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from Mott-Wannier to Frenkel excitons in organic materials
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1Sorbonne Université, CNRS, Institut des Nanosciences de Paris, UMR7588, F-75252, Paris, France
2Department of Physics, University of Trento, Via Sommarive 14, 38123 Povo, Italy
(Dated: November 22, 2022)

Controllable topological phase transitions in low dimensional materials allows for unconventional
optical selection rules and exciton series. We show that the broad mixing of single-particle con-
tributions to the exciton states occurring across a Z» phase transition in 1D polyacene polymers
leads to an extreme tunability of optical properties, with exciton dispersions ranging from gigantic
bandwidth (= 1.5 eV) to practically zero. The acene length transversal to the periodic axis controls
the exciton localization, allowing for a cross-over from Mott-Wannier to Frenkel-like excitons and
large changes in optical gaps, singlet-triplet splittings and the orbital structure of the real-space
exciton states. Our work opens appealing perspectives for the design of novel optolectronic devices.

I. INTRODUCTION

Band topology is now considered to be as fundamental
as band structure [1, 2], underlying emergent quasiparti-
cle phenomena such as robust edge states and spin-chain
physics in organic systems (e.g. graphene nanoribbons)
[3-5]. Moreover, the impact of topological band struc-
tures on the physics of excitons (i.e. an electron-hole
photo-excited state bound by Coulomb interaction) has
attracted a lot of attention in the last decade [6-17].
As a matter of fact, it has been shown for low dimen-
sional materials that band topology dramatically changes
their photophysics, breaking conventional optical selec-
tion rules and leading to novel exciton series [18, 19].
Thus, understanding and controlling the effects of topo-
logical phase transitions on the optical response of ma-
terials represents a new powerful tool for the design of
novel optoelectronic devices.

Generally speaking, m-conjugated organic semiconduc-
tors form a highly promising class of materials for the de-
velopment of cheap, flexible and non-toxic optoelectronic
devices such as photovoltaics, sensors and solid state
lighting [20, 21]. Experimental evidence for a topological
(Z3) phase transition has recently been presented in a se-
ries of 1D polyacene polymers in which the monomer size
and chain length could be systematically varied [22, 23],
representing a physical realization of the well known Su-
Schrieffer-Heeger (SSH) model [1]. This transition is as-
sociated with a dramatic closing and reopening of the
polymer quasiparticle gap, as the size of the monomer
increases. Nevertheless, the effects of a topological phase
transition on the photophysics of such low-dimensional
organic systems has, to date, remained unexplored and,
based on the discussion above, could be relevant for the
design of future carbon-based optoelectronic devices.

Figure 1 shows the structure of the polyacene polymers
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FIG. 1. Topological phase transition of polyacene poly-
mers: as the acene length n increases, the bridge config-

uration switches from ethylynic (—C' = C'—) to cumulenic
(= C = C =), while the central ring goes from an aromatic
to a quinoidal form. Above a critical length n., the topologi-
cally non-trivial phase (see text) emerges, showing a smooth
change of orbital character (red,blue) across the Brillouin zone
(band inversion).

of Ref. [22], which are composed by acene monomers
connected by ethynylene bridges. The number of aro-
matic rings in each monomer is labeled n. Experimental
chain lengths for both anthracene (n = 3) and pentacene
(n = 5) vary from a few to a few-hundred monomers
in the bridge direction (one dimensional periodicity).
The HOMO-LUMO gap for acene monomers decreases
smoothly as n increases, tending to a finite limit as
n — oo [24]. However, it was observed in Refs. [22, 23]
that the band gap in polyacene polymers on Au(111)
almost closes completely when going from n = 3 (an-
thracene) to n = 5 (pentacene). STM images revealed
this to be accompanied by a marked change in the bond-
length alternation (BLA, defined as the difference be-
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tween the single and triple bond lengths in the ethynylene
link) of the polymer bridges, as well as a transition from
an aromatic to quinoidal configuration for the central car-
bon rings in the monomers (Fig. 1). Crucially, these ob-
servations were rationalized in Ref. [22, 23] by relating
the electronic structure of the polymers to an effective
Su-Schreiffer-Heeger (SSH) model [1]. The rationale for
this correspondence is summarized in the Supplemental
Material [25] (SM, Sec. S2), but the key point is that
this well-known model possesses a Zs topological phase
transition as the ratio t1/ta between the intra- (HOMO-
LUMO gap, t1) and inter-monomer (bridge-mediated, ¢2)
electron hopping amplitudes is tuned. Changing n, and
thus ¢1, allows the polymers to cross the transition. The
topological nature of the n = 5 acene polymers was fur-
ther confirmed by the detection of localized ’edge states’
in sufficiently long-but-finite pentacene (n = 5) poly-
mers, as well as band inversion (vide infra) of their con-
duction and valence states [22, 23].

In this paper, by employing manybody perturbation
theory, we investigate the excitonic properties across the
Zo topological transition occurring in polyacene poly-
mers. We show that the topological transition is accom-
panied by a switching from extended Mott-Wannier exci-
tons to localized Frenkel excitations and exciton disper-
sions that can be tuned from gigantic bandwidth (= 1.5
eV) to practically zero, simply by controlling the acene
length n (see Fig. 1). This extreme tunability of optical
properties occurs whilst also maintaining the desirable
characteristics (large binding energy, strong optical ab-
sorption, large singlet-triplet splittings) that make organ-
ics attractive for applications [26]. Even more strikingly,
we also show that a defining feature of non-trivial band
topology - band inversion - can be seen directly in the
experimentally measurable real-space wave functions of
the excitons [27].

In Sec. II we summarize the computational details
both for the structural, electronic (Sec. IIA) and opti-
cal (Sec. II B) properties. We then discuss in the detail
in Sec. IIT A the electronic band structure in vacuum of
the various polymers under study (i.e. n = 3,5,7) and
in Sec. IIT B we also analyze the effect due to the screen-
ing of the environment. After that, in Sec. III B and
Sec. ITI C we analize the effects of the topological phase
transition on the exciton wavefunctions and their disper-
sion respectively. In Sec. IIID we study the origin of a
negative dispersive triplet close to and after the quantum
critical point of the topological phase transition. Finally,
in Sec. IV we report our conclusions.

II. COMPUTATIONAL METHODS
A. Structural and electronic properties

Density functional theory calculations on the ground-
state geometry (i.e. unit cell and atomic positions)
are performed in vacuum with localized gaussian basis,

using CAMB3LYP hybrid xc functional [28, 29] and
CRYSTALI17 [30, 31]. The CAMB3LYP hybrid func-
tional includes long-range corrections to the B3LYP,
which is particularly suited for carbon-based materials,
and has been shown to provide accurate results for
charge transfer excitations, excitations to Rydberg
states, polarizability of long chains and vibrational
properties comparable to those obtained via Quantum
Montecarlo methods [32, 33] for systems in vacuum.
We have employed the triple-{-polarized Gaussian type
basis set[34] with real space integration tolerances of
10-10-10-25-50 and an energy tolerance of 107'? Ha
for the total energy convergence. Each polymer has its
principal axis along the x direction, with ~ 500 A of
vacuum along the non-periodic y and z directions in
order to have a proper one-dimensional system. The
Brillouin zone is sampled with a uniform mesh of
50 x 1 x 1 k-points. Relaxation of the atomic coordinates
is performed by imposing the polymers to be flat, since
they have been synthesized on a surface. The out-of-
plane relaxation is discussed in the SM [25] (Sec. S3).
Finally, we consider here a paramagnetic ground state.
The possible occurrence of magnetic states at very low
temperature [35, 36] is discussed in the SM [25] (Sec. S5),
which however does not hinder the results presented here.

B. Optical properties

Many-body corrections to the single-particle band-
structure are computed within the GW approxima-
tion using the Yambo [37, 38] code and the plasmon-
pole approximation [39]. Eigenvalues and wavefunctions
are initially computed with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation (xc) functional and Quan-
tum ESPRESSO [40, 41]. Each polymer has its principal
axis along the z direction, with ~ 10 A of vacuum along
the non-periodic y and z directions as well as a cut-off
on the Coulomb potential [42] in order to have a proper
one-dimensional system. In this case we have employed a
norm-conserving pseudopotential with the kinetic energy
cut-off set to 70 Ry and a threshold of 107 Ry on the
total energy.

We performed self-consistent GW calculations on
eigenvalues only (evGW) [43] for both the Green’s
function G and the screened electron-electron inter-
action W in the Plasmon-Pole approximation (PPA).
Excitonic effects are then evaluated by solving the Bethe-
Salpeter [44, 45] equation (BSE) in the Tamm-Dancoff
approximation on top of the evGW band structure (a
summary of the theory is given in the SM [25], Sec. S1).
The number of k-points has been fixed to 100 in order
to converge the first two singlet excitonic peaks in the
absorption spectrum. Finally, we want to specify that
results for the excitons are obtained via a dynamical
screening calculated using QP eigenvalues for the BSE
equation. Detailed numerical parametrization of the



BSE is reported in the SM [25] (Sec. S1).

III. RESULTS AND DISCUSSION

A. Electronic structure

While our main focus will be on excitonic properties,
it is the quasi-particle band structure that undergoes the
topological transition, and understanding its dependence
on n provides important insights for our later discussions.
Indeed, our aim is to study theoretically the effects of the
topological phase transition on the optical properties of
polyacene polymers. It is moreover important to note
that in order to keep our focus on the essential, intrinsic
physics of the transition and its potential impact on ex-
citonic states, we have carried out all of our simulations
in vacuum, avoiding further complications due to a sur-
rounding environment. The possible effects of a substrate
on the electronic structure is discussed later.

n c BLA AFE AE St Ep Si-Tr
(Hybrid) (Hybrid) (Hybrid) (evGW) (BS) (BS) (BS)

3 689 0215 348 3.33 1.84 1.49 0.49
5 692 0210 235 1.53 0.77 0.76 0.30
7 691 0.098  3.31 2.78 1.66 1.12 0.62

TABLE 1. Lattice parameter (c), bond length alternation
(BLA), quasiparticle bandgap (AE), first singlet energy (Sr),
binding energy (Ep) and first singlet-triplet splitting (Sr-T7)
for for polyacenes polymers in vacuum as a function of n. All
lengths are given in A, while all energies are given in eV. Hy-
brid refers to the CAMB3LYP functional [28, 29], evGW to
the GW method with self-consistency on the eigenvalues and
BS to the Bethe-Salpeter formalism.

In Fig. 2 we report the electronic band-structure ob-
tained for n = 3,5, 7 at the evGW level, together with the
HOMO/LUMO wavefunctions both at the center (k = 0)
and at the border (k = 7/c) of the Brillouin zone. Tab. I
reports the result of the single-particle band-gap, ob-
tained via DFT (CAMB3LYP) and DFT+many-body
perturbation theory (self-consistent GW on-eigenvalues-
only, i.e. evGW) for n = 3,5,7 in vacuum. All poly-
mers show a direct single-particle band-gap at the edge
(k = 7/c) of the Brillouin zone: the gaps decrease from
n = 3 to n = 5, then increase for n = 7, supporting a
picture of a topological phase transition (band closure)
between poly-pentacene and poly-heptacene.

We also note that while CAMB3LYP and evGW give
very similar gaps for n = 3, the band gap for evGW be-
comes smaller than the CAMB3LYP gap for n = 5,7,
suggesting increasing electronic correlations close to the
transition: approximate functionals cannot fully take
these into account, so more accurate many-body tech-
niques yield larger corrections. The largest deviations
occurs for n = 5 (~ 39%), which is the closest to the
topological transition (smallest QP gap). Comparison

n  AE[eV] |AE [V]
(Experimental [22])| (evGW)

3 1.50 3.33

5 0.35 1.53

7 X 2.78

TABLE II. Quasiparticle bandgap (AE) for poly-anthracene
(n=3), poly-pentacene (n=>5) and poly-heptacene (n=7). Ex-
perimental (Exp.) are taken from Ref. [22]while evGW refer
to this work.

between the band structures computed via CAMB3LYP
and evGW for n = 3 — 7 are presented in the SM [25]
(Sec. S4).

B. Screening due to environment

If we compare the evGW estimate of the single-particle
band-gap with the experimental values there seems to be
a substantial difference (Tab. II). However, our compu-
tations are performed in vacuum while from the exper-
imental point of view these polymers are deposited on
Au(111) surfaces [22], which acts as a polarization envi-
ronment, screening long-range interactions and strongly
modifying correlation energies [46].

Therefore, we are not taking into account the effects
of the environment on the quasiparticle properties. In-
deed it has been shown [46, 47] in the case of anthracene
and pentacene molecules that, when deposited on metal-
lic surfaces, their quasi-particle band-gap was subjected
to a renormalization between 50% and 80% with re-
spect to the gas phase. If we apply such renormalization
to our evGW values we find a quasiparticle band-gap
between ~ 2.66 eV and ~ 1.67 eV for poly-anthracene
(n=3) and ~ 1.22 eV and ~ 0.77 eV for poly-pentacene
(n = 5), which are closer to the experimental results. The
final discrepancy with respect to the experimental band-
gap might be related to anharmonic effects, which can
further reduce the energy difference between the HOMO
and LUMO.

This reasoning suggests that the properties of the sub-
strates on which the polymers are grown or deposed could
provide another powerful and external control handle.
Indeed, the screening from the substrate could substan-
tially reduce the effects of the strong, long-range inter-
actions, allowing for additional modulation of excitonic
properties and of the critical acene length n. at which
the topological transition occurs: Cirera et al.’s place-
ment of n = 5 in the non-trivial phase is likely related to
the metallic substrate inducing a gap reduction.

Notice however that neither in Ref. [22] nor in this
work anharmonic quantum fluctuations are taken into
account: these can play an important role in geometry
optimization as well as in the Helmoltz free energy [32,
33, 48], especially close to the quantum critical point.
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FIG. 2. Self-consistent GW (evGW) quasi-particle bandstucture and HOMOs/LUMOs orbital wavefunctions (with relative
phases) at the center (k = 0 and at the border (k = 0.5) of the Brillouin zone for ethynylene-bridged poly-anthracene (n=3),
poly-pentacene (n=>5) and poly-heptacene (n=7). Grey (white) spheres represent carbon (hydrogen) atoms.

C. Exciton wavefunction and band-inversion functions at the band edges (k = 7/c) for n = 5 and
n = 7, together with (right panel) their first singlet exci-
ton (Sy) wavefunctions in both real (with relative phases)

In Fig. 3a (left panels) we show the CAMB3LYP va- g reciprocal space (as contributions coming from states

lence (v), or HOMO, and conduction (¢), or LUMO, wave



FIRST BRIGHT SINGLET
EXCITON WAVEFUNCTION

FIG. 3. a) Left panels: band-edge (k = 2w/c) HOMO/LUMO single-particle wave functions (with relative phases) for n = 5
and n = 7. Right panel: exciton wave function in real (with relative phase) and reciprocal space (color bar) of the first bright
singlet (S, see Fig. 4) for n =5 and n =7 at ¢ = 0. The yellow star fixes the position of the hole. Due to its large extension,
only part of the wave function is shown for n = 5. b) n =7, ¢ = 0: Real-space (modulus squared) and reciprocal space Srrr
exciton wave function. For both S; and Sr;r, the contributions to the reciprocal space wave functions come from e-h transitions
between highest valence and lowest conduction band: black (i.e. 0) in the colorbar means no contribution.

in reciprocal space).

It is clear that the v and c states have inverted or-
bital character when passing from n = 5 to n = 7. This
band inversion is the defining feature of the topologically
non-trivial phase of the periodic SSH model [1], and oc-
curs smoothly across the band structure, i.e. the ¢ (v)
orbitals of n = 7 at k¥ = 0 are built from monomer
LUMO (HOMO) orbitals and evolve into the inverted
order shown in Fig. 3a as k — k = 7/c [49]. No band in-

version is seen for n = 3 and n = 5. Thus, in vacuum, the
Z5 transition occurs for monomers lengths between n = 5
(trivial) and n = 7 (nontrivial). This is further supported
by the behaviour of the BLA of the bridge atoms (see
Tab I), which dramatically reduces fromn =5 —n =7,
indicating the switch from alternating single and triple
bonds to a nearly cumulenic double-double bond reso-
nance form. Complete structural characterization can be
found in the SM [25] (Sec. S3).



The excitation and binding energies of the lowest (op-
tically bright) singlet (S7) and triplet (77) excitons are
given in Tab I for n = 3,5,7 . The excitonic gaps fol-
low the same trend as the band structure, as do the
large excitonic binding energies (~ 0.3 — 0.6 eV). Strong
1D coulomb interactions generate large singlet-triplet ex-
change splittings (~ 0.3/0.6 V) in all polymers (Tab. I).
Strikingly, the optical gap for n = 5 is dramatically
reduced (0.77 eV, c.f. 1.8 eV in molecular crystals),
and the strong increase in the S; binding energies from
n =>5—n =7 (Tab. I) implies a transition from Mott-
Wannier to Frenkel excitons. Indeed the Bohr’s radius of
Sy goes from ~ 76 A (i.e. ~ 11 unit cells) to ~ 28 A (i.e.
~ 4 unit cells) when passing from n = 5 to n = 7. The
change in localization of the excitonic wave function is
clearly seen in both real and reciprocal space in Fig. 3a
(right panel).

As the k-space distribution of e-h transitions in both
S states is confined to the band edges, the exciton wave
functions closely resemble the conduction band states
at k = m/c, and thus also show band inversion as
n =5 — n = 7. Indeed, the exciton wave function re-
ceives contributions from single-particle orbitals taking
part to the excitation and, as a consequence of the band
inversion at the border of the Brillouin zone, we can ob-
serve as well a corresponding modification of the orbital
character in the exciton wavefunction in real space.

However, a more dramatic effect of topological band in-
version is shown in Fig.3b, which shows the third bright
excition (S7ry) for n = 7. Here, we observe a very broad
distribution of e-h transitions in the k-space wave func-
tion, whose width is larger than the region over which the
band inversion occurs. This leads to contributions from
single particle transitions in both the inverted and non-
inverted regions of the ¢/v bands. As a consequence, we
observe a mixture of HOMO/LUMO states in the exciton
wavefunction. These potentially measureable orbital tex-
tures are always absent in the topologically-trivial n = 3
and n = 5 polymers as no band exchange happens in
their electronic structure. Representations of all singlet
and triplet exciton wavefunctions for n = 3,5,7 is given
in the SM [25] (Sec. S6).

D. Exciton dispersions and singlet fission

Fig. 4 compares the exciton dispersions E*(q) forn = 5
and n = 7 as a function of the center-of-mass momentum
q. Singlet excitons are optically spin-allowed, and have
been plotted to take into account their generalized optical
strength:

= A} (

c,v,k

(k,q) (¢, k +¢|Dlv, k) (1)

where |c, k + ¢) (Jvk)) is the Bloch wave function for an
electron (hole) with momentum k+q (k) on band ¢ (v), D
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FIG. 4. Exciton dispersions for n = 5 (a) and n = 7 (b) show-
ing the energy threshold for triplet pair creation (horizontal
lines). Singlet exciton dispersions are coloured according to
their normalized optical oscillator strength (color bar), with
the brightest state having unit strength.

is the electric dipole operator (here, aligned along poly-
mer repeat axis) and A2, (k, ¢) is the amplitude of a given
electron-hole transition in the excitonic (\) wave function
in k space.

For n = 5, we find a rather congested spectrum con-
taining both bright and dark singlet excitons, as well as
two triplet bands. Notably, the lowest bright singlet ex-
citon (Sy) is extraordinarily dispersive and remains ’op-
tically’ active over more than 60% of its bandwidth (1.6
eV, cf. ~ 0.1 eV in monomer films [50]). Note that
only states within the optical light cone can actually be



excited by light, but the finite optical transition dipole
moments of larger-qg excitons will still be important for
processes such as inter-polymer forster energy transfer
and near-field, nano optical experiments on intrachain
photodynamics [51, 52]. Triplet excitons are also highly
dispersive, with band widths of ~ 0.7 eV, c.f. ~ 0.03
eV in films [50]. On the other side of the topological
transition (n = 7), the exciton dispersions become signif-
icantly flatter, matching the underlying band structure
(Fig.2). However, the bright singlets maintain their os-
cillator strengths over a much larger momentum range
due to their Frenkel-like nature (small Bohr radius).

Acene-based films and crystals are also known to un-
dergo the process of singlet fission (SF) [50, 53], which
allows a singlet exciton to decay into a pair of spin-
entangled triplet excitons [54] and could be used to in-
crease the efficiency of organic photovoltaics [55]. Here,
we find that the strong dispersion of the n = 5 poly-
mer permits - on energetic grounds - the decay of Sy at
finite-q into both T7T; and excited 17T triplet pairs (see
Fig.4) [54]: although the ¢ = 0 S; state lies below the
threshold energy for SF (= 2 X Er,), as shown on Fig.4,
its rapid dispersion creates a large, energetically alllowed
phase space for SF at finite momentum. Finite-g SF has
previously been shown to be an effective mechanism in
pentacene (n = 5) thin films [50], even though the joint
phase space is much smaller, due to the narrow disper-
sion of singlet excitons in films [50]. Strikingly, the n =5
polymer also permits ( on energetic grounds) the decay
of S at large-q into an excited 17Ty triplet pair (Fig.4).
Recently, Pandya et al. have shown that optical excita-
tion of a (T7T7) — (T1T,) transition induces spatial sep-
aration of the tightly bound triplet pairs that form the
lowest excited state of blue polydiacetylenes, suggesting
that the new SF pathway available in the n = 5 polymer
could also spontaneously generate 'free’ triplets pairs that
preserve their germinate spin entanglement across real
space [54].

Another critical aspect of SF is the matrix element for
the conversion of a singlet Frenkel-like exciton, which - in
acenes - is thought to arise via a super-exchange mech-
anism involving a higher-lying 'charge transfer’ singlet
exciton. While determination of SF rates is beyond the
scope of this work (see Ref. [50]), we do point out that the
matrix elements for SF typically involve (virtual) super-
exchange coupling via a higher-lying charge-transfer ex-
citon [56]. Indeed, this matrix element takes the generic
form:

Xsk = (MgrM§")(AEs,s,)™" (2)

where MY is a Coulombic transition amplitude between
states  and y that are separated in energy by AFE,.
As shown in Sec. S6, the Sy;; state in polypentacene
(i.e. m = 5) has strong charge-transfer character, corre-
sponding to a large MSTSI’ and strongly mixes with Sy
near the avoided crossing (AFg,s,,, ~ 0). Consequently,
a large super-exchange xgsr could be also be expected
above threshold, leading to concomitantly large SF rates.

We also note that, for n = 5, S;;; at ¢ = 0 is already
above threshold and is optically bright, permitting direct
SF from this CT state [56].

On the other side of the topological transition (n = 7),
the larger relative energy of the T states reduces the
phase space for finite-¢ SF, although the S7;; band re-
mains above threshold for all momenta. We also note
that the bright singlets maintain their oscillator strengths
over a much larger momentum range for n = 7 with re-
spect to n = 5, due to the smaller excitonic Bohr radius.
However, the key change of relevance for SF is the ef-
fect of band inversion on the SF matrix elements: as SF
matrix elements are constructed from the coherent sum-
mation of Coulombic scattering amplitudes of electrons
and holes [50], this "texture’ in the electron density could
lead to strong interference effects, which - to the best
of our knowledge - have not previously been identified
or studied. Such topologically induced interference ef-
fects would also radically affect the matrix elements for
any finite-momentum scattering processes, such as the
exciton-phonon interaction and related properties, e.g.
resonance Raman spectra.

E. Negatively dispersive excitons

Another interesting feature in Fig. 4 is the existence of
negatively dispersing T7; excitons. For n = 5 this nega-
tive dispersion is confined to a small region around ¢ = 0,
while for n = 7 it extends across the entire band, decreas-
ing across the band by ~ 40 meV (KgT =~ 25 meV at
298K), so that phonon scattering should spontaneously
relax these excitons into stable finite-momenta states.
At low temperatures, this could significantly modify the
mechanism of triplet transport. A weak negative disper-
sion of the Ty in a pentacene crystal was also observed,
though not analysed, in Ref. [50].

With a view to understanding and controlling these
anomalous dispersions, Fig.5a compares the k-space dis-
tributions of e-h transitions in the T; state on the n =7
quasiparticle band structure. At g = 0, the Ty state
is built by e-h pairs clustered around the band edge
and zone center, and at ¢ = 7/c the dominant tran-
sitions lie in the centre of the band[57]. According to
the effective Bethe-Salpeter Hamiltonian, the energy of
the triplet exciton states contains two contributions: the
(non-interacting) kinetic energy of the e-h quasiparticles
and the matrix element between the conduction ¢ and
valence v band of the Fourier transform of the screened

direct Coulomb interaction K)gvk at k-points k£ and

k' = k + q. Due to the flatness of the band structure
for poly-heptacene, there is essentially no change in the
carrier’s kinetic energy as Tr7(q = 0) — Trr(q = ©/c),
whereas this normally provides a strong, positive con-
tribution to the exciton dispersion, as it does for poly-
pentacene.

At the same time, the direct Coulomb interaction ma-
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FIG. 5. Poly-heptacene (n=7): (a) single-particle transitions responsible for T7; at ¢ = 0 (red) and ¢ = 7/c (blue) on top of
the folded band structure in the irreducible first Brillouin zone; (b-c) Modulus squared of the exciton wave functions for Tr; at
g =0 (b) and ¢ = 7/c (c) showing contraction of the exciton at finite momentum. Holes are localized at circled position; (d)
Screened direct Coulomb interaction KX averaged over triplet eigenfunctions as a function of g, obtained with Yambopy.

trix element that mixes e-h transitions in the excitonic
wave function arises from a screened g-dependent inter-
action. Fig. 5d shows the screened g-dependent direct
interaction averaged over triplet states for the n = 7:

EX(q) = ) (Ad (K, ) AL, (k) K, (3)
cvk 'k

v’k
showing that K*(q) is a continuously decreasing func-
tion of ¢ for Ty, i.e. the binding energy of the exciton
becomes greater at the band edge. Combined with the
neutral change in carrier Kinetic energy (K.E.) - which
is induced by the flat bands that appear above the topo-
logical transition - we then see that the negative disper-
sion arises from reduced screening at short wavelengths
(large ¢). This interpretation is visualized directly in
Fig.5b&c, where the shrinkage (increased binding en-
ergy/decreasing Bohr radius) of the exciton can be seen
in the real-space wave function as ¢ — m/c.

Thus, it is the flat bands that must appear above the
topological transition (the disconnected dimer limit, in
the SSH model) that promote anomalous exciton dynam-
ics. We also note that negative dispersions in molecular
acene crystals have previously been reported for low-lying
singlet excitons, and were shown to arise from mixing
(level repulsion) with higher-lying CT excitons [58, 59].
While the congested spectrum for n = 5 may partially
promote a similar mechanism in the non-monotonic dis-
persion of T and the rather flat Sy;7, the CT bands are
well separated for n = 7, and the shrinkage of the wave
function at the band edge is inconsistent with growing
admixtures of CT states with enhanced e-h separations.

IV. CONCLUSION

In conclusion, we have shown that the topological tran-
sition occurring in ethynylene-bridged acene polymers of-

fers extreme tunability of optoelectronic properties, and
we believe that the rather general mapping between 1D
molecule-bridge structures and the SSH model should ex-
tend this tunability to many other organic constructs
[22]. Additionally, the properties of the substrates on
which the polymers are grown or deposed could provide
another powerful and external control handle. Indeed,
the screening from the substrate could substantially re-
duce the effects of the strong, long-range vacuum inter-
actions native to organics, allowing for additional mod-
ulation of excitonic properties and - most importantly
- of the critical acene length n. at which the topologi-
cal transition occurs. Additionally, based on the findings
of previous work on carbynes [32] and finite-sized acene
polymers [23], the cross-over from acetylenic to cumulenic
bridging at the transition suggests that phonons and an-
harmonicity could also play an important, temperature-
dependent role in closing the charge gap, and this will be
discussed in future work.
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