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Journal Name

Group 16 substitution effects on the electronic
and optical properties of 1-dimensional conjugated
heterocycle oligomers: A relativistic self-interaction
corrected real-space TDDFT study†

Joëlle Mérgola-Greef,∗a and Bruce F. Milnea

First-principles calculations employing real-space self-interaction corrected (time-dependent)
density functional theory with incorporation of scalar and spin-orbit relativistic corrections have
been used to elucidate the electronic characteristics and optical response of linear heterocycle-
based oligomers as a function of Group 16 atom substitution. Analysis reveals intense
substitution-dependent ultraviolet π −π∗ transitions in all oligomeric systems investigated. Upon
p-type doping via single-hole introduction, these materials exhibit characteristic polaron absorp-
tions in the near-infrared region. In the neutral species, absorption in the visible region is seen
only for the heaviest Group 16 substitutions. However, upon oxidation all of the oligomers dis-
play significant visible light absorption. The systematic modulation of both optical and band gap
properties through chalcogen substitution and charge-carrier doping provides a framework for the
engineering of organic materials with applications in multiple technological domains.

1 Introduction
From the discovery by John Wesley Hyatt in 1869 of polymers
to substitute the use of ivory, tortoiseshell, horn, and linen to
the revolution of Wallace Carothers with the development of Ny-
lon, the first synthetic fibre, the field of polymer science has ex-
panded dramatically. This expansion has included developing or-
ganic materials with the main intend to substitute current inor-
ganic materials for their electronic and optical applications: pho-
tovoltaic cells,1 transistors,2 thermoelectric generators,3 light-
emitting devices,4 and even sensors.5,6

To meet the specific electronic and structural requirements for
real-world applications, the development of organic materials has
focus on key characteristics. These materials should feature a
narrow band gap to optimize light absorption and energy ef-
ficiency, as well as a low-lying highest occupied molecular or-
bital for stability. A specific example where these considerations
are paramount is the case of organic materials for use in dye-
sensitised solar cells. Here, the lowest unoccupied molecular or-
bital (LUMO) of the donor should be tuned to lie slightly above
the LUMO of the acceptor material, reducing energy waste dur-
ing charge transfer. These precise adjustments provide efficient

a Marine Biodiscovery Centre, Department of Chemistry, University of Aberdeen, Meston
Building, Meston Walk, AB24 3UE, Old Aberdeen, UK.
∗ j.mergola-greef.21@abdn.ac.uk
† Supplementary Information available: [details of any supplementary information
available should be included here]. See DOI: 00.0000/00000000.

charge transfer between the donor and acceptor while minimis-
ing energy losses.7–9 Another key aspect is the ability to control
the assembly and morphology of the organic materials, which is
critical for efficient charge transport.1,6,10

Fig. 1 Structural comparison of telomestatin in its native cyclic confor-
mation (top) and its linear all-trans derivative (bottom).

One research topic expanding with this focus is the devel-
opment of organic conjugated polymers/oligomers. These pi-
conjugated systems, distinct from sp hybridized bonds, are char-
acterized by an extended framework of alternating sp² and/or
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sp-hybridized atoms wherein unhybridized p orbitals engage in
lateral overlap to form a continuous π-electron cloud. This
electronic architecture facilitates extensive delocalization of π-
electrons throughout the molecular backbone. These materials
show promising new avenues, as the length of the polymer can
be modified and the individual moieties can be substituted de-
pending on the specific characteristics required for the intended
application.3,6,11

Among the various modifications, substituting heteroatoms
within the monomer units presents an effective strategy for tai-
loring the properties of the material. In the case of heterocyclic
monomers, modifying the heteroatoms can alter the optical and
electronic characteristics of the conjugated material. By replac-
ing the oxygen heteroatom with a heavier chalcogen, such as sul-
fur, selenium, or tellurium, and moving down the periodic table,
the changes in size, electronegativity, polarizability, and increased
strength of intermolecular interactions also lead to a reduction in
the HOMO-LUMO gap. This tunable band gap combined with the
ease of processing organic materials make them attractive candi-
dates for optoelectronic applications.6,12,13

In our investigation of novel organic materials for photoelec-
tric applications, we examined the natural product R-telomestatin
(Fig. 1), produced by Streptomyces anulatus 3533-SV4, which in-
spired both our previous work14 and the current study. Previ-
ously, all-trans linear analogs of telomestatin were examined with
chain lengths varying from one to ten oxazole units and evaluated
under different charge conditions (neutral, electron-doped, and
hole-doped).

In the present study, we concentrate exclusively on heptameric
azole chains, as this corresponds to the number of azole ring units
in the natural product, whilst also being large enough to ade-
quately display the electronic and optical properties characteristic
of the longer chains studied previously. We begin with a summary
of the theoretical approaches used and then move on to study the
effect of substituting the oxygen in the linear oligomeric oxazole
framework with heavier chalcogen elements from Group 16. This
modification aims to preserve the inherent physical characteristics
of the polymer while fine-tuning its photoelectric properties.14–16

In order to investigate the effect of Group 16 substitution on
ground-state properties of the polyazoles we study the evolution
of their electronic density of states (DOS) using self-interaction
corrected real-space Density Functional Theory (SIC-DFT) to gain
insight into changes in the electronic structure on varying the het-
eroatom. Following this, the optical absorption properties of the
substituted chains are studied using real-space time-propagation
SIC-TDDFT to probe the excited-state electronic behaviour of the
oligomers in their neutral and hole-doped (monocationic) states.
Spin-orbit corrections are included throughout to provide a bal-
anced description of the azole chains for all of the chalcogen-
substituted azole systems.

In addition, we here study the effect of removal of an elec-
tron to produce hole-doped monocationic chains. The anionic
electron-doped species were not considered as the previous work
had shown that the effects of addition or removal of a single elec-
tron had qualitatively very similar effects on the resulting absorp-
tion spectra.

2 Theory

2.1 DFT in real space

In the current work the OCTOPUS code was used for all optical
response and density of states (DOS) calculations. OCTOPUS em-
ploys regular spatial grids within a pre-defined volume of space
and therefore avoids the use of a conventional (e.g. Gaussian-
type) basis-set expansion of the Kohn-Sham wavefunctions.17–20

This has the advantage of making convergence of properties such
as energies dependent only on the grid spacing and simulation
volume, and avoiding errors due to basis-set incompleteness.

Density functional theory (DFT),21,22 with non-hybrid func-
tionals of the electronic charge density is well suited to discretiza-
tion on real-space grids due to the (semi-)local form of the func-
tionals.23 In addition to ease of convergence, a further advan-
tage of this approach is that real-space calculations scale very
favourably on (massively) parallel computing platforms and can
therefore provide a level of accuracy for extremely large systems
that can only be obtained for relatively small molecules with con-
ventional quantum chemical DFT implementations.24

The (time-independent) electronic ground-state of the system
being studied is obtained through solution of a Kohn-Sham sys-
tem of N coupled one-particle Schrödinger equations

hKSϕm(r) = εmϕm(r) (m = 1, . . . ,N) (1)

hKS[n(r)] =−1
2

∇
2 + vKS(r) (2)

where r = (x,y,z) is the vector of coordinates in 3-dimensional
space. The Kohn-Sham effective potential vKS(r) is

vKS(r) = vext(r)+ vH[n(r)]+ vxc[n(r)] (3)

This allows us to compute the electronic energy Eelec[n(r)] for
our system by combining the energies arising from vKS(r) acting
on the total charge density n(r) with the sum of the individual
kinetic energies εkin

m for all of the occupied states23

Eelec[n(r)] =
N

∑
m

ε
kin
m −

∫
dr

[
1
2

vH(r)+ vxc(r)

]
n(r)+Exc (4)

Here, the external potential has been neglected for simplicity
and the kinetic energy is obtained as

ε
kin
m =

∫
dr ϕ

∗
m(r)

∇2

2
ϕm(r) (5)

2.1.1 Collinear spin-DFT

In the collinear approximation within spin density functional the-
ory (SDFT), it is assumed that the electron spins are aligned
(anti)parallel with a reference axis for the system (usually taken
to be the z-axis). Thus, the total charge density, n(r), can be ex-
pressed as a sum of the two separate spin densities

n(r) = n↑(r)+n↓(r) (6)

with
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ns(r) =
N

∑
m
|ϕms(r)|2, s = {↑,↓} (7)

2.1.2 Non-collinear spin-DFT

Generalisation of the above leads to non-collinear SDFT, where
the spin angular momentum vector s is no longer constrained to
take one of two values (↑ or ↓). Instead, the electron’s magneti-
sation can point in any direction and the wavefunctions, ϕm, are
replaced with two-component spinors φm

φm =

[
φ+

φ−

]
(8)

whose components, φ±, are complex functions, the combination
of which permits full flexibility in the description of the system’s
magnetisation.

The energy of the system now depends on both the charge den-
sity, n(r), and the magnetisation density, m(r)

n(r) =
N

∑
m

∑
s

φms(r)φ∗
ms(r) (9)

m(r) =
N

∑
m

φm(r)σσσφ
∗
m(r) (10)

where σσσ = (σx,σy,σz) is the vector of 2×2 Pauli spin-matrices.
The additional freedom permitted by this formalism means that

non-collinear calculations are able to describe in a natural way
the response of electronic spin to applied magnetic fields. Sim-
ilarly, non-collinear SDFT provides a route to non-perturbative
(self-consistent) description of spin-orbit coupling effects in rela-
tivistic calculations.

The need for accurate descriptions of magnetic behaviour in
advanced quantum materials has led to a considerable amount
of recent work on theoretical methods and computational imple-
mentations of non-collinear (TD)DFT methods.25–29 In addition
to the OCTOPUS implementation used here, other codes such as
GPAW and INQ permit self-consistent non-collinear SOC within
the real-space (TD)DFT formalism for the accurate treatment of
heavy-atom effects in materials science.30,31

2.2 Self-interaction correction

In practical calculations with approximate exchange-correlation
functionals, such as the local spin density approximation (LSDA)
used in the present work, it is important to be aware of the exis-
tence of the so-called self-interaction error (SIE). SIE arises due to
the interaction of an electron with itself through the total-density
dependence of the electrostatic Hartree term in the KS potential
(see Eqn 3).

The Hartree energy is given by

EH =
1
2

∫ ∫
drdr′

n(r)n(r′)
|r− r′|

(11)

and clearly shows that in the limiting example of a one-electron
system, with the electron at position r the energy still contains a
contribution from the same electron’s density at position r′.

Whilst the exact XC functional would fully cancel this spurious
self-interaction, approximate functionals such as LSDA do not,
leading to the result that for a given density functional approx-
imation (DFA)

EDFA
xc [n1e(r)]+EH[n1e(r)] ̸= 0 (12)

where n1e(r) in Eqn. 12 is a one-electron charge density. Thus, the
presence of the Hartree self-interaction combined with its incom-
plete cancellation by the approximate XC functional leads to the
remaining net self-interaction error found with common DFAs.

Different schemes have been developed over the years in an at-
tempt to develop a method for self-interaction correction (SIC).
Whilst exact SIC formulations do exist, such as the famous
Perdew-Zunger method (PZSIC),32 these are numerically compli-
cated and can be difficult to use in practice. Instead of perform-
ing the SIC on an orbital-by-orbital basis, as is done in PZSIC,
an attractive alternative is to make use of the average SIE of the
electrons in the system to correct the error in the total density.33

For a given DFA in the collinear SDFT approximation, this av-
erage density self-interaction correction (ADSIC) is given as

EADSIC
xc [n↑(r),n↓(r)] = EDFA

xc [n↑(r),n↓(r)]

− ∑
s={↑,↓}

Ns

(
EH

[
ns(r)

Ns

]
+EDFA

xc

[
ns(r)
Ns,0

])
(13)

where both the energy and the SIC are functionals of the up and
down spin densities n↑ and n↓.

Whilst the ADSIC method has been available for some time in
spin-unpolarised and spin-polarised forms, the latter has been re-
stricted to the collinear SDFT approximation. This has meant that
systems displaying non-trivial magnetic behaviour or requiring
spin-orbit coupling corrections could not easily be corrected to
remove the SIE.

Both PZSIC and ADSIC were, however, recently reformulated
to make them applicable to the non-collinear SDFT situation.34

Whilst PZSIC remains troublesome to use in many cases, the non-
collinear ADSIC method is as simple to use and as stable as the
more familiar collinear implementation.

Rewriting Eqn 13 in terms of the local charge and magnetiza-
tion densities leads to the simple form shown below

EADSIC
xc [n(r),m(r)] = EDFA

xc [n(r),m(r)]

−N
(

EH

[
n(r)
N

]
+EDFA

xc

[
n(r)
N

,
m(r)

N

])
(14)

However, it was shown by the authors that this form as it stands
does not produce the correct collinear limit, which requires that
the total energy and SIC depend only on n↑ and n↓ (see Eqn (13)
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in Ref 34).
The approach taken by the authors in their OCTOPUS imple-

mentation avoids this issue by first diagonalising the spin-density
matrix to obtain the spin-densities n↑ and n↓. These are then av-
eraged, normalising by their integrals to define N↑ and N↓ in the
frame defined by the local magnetisation. Thereafter, the poten-
tial is computed independently for n↑ and n↓ in this local frame.
Finally, the potential is rotated back to the global frame using the
total magnetisation.

3 Methods

3.1 Geometry optimisation

Geometry optimizations were conducted at the density functional
theory (DFT) level employing the Orca computational chemistry
package (version 5.0.4).35 The re-regularized SCAN (r2SCAN)
meta-GGA functional was selected based on its demonstrated ca-
pacity to yield geometries of equivalent or superior quality com-
pared to more computationally intensive correlated wavefunction
methods.36,37

To address the inherent limitation of (semi-)local functionals
in describing long-range dispersion forces, the density-dependent
D4 dispersion correction was incorporated with r2SCAN through-
out all geometry optimization procedures.38–41 The r2SCAN-D4
methodology was used in conjunction with the flexible Def2-TZVP
basis set.42,43 The resulting geometries are available in the ESI for
this article.†

As demonstrated in our previous research, this computational
protocol provides sufficient accuracy for the present study with
only very small alteration in the geometries on going to the much
larger Def2-QZVP basis set.14

Re-optimisation of the hole-doped cationic species was not per-
formed, as in our previous work on the polyoxazole chains very
little difference had been found when separate geometry optimi-
sations were performed (approximately 0.001 Å in bond lengths
and 0.05◦ in angles). A test of this using the tellurazole chain
found that the same was true of the heavier derivatives. This can
be explained by extensive delocalisation of the hole, and the as-
sociated positive charge, throughout the conjugated π-system of
the azole rings (Fig. S1)† which effectively dilutes the geometry
effects that might be expected in cases displaying greater locali-
sation of the charge.

3.2 Time-Propagation TD-ADSIC-SO

Real-space grid discretization of the (TD)DFT equations was per-
formed using OCTOPUS version 14.1, with exchange and correla-
tion terms approximated using the modified Perdew-Zunger local
spin-density approximation (LSDA) functional32,44,45 as provided
by the libxc functional library version 5.1.0.46,47

Real-space methods have the advantage of scaling efficiently,
both with the size of the electronic system, and with the number
of compute processes (thus making them particularly efficient for
large calculations in distributed computing environments). Fur-
thermore, the time-propagation approach to excited state elec-
tron dynamics yields the absorption spectrum of the system up to
arbitrary frequencies without specifying the number of excitations

required, and using only the occupied electronic states, unlike
linear response methods such as solution of the Casida equation.
Convergence of the properties calculated in this way depend only
on the grid spacing and simulation volume for ground state DFT.
Convergence of excitation energies also depends on the length
of the time-propagation, but for transitions of interest in UV-Vis
spectroscopy, this convergence is rapid. Nonlinearity and com-
plex time-dependent processes such as collective electron dynam-
ics are also naturally described by this approach.

In line with our previous work,14 the LSDA calculations were
corrected using the average-density self-interaction correction
(ADSIC) to eliminate spurious SIE and restore the physically cor-
rect -1/r asymptotic charge density decay.48 The use of the ADSIC
correction has been shown to produce results of similar quality to
much more expensive methods such as CAS-SCF and EOM-CCSD,
with a large part of the improvement over standard TD-L(S)DA
being attributed to the improved description of long-range effects
due to the correct asymptotic decay of the density tail.49 Also,
in our previous work on telomestatin derivatives TD-ADSIC was
found to lead to excellent reproduction of the experimental ab-
sorption spectrum of the natural product.14

Spin-orbit coupling effects were incorporated self-consistently
via the non-collinear spinor SDFT representation, and within
the ADSIC-corrected LSDA theoretical framework outlined above,
yielding the TD-ADSIC-SO method used throughout the current
work. The method employs relativistic Kohn-Sham reference
states subsequently modified to account for self-interaction er-
rors anticipated in conventional density functional approaches.
The resulting framework adequately addresses non-collinear spin
structures, which prove essential for accurate spectroscopic pre-
dictions involving heavy-element-containing systems. In contrast
to our previous methodology, which was applied only to relatively
light elements, spin-orbit coupling effects were necessary in the
present study to obtain physically correct descriptions of the tran-
sitions leading to the absorption spectra.34

Fully-relativistic Hartwigsen-Goedecker-Hutter norm-
conserving LDA pseudopotentials were used for all (TD)DFT
calculations.50 Based on prior convergence testing with linear
six-membered oxazole oligomers,14 we employed a grid spacing
of 0.2 Å and an atom-centered sphere radius of 6 Å, yielding
Fermi energy convergence better than 0.01 eV in the calculation
of the electronic ground states. This was checked for the tellura-
zole oligomer and the Fermi energy convergence was found to be
the same, indicating that these parameters were suitable for even
the heaviest of the substituted chains. Time-propagation TDDFT
calculations utilized a time step of 0.003 h̄ eV−1 (0.00197 fs)
for stable propagation over 20000 steps, corresponding to total
propagation times of 60 h̄ eV−1 (39.5 fs). The use of longer
propagation times than in the previous work yielded better
resolution of the individual peaks (0.1 eV), which was expected
to be important in the study of potential peak splitting due to
spin-orbit effects as the shorter propagation time used in the
previous work did not produce full resolution of some of the
peaks.14

For the hole-doped species, a single electron was removed and
the electronic ground state recalculated. All of the monocationic
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azole chains displayed doublet ground states with total magneti-
sation m = 1. The hole density was found to be fully delocalised
along the length of the azole chains (Fig. S1).†

In the calculation of the Density of States (DOS) for the azole
chains, unoccupied states totalling 50% of the number of occu-
pied states were included so that a reasonable coverage of the
conduction band region was obtained. In order to provide better
resolution of individual features, a broadening of 0.004 Hartree
was applied when creating the DOS plots. The decay of the DOS
in the gap region does not reach zero, however this is an artifact
of the Lorentzian fitting (even though the broadening factor used
was half of the default). In the gap regions between the valence
and conduction band peaks, no extra states were found.

4 Results and discussion

4.1 Density of states

The ADSIC-SO density of states for the neutral chains in which the
Group 16 heteroatoms have been substituted by moving down the
periodic table from oxygen to tellurium is presented in Fig. 2. To
ensure clarity and consistency in data interpretation, the energy
axis has been normalized by subtracting the Fermi energy, EFermi,
from the state energies.

Fig. 2 illustrates a decrease in the band gap as the chalco-
gen series transitions from oxygen to sulfur, selenium, and tel-
lurium. This behaviour can be attributed to a systematic increase
in atomic radii within Group 16; as one moves from oxygen to
tellurium, atomic and covalent radii increase. This expansion
creates greater electron-nucleus distances in heavier chalcogens,
where the nuclear charge experiences significant screening from
inner electron shells. The reduced effective nuclear charge com-
bined with increased distance substantially weakens the Coulom-
bic attraction between the nucleus and valence electrons. These
electrons experience diminished electrostatic binding forces, oc-
cupy higher energy states, and become increasingly polarizable.
The progressive shielding effect and attenuated Coulombic inter-
actions directly manifest in the declining electronegativity values
observed down the group, from 3.44 for oxygen to 2.10 for tel-
lurium, reflecting the decreasing ability of these atoms to attract
and retain their valence electrons.51

In contrast, as shown in Fig. 3, the contraction of the band
gap is less marked in the hole-doped species, indicating that pos-
itive charge conditions lead to an altered electronic structure.
With one fewer electron, the reduction in electron-electron repul-
sion allows the remaining valence electrons to relax into slightly
lower-energy orbitals. Furthermore, the highest occupied molec-
ular orbital (HOMO) in the neutral species is transformed into
a singly occupied molecular orbital in the cation, with its en-
ergy decreasing due to the diminished exchange and Coulomb
repulsions. The holes introduced are positioned within delocal-
ized valence-band states (Fig. S1),† effectively generating vacant
states at the top of the valence band that can facilitate subsequent
low energy electron transitions. This behaviour describes the ob-
served increase in valence band density in the hole-doped species
relative to the neutral species of all the oligomers tested.52

In direct comparison to telomestatin, the natural product serv-

ing as the initial structure for this investigation, the oxazole chain
(both neutral and positively charged) exhibits a expansion of the
band gap. Conversely, the thiazole, selenazole, and tellurazole
neutral chains exhibit a reduction of the band gap, supporting the
direction of increasing electronic delocalization down Group 16.
The thiazole-based positively charged species maintains a band
gap similar to telomestatin, contrasting the selenazole and tellu-
razole positively charged chains exhibiting further decrease of the
band gap.

4.2 Optical absoption spectra

The optical absorption spectra calculated at the TD-ADSIC-SO
level for the neutral oligomers are shown in Fig. 4. Table 1 con-
tains energies in eV of the most important excitations observed in
the spectra (and discussed below).

Table 1 Major optical absorption feature energies in neutral chalcogen
substituted polyazole chains. The features referred to here as the main
peaks are highlighted in Fig. 4.

Chalcogen Absorption onset / eV Main peak / eV
O 3.8 4.7
S 3.3 4.2
Se 3.0 4.0
Te 2.8 3.6

As in our previous work on polyoxazole chains of varying
lengths,14 calculation of the absorption spectrum for the neu-
tral form of the natural product telomestatin was performed in
order to evaluate any shift of the calculated spectrum relative
the experimental UV-Vis (ESI of Doi et al, 200653). When the
TD-ADSIC-SO telomestatin spectrum was compared with experi-
ment, the correct peak distrucution was obtained, but a shift of
+0.45 eV was required to overlay the absorption maxima (see
ESI,† Fig. S2). The previous calculations, which employed dif-
ferent pseudopotentials and neglected spin-orbit effects, required
a smaller shift of +0.25 eV. However, it was felt that even this
slightly larger shift was well within the deviation to be expected
from TDDFT when using semi-local functional approximations,
and so this was applied to all subsequent absorption spectra ob-
tained in the current work.

Consistent with the trend observed in Fig. 2, a red-shift in the
absorption is seen as one moves down the periodic table, corre-
lating to the systematic shrinking of the band gap. The oxazole
chain displays the onset of absorption at 3.8 eV, which shifts to
3.3 eV for the thiazole chain. The absorption onset for the selena-
zole chain is similarly redshifted to a value of 3.0 eV, just inside
the visible part of the spectrum. The tellurazole chain follows this
trend, but its absorption onset is shifted to 2.8 eV, well inside the
visible region. In addition, the tellurazole chain displays a second
absorption peak in the visible at just over 3 eV, suggesting that
it should be the most highly coloured of all the neutral systems
studied here.

All of the systems studied display very strong absorption in the
UV region, with the O, S, and Se compounds producing clear sin-
gle peaks at 4.7, 4.2 and 4.0 eV, respectively. Our previous work
on polyoxazole chains of varying length suggested that this peak
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Fig. 2 ADSIC-SO density of state (DOS) plots for neutral oligomeric chains. Energy scale normalised by shifting EFermi to zero for each oligomer. The
non-zero value of the plot in the gap region is a result of the Lorentzian fit used to produce the plots but no states are present in this region.
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Fig. 3 ADSIC-SO density of state (DOS) plots for hole-doped oligomeric chains. Energy scale normalised by shifting EFermi to zero for each oligomer.
The non-zero value of the plot in the gap region is a result of the Lorentzian fit used to produce the plots but no states are present in this region.

could be attributed to a plasmonic excitation, due to the length-
dependence of their intensity, and also the fact that they are po-
larised along the length of the chains and have negligible intensity
when the excitation ’kick’ is applied in a direction transverse to
the chain (see ESI,† Fig. S4).14 In the case of the polytellurazole
chain, however, the major peak at 3.6 eV is greatly diminished
in intensity. Whilst the peak at 3.4 eV appears to be a shoul-
der similar to those that can be seen in similar positions for the
other compounds, this reduction in the main peak height, along
with the appearance of the shouldered peak at 3.8 eV, suggests in-
volvement of the pronounced spin-orbit coupling associated with
tellurium. An alternative explanation for this observation might
be the broad conduction band characteristic of the neutral tellura-
zole chains, which can accommodate a wider range of excitation
wavelengths.

In order to investigate this, the absorption spectrum of the neu-
tral tellurazole compound was calculated using the same non-
collinear SDFT approach including ADSIC, but neglecting the
spin-orbit correction (Fig. S3).† It can be seen that only a small
part of the peak splitting described above can be attributed to
spin-orbit coupling, meaning that the majority of the disruption of
the expected single collective plasmon-like excitation must orig-

inate from a combination of scalar relativistic effects and shell-
structure differences between Te and the lighter chalcogens.

In the hole-doped chains (Fig. 5), the large absorption peaks
in the UV are shifted to lower values than those of the neutral
chains, consistent with the reduction in the band gaps observed
in Fig. 3. The intensity of these peaks undergoes distinct changes
upon doping; the oxazole and selenazole chains experience a de-
crease in intensity, whereas the thiazole and tellurazole chains
show an increase. Notably, the tellurazole chain, which initially
exhibited three closely-spaced peaks in the neutral state, now
only displays two peaks. Given the increase in intensity of the
tellurazole peak at ∼3.8 eV, it is feasible that the missing peak
has redshifted and combined with the central peak of the triad.

The hole-doped species demonstrate a significant absorption
feature in the infrared (IR) region, a behaviour that has been
previously reported and attributed to a low energy polaron-like
excitation (Fig. 6).14,54,55 The existence of this new peak suggests
that these compounds should display redox-switchable near-IR
absorption, and that it is sensitive to the Group 16 substitution
employed in the material.

In addition, on hole doping all of the compounds studied were
found to display absorption in the visible. Furthermore, excita-
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Fig. 4 Isotropic TD-ADSIC-SO absorption spectra of neutral oligomeric azole chains. Main peaks for each derivative discussed in text are labelled with
asterisks and vertical dashed lines indicate visible region. Spectra shifted by +0.45 eV (see Section 4.2).
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by +0.45 eV (see Section 4.2).
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CB

VB

Neutral

CB

VB

SP+

h-doped
Fig. 6 Schematic representation of semiconductor electronic structure
depicting the fundamental band gap between the occupied valence band
(VB) and the unoccupied conduction band (CB), with an emergent spin
polaron (SP) state induced by hole doping. The empty circle denotes the
excess hole. Band gap modifications due to lattice relaxation effects are
not depicted.

tions across the whole visible region are seen, making it possi-
ble to optimise the visible absorption characteristics of a material
based on these building blocks in a tunable way.

The computational findings are consistent with both experi-
mental and theoretical studies reported in the literature.56–58

Specifically, as lighter chalcogens are replaced with heavier ones,
there is a systematic shift in the optical absorption edge to-
ward longer wavelengths (lower energies). For example, in dye-
sensitized TiO2 complexes, substituting the chalcogen in a donor
molecule from oxygen to sulfur, selenium, and ultimately tel-
lurium results in a progressive red shift of the absorption max-
imum from 2.37 eV to 2.07 eV.59 Similarly, in conjugated poly-
mers, replacing thiophene with selenophene or tellurophene re-
duces the π–π∗ transition energy, leading to a red-shift in the ab-
sorption spectrum.60–62

Inspection of the frontier charge distribution in the polyazoles
studied here indicates that, in addition to general changes in
the potential influencing the near-gap states, increasing involve-
ment of the heavy chalcogen valence p-states in the delocalised
π-orbitals can be expected for Se- and Te-containing conjugated
systems (as can be seen in Fig. S1, ESI).†

5 Conclusion
Using real-space time-propagation TDDFT with explicit self-
consistent correction for both self-interaction error and the influ-
ence of spin-orbit coupling, this investigation has shown that the
electronic properties of oligomers containing Group 16 atoms cor-
relate systematically with the identity of the incorporated chalco-
gen. The results demonstrate a progressive decrease in band gap
on going down the chalcogen group from oxygen to tellurium.
This contraction of the band gap is less pronounced in hole-doped
species, indicating that the presence of the positive charge leads

to alterations in the potential determining the nature of the va-
lence and conduction bands leading to electronic structures that
partially mitigate the chalcogen-induced effects.

Comparative analysis with telomestatin reveals distinct pat-
terns based on which chalcogen is incorporated into the linear
structures. The oxazole chain, in both neutral and positively
charged states, exhibits band gap expansion relative to the ref-
erence compound. Conversely, thiazole, selenazole, and tellura-
zole neutral chains demonstrate progressive band gap reduction,
supporting the trend of increasing electronic delocalization down
Group 16.

The observed correlation between electronic and optical prop-
erties and the nature of the chalcogen substitution reflects funda-
mental atomic characteristics of the chosen Group 16 element. As
heavier chalcogens replace oxygen in the molecular framework,
the optical absorption edge undergoes systematic red-shifts along
with successive reductions in the band gap. The effect reaches
maximum expression in the tellurazole system which displays
spectral features distinct from those of the lighter chalcogens, in-
cluding broadened and split absorbance peaks extending into the
visible region. Although strong spin-orbit effects can be expected
in Te-containing compounds, the absorption spectra studied here
did not change significantly when these effects were neglected,
suggesting that the influence of Te in this case is more likely to
be due to shell-structure and scalar-relativistic effects. Spin-orbit
interactions are likely to be much more important in other proper-
ties of the tellurazole chain where inter-state coupling is involved,
such as fluorescence.

Charge-carrier doping effects include increase of the band gap,
alteration of absorbance peak intensities, and introduction of new
transitions, particularly in the infrared region, consistent with po-
laronic behaviour. The observed simplification of peak splitting in
tellurazole upon doping suggests suppression of spin-orbit effects,
providing an additional dimension of electronic tunability.

The findings of the current study complement previously ob-
tained data regarding oligomer chain length effects, where ex-
tended conjugation promotes increased delocalization, leading to
additional red-shifts in optical absorption behaviour and further
band gap narrowing.14 The combination of chain-length modula-
tion with chalcogen substitution and controlled doping therefore
represents a powerful strategy for systematic tuning of optoelec-
tronic properties in oligomeric heterocycle-based systems.

Future work will include evaluation of sol-
vent/microenvironmental effects. These are expected to be
most pronounced in the doped species due to charge redis-
tribution, but even in the case of the neutral chains it will be
interesting to see how their inclusion shifts the absorption spectra
of the azole chains (and how much the empirical shift used in this
work can be attributed to solvation). In addition, levels of theory
beyond adiabatic semi-local TDDFT should be applied in order
to obtain a more accurate descriptions of complex phenomena
like the charge-induced polaronic excitations suggested by the
present results and our previous work.14
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