalization to compute the bond lengths of
arbitrary n-clectron systems was obtained by calcu-
lating a function relating bond length and density in
the middle of a bond. The bond lengths in a given n-
electron system were then obtained by first assuming
any reasonable bond lengths and varying the bond
lengths until self-consistency for each bond was
reached, i.e. agreement of density obtained by solv-
ing the Schrodinger equation and density corre-
sponding to the assumed bond length.

The method used in several levels of sophistica-
tion [8] can be illustrated for the logically simplest
extension of the free electron model, the step poten-
tial model [9,10]. The potential V(s) is assumed to
be constant in each bond and given by an averaged
Coulomb energy of the electron in the middle of the
bond in the effective nuclear charge of the adjacent
C atoms. This was achieved in ref. [9] by fitting with
the more sophisticated earlier treatment. To fix the
potential step V; in a more transparent way leading
to essentially the same result, we consider the clec-
tron as being in a Slater atomic orbital and the po-
tential is then averaged over the plane perpendicular
to the bond and crossing the bond in its middle; the
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two adjacent C atoms are considered as point charges
of Zgjuter— 1 atomic units where Zgze, = 3.25 for C;
the other atoms are assumed to be shielded by the
residual n electrons. This gives for bond i (bond
length 4))

Vi/eV=39[(d,/a)~1]-24[(d,/a) —-1]*. (3)

To take care of the coupling of the = electrons to
the elastic lattice the bond lengths of butadiene and
benzene are used as experimentally given parame-
ters and the following relation between calculated
density p(s) in the middie of bond i (p;) and bond
length d; is obtained:

pia=1-102[(d/a)—1]1+35[(di/a)-1]*. (4)

This formalism (as well as the more sophisticated
early approaches) gives the bond lengths of n-elec-
tron systems in good agreement with experiment. It
should be emphasized that all consequences from (3)
and (4) follow unambiguously, e.g. equal bonds in
benzene and Hiickel annulenes up to the 14-annu-
lene, bond length alternation in all other annulenes
and polyenes [9].

It is of interest to compare this approach with the
popular SSH model [11] which is based on the
Hamiltonian

H= 2 3K (Ui =ty )?
“22 [to+ (i —tis )Py . (3)

The first term is the elastic energy of the lattice re-
sulting from the compression of the ¢ bonds (u; is
the deviation of atom / from its reference configu-
ration), and the second term is the electronic energy
(Pis+1 1s the bond order operator). #o, K. and o are
adjustable parameters.

The value used for K, to obtain a band gap in
agreement with experience is K, = }K and K=23-28
eV/A? [11,12], and the measured value is
K(exp)=47.5 eV/A? [1]. If the measured K value
were used the calculated band gap would be 1/40 of
the measured gap, showing the seriousness of the in-
consistency of the model. The discrepancy is as-
sumed by modern authors [ 1] to be an indication of
the failure of single-particle models. A comparison
of the SSH model with the step potential model sug-
gests a different reason.
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We consider the change in the n-electron potential
by proceeding from the reference configuration
(bond lengths a) to a configuration with alternating
bond lengths (deviation 4;~a alternating between
+4 and —4).

In the step potential model the potential (eq. (3))

Vi/eV=394/a-24(4/a)* (6)

alternately increases and decreases by 394/a (first
term in (6)), and in addition, the average potential
drops by 24(4/a)? (second term in {6)). This latter
effect is neglected in the SSH model (second term in
{5)). Taking it into account, we have to add the
electronic term —24(4/a?) eV to the elastic energy

%Kx(ui—uiﬂ)z: JKA,
1KA*=1K(exp)d*— (24 eV)(4/a)? (7)

and with K(exp) =47.5eV /A2 we obtain K=23 eV/
A% this is in agreement with the adjusted value
K=23-28 ¢V/A2 The discrepancy is removed. Thus,
the first term in (5) is not the elastic energy of the
o-bonded lattice, but the sum of this elastic energy
and of a hitherto neglected n-electronic contribution
due to the overproportional increase of the Coulomb
attraction towards the adjacent nuclei.

The quantitative treatment of this effect (e.g. us-
ing Slater orbitals in deriving (3) or considering d;—a
(in analogy to the SSH approach) to alter between
+4 and —4) 1is not free from ambiguity. For that
reason we have purposely avoided this ambiguity in
the early work, as mentioned above, by using the n-
electron-density-bond-length relation to treat the
coupling of the m electrons with the lattice.

In summary, we find that the discrepancy in K
mentioned in ref. [ 1] is not due to a failure of single-
electron approaches. It does not diminish the value
of the SSH model [11] and of the step potential
model [9,10], which leads to essentially the same
results as the SSH model without the need for fitted
parameters K,, & and ¢, and without being restricted
to electron hole symmetry.

It has become a dogma that the single-electron ap-
proach used in the early models fails in describing
the spectra of n-electron systems [13]. In polyenes
with n>4, the 2'A, state was observed below the
1B, state [14] and this has induced setting up this
dogma. However, as we show in the following, the
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dogma is not justified. The observation can be ra-
tionalized by using an early single-electron-coupling
model [15-17]. A given = electron is considered to
be in the time-dependent field of the incident light
and in the time-dependent Coulomb field of the
clouds of the other & electrons (non-linear optical
properties were recently treated in the single-elec-
tron approach by taking the field-dependent distri-
bution of the residual & electrons into account [181).

We use the free-electron model in its simplest form
to grasp the essence of the effect considered in ref.
[14] (for more refined treatments see ref. [19]).
The wavefunctions are sine functions, and the tran-
sition energies are obtained by a perturbation treat-
ment using the potential given by eq. (3) with
d;=1.34 and 1.46 A for a double bond and a single
bond. For the transitions n—~n+1 (AE,),n—1-n+1
(AE,) and n—n+2 (AE,) this gives (if the pertur-
bation integral is approximated by a sum of atomic
contributions)

AE =A(n+3)/n*+Vo, AE;=A(2/n),
AE;=A2(n+1)/n*+V,, (8)

with 4=9.57 eV (eq. (1)), Vo=39 ¢V (1.46/1.40
—1)=1.67 eV (eq. (3)). The transitions 2 and 3
are coupled leading to transition energies [15]:

AES™=[a—b(1+7?) 7]\
ABS™=[a+b(1+77) /2] 72, 9)
with 2a=(AE,)?+ (AE;)?, 2b=(AE;)*— (AE,)?,
n={(4/b)(AE; AE;)'?

X {n=1,n+l|g\n n+2). (10)

The coupling element (n—1, n+1|g|n, n+2) is
evaluated by replacing an integral by a sum of atomic
contributions:

(n—=1,n+1|g|n,n+2>

2n 2n
= 'Zl 'Zl '{In—l(j)glrﬁl(i)
Xg(67)¥u() ¥ns20) (11)
with
Y (iy=n—"2sin[(xr/2n)(i-1)]. (12)

The Coulomb repulsion g(i, j) between the electron
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Table 1
Polyenes with n double bonds. Coupling element and transition energies from eqs. (8)-(12). Experimental values (from ref. [14]) in
parenthesis

n (n—=1,n+1|g|n,n+2) (V) AE, (eV) AEPT (eV) AED™ (eV)

2 1.50 7.65 (5.91) 7.94 16.90

3 0.73 5.39 (4.93) 5.73 10.56

4 0.71 4.36 (4.40) 4.00 (3.97) 8.09

5 0.63 3.78 (4.02) 3.09 (3.48) 6.66 (5.4)

6 0.56 3.40 (3.65) 2.52 (2.91) 5.73 (5.12)

engaged in transition 2 (located in atom #) and the
electron engaged in transition 3 (located in atom j)
is assumed tobe U=8 eV fori=jand V;=iU=4¢V
for j=i= 1, and 0 otherwise (these values are in the
range recommended in the modern literature [1].

The values of <{n—1, n+1|gln, n+2)> and
AE (1'B,), AES™(21A,), AE?™(3'A,) are given
in table 1 and compared with experimental data. The
agreement shows that the early single-electron-cou-
pling model is sufficiently accurate to grasp the effect.

Modern authors [ 1] may not know the early work
explaining bond lengths alternation in polyenes and
spectroscopic features of n-electron systems. They
undervalue the power of single-electron treatments.
It may be helpful to revive some old attempts where
great care was given to avoid ambiguity. The prob-
lem in the modern approach (to bypass difficulties
by tolerating inconsistencies and parameter fits)
should be seen. The step potential model should be
seen as a useful alternative to the SSH model. By its
conceptual simplicity it focuses on what is essential
in interpreting experimental data.
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