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The Su-Schrieffer-Heeger (SSH) model was introduced to describe the electron-phonon interactions leading to
Peierls distortion in polyacetylene (PA). The same model was recently predicted to give rise to unique polaronic
effects, including sharp transitions in polaron properties, quasi-self-trapping due to polaron interactions, and
the formation of strongly bound yet light bipolarons, at strong electron-phonon coupling in the single and two-
polaron limit. This suggests that organic polyenes with strong electron-phonon coupling may exhibit qualitatively
different conduction properties from those with weak coupling. In order to observe this, it is necessary to design
materials with a range of SSH electron-phonon coupling. Here, we use gradient-corrected density-functional-
theory calculations to predict the SSH model parameters for a variety of polyenes, derived from PA by the
substitution of the hydrogen atoms with molecular groups. We show that even though the calculations do not
accurately reproduce the band gaps, the derivatives of the band structure parameters giving the phonon-induced
couplings can be computed with good accuracy. We show that the electron-phonon coupling in such polyenes
correlates with the Hammett constant of the substituted molecular group and that some substitutions enhance
the coupling strength by as much as a factor of 2. We also find that the electron-phonon coupling in conjugated

systems with heavier atoms (such as Si) is much weaker than in PA despite the lower phonon frequencies.
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I. INTRODUCTION

Conventional low-temperature superconductivity is known
to be mediated by electron-phonon interactions, which induce
Cooper pairing [1]. Electron-phonon interactions lead to the
formation of polarons (i.e., electrons dressed with phonons).
The effective mass of the polarons depends on the type of the
electron-phonon coupling. If the coupling modifies the poten-
tial energy of the electrons (as described, for example, by the
ubiquitous Holstein [2] or Frohlich [3,4] polaron models), the
polaron mass smoothly increases with the coupling strength.
The electron pairs dressed by such interactions are also heavy
at strong coupling, which has led to the widely accepted
conclusion that phonon-mediated interactions cannot be
responsible for high-Tc superconductivity [5]. On the other
hand, if the electron-phonon coupling modifies the kinetic
energy of the electrons (as described, for example, by the
Su-Schrieffer-Heeger (SSH) model [6]), the polaron mass
undergoes a sharp change and remains low as the coupling
strength increases [7]. It was recently shown that the SSH
coupling also binds electron pairs into light bipolarons and
that the mass of such bipolarons remains low at strong
coupling [8,9]. Although the above-mentioned studies
were for the limit of single polaron and single bipolaron,
they raise the question if bipolaronic high-temperature
superconductivity may be possible in materials where the
electron-phonon coupling is predominantly of the SSH

type.
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The SSH model was originally introduced to describe
the electron-phonon interactions in the half-filled conduc-
tion band of polyacetylene (PA) to explain the structure of
PA [6], namely, the bond-length alteration (BLA) and two
topologically distinct phases associated with BLA. The SSH
model naturally describes the electron-phonon interactions in
organic polyenes derived from PA by chemical substitutions
of the hydrogen atoms. The prediction of the sharp transition
in the properties of the single SSH polaron with increasing
electron-phonon coupling suggests that the conduction prop-
erties of organic polyenes may be qualitatively different at
strong coupling from those at weak coupling. In order to
observe this, it is necessary to design materials with a range
of the SSH electron-phonon coupling, extending to the strong-
coupling regime.

In the present work, we explore the possibility of designing
polyenes with a wide range of SSH coupling by modifying
PA. We use density-functional-theory (DFT) calculations to
analyze the electron-phonon coupling in substituted conju-
gated polyenes, i.e., polyenes obtained from PA by replace-
ment of the hydrogen atoms with other atoms or molecular
groups. The main goal is to determine the effect of the
substitutions on the strength of the electron-phonon coupling
and the possible range of the coupling strength in polyenes.
We predict the electronic properties and the electron-phonon
coupling for a range of polyenes and show that the SSH
coupling strength is correlated with the Hammett constant of
the substituted atomic/molecular group.
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II. CALCULATION DETAILS
A. Polaron models

We treat the polyene as a one-dimensional lattice of car-
bon atoms, each contributing one electron, assume the Born-
Oppenheimer (BO) description for the nuclear motion, and
describe the nuclear motion with classical displacements &, =
(—1)"ué,, where &, is the unit vector along the longitudinal
direction and n is the site index of the conjugated chain. The
transversal motion of the nuclei is neglected as it affects the
electronic degrees of freedom much more weakly. The rele-
vant electronic Hamiltonian including the vibronic couplings
can then be written as [6,7]

H = Z{ecicn + [to + 20 (—1)"ullc) cpps + clﬂcn]

+1'[ehensa + € pcnl} + 2KNP, (1

where ¢, is the operator that removes the electron from site n,
€ is the on-site energy of the bare electron, #; is the nearest-
neighbor (NN) hopping amplitude of the bare electron, ¢’ is
the next-nearest-neighbor (NNN) hopping amplitude of the
bare electron, K is the classical force constant associated with
the vibration of the nuclei, o quantifies the electron-phonon
coupling strength, and N is the number of lattice sites. For
many polyenes, including PA, it is sufficient to consider only
the NN hopping and set ¢' = 0. However, as demonstrated
below, more complex polyenes require a nonzero ¢’ for an
accurate description of the electronic bands.

The parameter o has a simple physical interpretation. In
order to describe the electronic Hamiltonian including nuclear
displacements, it is not sufficient to use a single constant
for the electron hopping parameter. Instead, the hopping ¢ of
the electrons from site n to site (n+ 1) along the vibrating
polyene chain must be described as a function of the nuclear
coordinates ¢ = (i, ln+1). The electron-phonon coupling «
arises from the change of the electronic hopping ¢ due to the
displacement. Taylor expanding ¢ and comparing the result
with Eq. (1), we can write [6]

t(uns un+l) i+ Ol(btn+1 - un) =1+ (_1)n2au’ (2)

i.e., o determines how the hopping parameter changes with
displacement of the carbon atoms in the PA backbone.

To make the notation consistent with the parameters of the
model used to compute the properties of polarons and bipo-
larons in the single polaron/bipolaron limit [7-9], we quantize
the phonons and write the phonon part of the Hamiltonian (1)
as

Ay = hQ Y " bib,. 3)
with the vibrational frequency Q2 = /2K /M of the nuclei
with mass M, and the electron-phonon interaction as

Aoph =g Y _(chentt + cf i) Bl + by — bupy — bl ),

“

where g = a(2MQ)~'/2. The strength of the electron-phonon
coupling can be quantified by the dimensionless parameter

L = 28%/hQteir|, where o =ty +¢'. This follows the con-
vention to define A as the ratio of the one-electron ground-
state energy with zero hopping to the one-electron ground-
state energy with zero electron-phonon coupling. Since the
electron-phonon interactions in Eq. (1) are parametrized by
o, we express the dimensionless electron-phonon coupling
parameter A in terms of « as follows:

- 2g2 . o? . o?
hQltert]  MAhSP|terer] 2K |tess]

&)

The eigenstates ¢(k) of Hamiltonian (1) with ¢ = 0 in the
single-particle sector are the energies of the SSH polaron char-
acterized by momentum k. As the electron-phonon coupling A
varies, the SSH polaron dispersion ¢ (k) changes as described
in Ref. [7]. At some critical value of A = A, the ground-state
properties of the SSH polaron undergo a sharp transition.
The critical value A. depends on the phonon frequency 2
and approaches 0.5, as € — oco. We note that one should
not compare the values of A computed in the presented work
directly to the values of XA in Ref. [7] because the results of
Ref. [7] are for the single-particle limit and here we consider
lattices with half-filled conduction bands. Nevertheless, one
can use the value of A, from the single-polaron calculations
as an approximate indicator of where to expect qualitative
changes in the conduction properties of polyenes.

B. DFT calculations

Our goal is to compute the parameters 7y, t’, 2, and A by
means of the DFT calculations for a variety of polyenes. The
Hamiltonian (1) can be diagonalized to produce the dispersion
relation

e(k) = € £ 21/[tg cos(ka)? + [2au sin(ka)]? + 2t' cos(2ka).
(6)

The parameters «, tof =ty + ¢’ (for the lower branch of this
band), and K are obtained from the electronic structure calcu-
lations, as discussed below. The value of A is then computed
from these parameters using Eq. (5).

The Kohn-Sham eigenvalues in the DFT calculations pro-
duce the DFT band structure. In general, this band structure
is complex and cannot be described by a model Hamiltonian
such as Eq. (1) due to the involvement of many more electrons
than assumed in the single state per site tight-binding pic-
ture. However, the energies of the highest-occupied (HOMO)
and lowest-unoccupied molecular orbitals (LUMO) can be
approximated by the eigenvalues of the SSH Hamiltonian. The
importance of the SSH description reflects the importance of
these orbitals in small perturbations that determine electron
transport properties.

When these bands are well described by the eigenvalues
of Eq. (1), the values of the polaron model parameters are
calculated as follows. As can be seen from Eq. (6), the value of
tegg = to + t' is given directly by the width of the DFT valence
band at the center of the Brillouin zone (k = 0). To calculate
o, we note that

0w
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FIG. 1. The band structure of (a) polyacetylene (PA) and (b) H — F substituted PA highlighting the bands relevant to the SSH model.
The symbols show the values obtained from the fit of the calculated energies for the lower branch of the relevant band (solid green curve) by
Eq. (6). Bands of different symmetry intersecting with the valence band are shown in gray.

We calculate the band structure for different displacements
u =0, £0.001 A and compute the derivative (7) by the finite-
difference method. The spring constant 2K is obtained by the
finite difference of the forces between the backbone atoms
of the chain at the equilibrium position. We also note that
according to Eq. (6), the band gap § at the Brillouin zone
edge (ka = +mn/2) is § = 8au so o can, in principle, be
calculated from the band gap. However, as discussed below,
the gradient-corrected DFT calculations employed here do not
accurately describe the band gap.

The DFT calculations produce a manifold of bands, as
illustrated in Fig. 1 for the case of PA and H — F substituted
PA. We focus on the HOMO and LUMO bands and neglect all
bands of different symmetry that cross the bands of interest.
In the case of PA, different bands can be clearly assigned
to the o and 7 orbitals of the carbon chain as there is
no coupling between the different symmetries. The valence
electrons described by the SSH Hamiltonian are in the 7 state.
The 7 state is the highest-energy state of the system for most
parts of the Brillouin zone, but not at the center. In this case,
we use the 7 state at the center of the Brillouin zone to obtain
to. This leads to an accurate description of the valence band
with #/ = 0 both for PA and for its H — F substituted variant.
If, however, two or more bands exhibit avoided crossings, we
use the band of the highest energy throughout the Brillouin
zone to describe the valence electrons.

‘We compute the electronic structure of polyenes by DFT as
implemented in the GPAW package [10,11]. The Kohn-Sham
orbitals and the electronic density are described within the
projector augmented wave (PAW) method [12], where the
smooth wave functions are represented by an expansion in
plane waves. The plane-wave cutoff for the wave functions
was chosen to be 1000 eV. A total of 200 k points are used to
sample the Brillouin zone in the periodic direction (x) along
the chain with unit-cell length a. Zero boundary conditions
are applied in the perpendicular directions and the unit cell is
ensured to contain at least 4 A of vacuum around each atom
in these directions. All structures are allowed to relax without
further symmetry restrictions until all forces are found to be
below 0.01 eV/A. The optimal unit-cell dimension in x is de-
termined by reducing the strain force to be below 0.005 eV /A.

The exchange-correlation functional is approximated within
generalized gradient corrections as devised by Perdew, Burke,
and Ernzerhof (PBE) [13].

III. RESULTS

PA has been the subject of many studies and, despite
its simple structure, the ground state of PA still challenges
theoretical models and experiments [14]. From the molecular
structure of PA, one might expect a highly symmetric polymer
with fully delocalized 7 orbital-derived bands resulting in a
vanishing band gap. However, this does not agree with the
experimental observations, which are more consistent with
the presence of bond-length alternation (BLA) due to Peierls
distortion [15,16]. The energy gain by BLA was criticized to
be below the zero-point level of the corresponding vibration
[14,17], further complicating matters. This BLA is well de-
scribed by the SSH model with parameters given in Table 1.
The BLA in the SSH model manifests itself in the band gap
6 = 8auy between the valence and conduction bands, where
up is the displacement in the ground state equal to half the
BLA.

A. Phonon dispersions

In the following sections, we consider PA and polyenes de-
rived from PA by the substitution of the hydrogen atoms with
other atoms or molecular groups. It is important to consider
the effect of this substitution on the phonon energy. We begin
by analyzing the phonon dispersions in PA and [C,;F;],. We
calculate the dispersion using a small displacement method

TABLE I. The SSH model parameters for PA and [Si,H;],.

Molecule fo V) a (eV/A) K (eV/AY)
(C,H,), (present work) 2.56 3.88 16.7 0.17
(C,H,), (SSH model [22]) 2.5 4.1 21 0.16
(C,H,), (others)® 2.76 439 17.8 0.19
(SiHa), 1 0.1 739  <0.001

2Derived from Refs. [16,20,23]; see text.
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FIG. 2. The dispersion relations for the longitudinal optical
phonons in PA [C,H;], (solid curves) and [C,F;], (broken curves).

[18,19]. The results are shown in Fig. 2. Symmetry breaking
due to Peierls distortion causes the longitudinal phonons to
split into two eigenmodes. The phonon bandwidth of the
higher-energy band is 25 meV and the lower-energy band
has a bandwidth of 19 meV in our calculations. This is in
agreement with the literature results [20,21] showing that
the dispersion of the longitudinal phonons in PA relevant for
the SSH model is about 20 meV. For the calculation of the
parameters of the SSH model in the present work, we use the
value of the phonon frequency from the higher-energy band
at zero phonon momentum as the value of 2 and neglect the
phonon dispersion.

Figure 2 also illustrates the effect of the H — F substitution
on the phonon bands. The central frequency remains largely
unaffected by the substitution, which indicates that the phonon
modes arise predominantly from the vibration of the carbon
atoms along the conjugated chain. The substitution does affect
the vibrational modes corresponding to the transversal motion
of the atoms (not shown). They appear as lower-frequency
modes for any atom other than hydrogen. However, these
modes are coupled to the electronic degrees of freedom much
more weakly and are hereafter ignored. This example illus-
trates our general observation that the phonon frequency 2
relevant for the SSH model (1) is not significantly affected by
the substitutions. From this, we assume that the influence of
the effective mass of the substituents on €2 is negligible and
use the effective mass value from PA for all substituents. We
will demonstrate in the subsequent sections that the substitu-
tions affect the value of 7y and thus alter the electron-phonon
coupling significantly.

B. SSH model parameters for [C,H;], and [Si,H;],

Table I compares the SSH model parameters for PA derived
from our calculations with the available literature data. Cal-
culations of the BLA and the band structure also allow for a
reconstruction of #y and «. We derived ¢, from half the valence
bandwidth calculated via quantum chemistry wave-function
methods [23]. Note that the sign of the hopping parameter 7,
if calculated from atomic orbitals is negative [24]. The sign
of ty, however, does not affect the band structure and is of

no consequence for the present work. Following the original
SSH paper [6], we choose fy to be positive. The value of «
is obtained from the band gap § and the BLA from PBEO
[16] according to o = §/(4BLA). The phonon frequency 2 of
Ref. [20] at the I" point allows for a calculation of K = Q2M,
using the effective mass M relevant for the present work.

Gradient-corrected functionals such as PBE used here are
known to underestimate the band gap, leading to an under-
estimate of BLA [16,25,26]. Specifically, the BLA calculated
here with the PBE functional is uy = 0.005 A and similarly
small values were reported for PBE before [16]. Hybrid
functionals were reported to increase this value to an accepted
value around uo = 0.08 A [15,16], which roughly agrees with
the coupled-cluster results [27], while the BLA calculated
from Hartree-Fock methods is known to be overestimated
[28].

Despite the underestimation of BLA, the values of #y, «, K,
and A, obtained from finite displacements around # = 0, are in
good agreement with the previous results, as shown in Table I.
Correspondingly, our calculations with the same method using
the hybrid functional PBEO [29] lead to fypgeo = 2.45 eV
and oppgg = 3.75 eV/A, i.e., very similar to the PBE results
given in Table I. This shows that the derivatives of the energy
with respect to the nuclear coordinates, i.e., the forces, are
accurately represented by PBE. Exchange and correlation
effects not captured by PBE mostly affect electron-electron
interactions, which do not strongly depend on the nuclear
geometry. All further calculations are therefore performed
with the computationally less expensive PBE functional.

The SSH parameters «, K, and #y determine the electron-
phonon coupling L. As shown in Table I, for PA, A = 0.16.
Equation (5) shows that the coupling can be enhanced by
increasing the electron-phonon coupling g or, equivalently,
«. The value of o can be expected to be larger for electrons
that have lower spatial extensions and are closer to the atomic
cores as is the case for smaller atoms. This implies that using
heavier carbon-isovalent atoms in the conjugated chain, such
as Si, should lead to lower «. This conclusion is supported
by the results shown in Table I for [Si,H,],. Heavier atoms
also decrease the phonon frequency as o« M~!/2. According
to Ref. [7], the value of A, increases with increasing mass,
making it even more difficult to reach the regime of A > A,.
Based on this, we exclude polymers with heavy atoms in the
conjugated chain from further consideration.

C. Increasing the carbon-carbon bond length

Equation (5) shows that the electron-phonon coupling can
be enhanced by reducing the electron hopping energy f,
provided the other parameters of the SSH model are kept
fixed. The magnitude of #.¢ is determined by the overlap of the
electronic orbitals of neighboring carbon atoms so one should
expect a decrease of . with increasing the C-C bond lengths
in the conjugated chain. These bond lengths can be increased
by replacing the hydrogen atoms in PA with large molecular
groups that introduce steric strain. To obtain insight into the
variation of the SSH model parameters with the C-C bond
length, we perform model calculations for PA in a stretched
unit cell. Figure 3 shows that £, is indeed more sensitive to the
unit-cell elongation than K or «. Accordingly, A is generally
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FIG. 3. The changes of the values of the SSH model parameters of PA as functions of the unit-cell length. The parameters in (a) are

normalized by the values at equilibrium.

larger for polyenes with longer C-C bonds in the conjugated
chain, as illustrated in Fig. 3(b). This is in agreement with
the results of Ref. [30] that reported an increased band gap in
polymers with applied mechanical strain.

D. Effects of H-atom substitutions

Figures 4 and 5 show the band structures and the SSH
model fits by Eq. (6) for several polyenes derived from PA by
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the substitution of the hydrogen atoms with different molec-
ular groups similar to these shown in Fig. 1. The model fits
accurately describe the HOMO band in all cases. The largest
deviations of the numerical results from the model fits occur
for NH, and NHNO, that show a strong maximum at k = 0.
Table II summarizes the resulting SSH model parameters.
Except for R = CHj3, there is a flattening of the SSH-
related band that develops into a maximum at k£ = O for some
of the substituents. This effect is due to a higher strength
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FIG. 4. Electronic band structures in conjugated polyenes [C,R;],, with R representing the molecular group indicated on the panels. Solid

curves: DFT calculations. Symbols: SSH model fits (6).
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FIG. 5. Same as in Fig. 4, but for different substituents R.

of NNN hopping, which can be quantified by the ratio ' /1.
While ¢’ remains very small under monoatomic substitutions
for R = CHj, some of the substitutions lead to significant
values of ¢'. Increasing the size of the substitutes gives rise to
stronger NNN hopping, where asymmetric substitutes tend to
allow stronger NNN hopping. The signs of #’ and 7y appear to
be different so the presence of NNN diminishes the effective
coupling t.¢. No clear correlation can be found between ¢’ and
A. In order to get more insight into the factors that determine
the effect of a substitution on the delocalized electrons, we
use the Hammett constant [31,32]. This constant characterizes
substituents by their effect on aromatic systems [33], which
greatly simplifies the choice of substituents for a desired effect

TABLE II. SSH model parameters for polyenes [C,R;],.

—R tr (€V) to(eV) t'(eV) « (EAX) K (%) A

—NH, 1.68 2.86 —1.18 2.99 17.7 0.15
—OCOOH 1.76 2.34 —0.58 3.0 174 0.15
—CH; 1.71 1.83 -0.12 3.0 164 0.16
—H 2.56 2.56 0.0 3.88 16.7 0.17
—NHNO, 1.37 2.34 -0.7 2.7 11.5 0.22
—CF; 1.45 1.74 -0.29 321 17.3 0.20
—F 1.79 1.79 0.0 3.87 15.2 0.27
—COOH 1.00 1.53 -0.53 29 150 0.28
—COF 1.36 2.02 —-0.66  3.17 122 0.30
—NO, 0.91 1.21 —0.30 2.72 13.2 0.31

[34]. PA is not aromatic, but it is reasonable to assume a
similarity in the delocalized 7 orbitals to aromatic systems
[15]. The Hammett constants for meta and para substitution
positions differ and their experimental values are tabulated
for a variety of molecular groups [33] or can be obtained
from DFT calculations [34]. Figure 6 shows that there is a
positive correlation between the meta Hammett constant and
the electron-phonon coupling strength A, with the exception
of R = NHNO,. The para Hammett constant shows similar
correlation. Generally, larger values of the Hammett constants
lead to higher values of A. From the list of known Hammett

0.35
cor NO»
0.30 r L
Fcoon
0.25 NHNO)
~ CF, .

0.20 H .

CH, °
0.15 “.NH,
0.10

"~0.4-0.20.0 0.2 04 0.6 0.8 1.0
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FIG. 6. Correlation between the SSH electron-phonon coupling
strength A and the meta Hammett constant for the molecular groups
considered in the present work.
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constants [33], we observe that only bulky or charged sub-
stituents have the values exceeding the range considered here.
We thus conclude that, in practice, it will be difficult to design
a polyene with A exceeding the range obtained in the present
work.

E. Theoretical limit of stretched PA

The values of A for the polyenes considered here are
summarized in Fig. 7. As clearly illustrated, these values are
significantly smaller than A, for the single-polaron case from
Ref. [7] at the corresponding phonon frequency €2. Stretching
the polymer chain may increase A further, as shown in Fig. 3.
However, there is a limit of the stretch imposed by the stability
of the carbon-carbon bonds. Here, we attempt to estimate the
theoretical limit for the value of A that can be achieved by
stretching PA.

Equation (2) is valid only for small displacements. When
the bond is stretched significantly, the expansion must in-
clude higher-order terms, which can be generally written
as

)=y (=", ®)

1

where ¢y =ty and ¢; = 2«. The even terms have a positive
sign, while the odd terms have alternating sign. A Fourier
transformation into reciprocal space shows that the even
terms contribute, to the band structure, a term proportional
to cos(ka), while the odd terms contribute a term propor-
tional to sin(ka), yielding the dispersion relation for the SSH
band,

e(k) = € £ 2/{lto + c2u® + cau* + OW®)] cos(ka)}? + {[2au + c3u3 + Ow’)] sin(ka)}?. 9)

The coefficients in Eq. (8) can be estimated from the depen-
dence of the band energies on u, demonstrated in Fig. 8 for
PA. Fitting the SSH band to Eq. (9) leads to c; ~ 6 eV/A.
Figure 8 also depicts the nature of the orbitals correspond-
ing to the bands shown. The two lowest-energy bands are
bonding orbitals with symmetry along the carbon chain built
from hydrogen and carbon s and py , orbitals (assuming the
PA chain is in the x, y plane). These bands are only slightly
affected by changes in u. The next two bands represent the
Dx,y bonds with strong bonding character along the direction
of the chain x. These bands are strongly affected by changes

(

in u. While for |u| < 0.3 A both bonding combinations are
occupied, at larger u one of the bonding orbitals becomes
energetically higher than the corresponding antibonding
orbital. The crossing of the Fermi level by these two bands
leads to dissociation of the chain and thus sets the upper limit
of attainable displacement to z = 2au/ty < 0.91 for PA.

IV. CONCLUSION

The SSH polaron model has recently received much atten-
tion due to the predictions of the unique properties of SSH

N\

(b) o

i

Band energy [eV]

-0.4 -0.2 0.0 0.2 0.4
Displacement u [A]

-20 : -
=

-0.4 -0.2 0.0 0.2 0.4
Displacement u [A]

FIG. 8. Single-particle energies at (a) the Brillouin zone center (k =0) and (b) the Brillouin zone edge (k = m/a) for different
displacements u. The band related to the SSH model built from p orbitals perpendicular to the plain is shown in green. Other bands are colored
by red and light blue depending on their bonding or antibonding properties, respectively. The orbitals are depicted within three repeated unit

cells.
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polarons and bipolarons. Of particular interest is the strong
electron-phonon coupling regime, where polarons and bipo-
larons are predicted to exhibit sharp transitions, and where
bipolarons are predicted to be strongly bound yet mobile [8,9].
These sharp changes of the polaron and bipolaron properties
may manifest themselves in the changes of the conduction
properties at finite charge-carrier concentrations and at half
filling. Therefore, it is important to design materials with a
range of electron-phonon coupling of the SSH type.

The SSH model is known to describe well the delo-
calized electrons in polyacetylene (PA). However, the SSH
coupling in PA is relatively weak. In the present work, we
have used gradient-corrected DFT calculations to predict the
SSH model parameters for a variety of polyenes, derived
from polyacetylene by the substitution of the hydrogen atoms
with various molecular groups. We showed that even though
the calculations do not accurately reproduce the band gaps,
the derivatives of the band structure parameters giving the
phonon-induced couplings can be accurately computed. This
happens because the electronic energy contributions not cap-
tured by the gradient-corrected DFT calculations are only
weakly dependent on the translational motion of the carbon
nuclei.

We showed that the electron-phonon coupling in conju-
gated systems with heavier atoms (such as Si) is much weaker
than in PA, despite the lower phonon frequencies. This is a

consequence of the fact that the valence electrons are less
strongly correlated with the atomic core for atoms with more
electronic shells. We also showed that the electron-phonon
coupling A correlates with the Hammett constant of the sub-
stituted molecular group and that some substitutions enhance
the value of A by as much as a factor of 2 relative to PA.

We have also estimated the upper limit of A that can be
realized with polyenes with the PA backbone. Unfortunately,
the results indicate that this value of A is far below the value
corresponding to the predicted sharp transition in the single-
polaron phase diagram. At the same time, many of the A
values obtained in the present work put the polyenes in the
range of A, where interesting bipolaronic physics is expected
to occur [8,9]. Our results in Table II are predictions of the
SSH model parameters for a wide range of polyenes. These
results (and the correlation with the Hammett constant) can be
used to inform the experimental design and future theoretical
work aiming to understand the role of SSH electron-phonon
coupling on the electron conductivity of organic materials.
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