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Twisting Between Topological Phases in 1D Conjugated
Polymers via a Multiradical Transition State

Isaac Alcón,* Luis Manuel Canonico, Nick Papior, Jose-Hugo Garcia, Aron W. Cummings,
Jean-Christophe Tremblay, Miguel Pruneda,* Mads Brandbyge, Beate Paulus,
and Stephan Roche

In recent years, it has become possible via on-surface bottom-up synthesis
to engineer the topological character of carbon nanostructures. Graphene
nanoribbons and 1D conjugated polymers (1DCPs) have thus tailored so as to
host either topologically trivial or non-trivial phases. Molecular design is the pri-
mary means to set the topological class of these nanomaterials. However, exter-
nal control over topology is also demonstrated via electric fields or top-down hy-
drogenation. Inspired by the connection between topology and 𝝅-conjugation,
here it is demonstrated via first-principles calculations that aryl ring twist
angles also serve as topological knobs. Focusing on rationally designed 1DCPs
composed of triarylmethyl (TAM) units, it is shown that rotation of certain aryl
rings enables a transition from the trivial to the topologically non-trivial phase.
Accordingly, fixing a particular twist angle configuration (e.g., via chemical
functionalization) is equivalent to robustly setting a targeted topological phase.
It is also found that in considered 1DCPs, the quantum phase transition occurs
without the electronic band gap closing, due to a multiradical antiferromag-
netic phase emerging at the transition point. All in all, this study highlights the
potential of aryl ring twisting for engineering topological properties in carbon
nanomaterials and establishes TAM 1DCPs as exotic topological 1D systems.

1. Introduction

Topological insulators are a class of materials characterized by
an insulating band gap in their bulk and topologically protected
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conducting states at their surface or
edges.[1,2] These appealing materials have
received a huge amount of attention in
the last decades,[3–6] and are currently be-
ing considered as the basis of fault-tolerant
“topological” quantum computation.[7,8] Re-
cently, it has been shown that topologically-
protected states may be finely engineered
in bottom-up on-surface synthesized car-
bon nanostructures, such as graphene
nanoribbons[9–11] (GNRs) or 1D conjugated
polymers (1DCPs).[12,13] A great advantage
of such a bottom-up approach is the atomi-
cally precise character of the resulting car-
bon nanomaterials, which opens the door to
tailoring topological physics at the molecu-
lar level as a means toward molecular-
based quantum technologies.[14,15]

The topological character of such type
of 𝜋-conjugated 1D nanostructures is fre-
quently characterized experimentally via
the detection of in-gap states pinned at
the ends of the polymer chain, in anal-
ogy to the surface states in 3D topological

insulators.[4–6] The presence of such boundary states is associated
with the so-called topologically non-trivial phase, whereas the
trivial phase corresponds to the absence of boundary states.[16]

The archetypical example to understand topological physics in
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1D is polyacetylene (PA), which is usually described with the
Su–Schrieffer–Heeger (SSH) model.[17] PA is a 𝜋-conjugated lin-
ear chain of sp2 carbon atoms with alternating double bonds
(Figure 1a). In its primitive unit cell, composed of two C
sites, two distinct electronic configurations are possible: one
with the 𝜋-electrons paired within the cell and one with 𝜋-
electrons paired between cells. These two configurations cor-
respond to the topologically trivial and non-trivial phases, re-
spectively, and while being equivalent in the periodic system,
they give rise to the absence, or presence, of in-gap states
pinned at the two ends of a finite PA segment, as mentioned
above. In PA, the trivial phase arises when the intra-cell bond
length (BL1 in Figure 1a) is smaller than the inter-cell bond
length (BL2), BL1 < BL2, and vice versa for the non-trivial phase
(BL1 > BL2). This is so because bond length is the primary
structural parameter determining electronic coupling (resonance
integrals) between neighboring C atoms along the PA chain. At
the transition point, where BL1 = BL2, the SSH model predicts
the closure of the electronic bandgap and thus a metallic state
(middle panel in Figure 1a).[10] Consequently, engineering topo-
logical phases are equivalent to tunning intra-cell versus inter-cell
electronic couplings, as done in PA via BL1 and BL2.

Such topological engineering has primarily been achieved ex-
perimentally by careful rational design of the molecular structure
of carbon nanomaterials,[10,11] though alternative mechanisms
have been proposed such as the application of electric fields[18] or
top-down atomically-precise hydrogenation.[13] Interestingly, the
intrinsic correlation between topology and 𝜋-conjugation[12,19]

suggests that aryl ring twist angles could also become a power-
ful tool in this regard.[20] This is because aryl ring twisting deter-
mines the overlap between the pz orbitals of the ring unit and the
rest of the 𝜋-conjugated system, as studied in the past.[21–24] More
recently, aryl ring twisting has been shown to enable control over
electron pairing (i.e., electronic coupling) in 1DCPs and 2D con-
jugated polymers (2DCPs),[25,26] and it is amenable to manipula-
tion via chemical functionalization,[24] electric fields[27] or uniax-
ial strain.[25] Therefore, aryl ring rotation appears to be a potential
versatile knob to engineer carbon-based topological physics.[15]

However, to the best of our knowledge, the relationship between
aryl ring twist angles and topological character in 𝜋-conjugated
nanomaterials remains to be established.

In this work, using first principles density functional theory
(DFT) calculations, we demonstrate the intrinsic correlation be-
tween aryl ring twist angles and electronic topology in 1DCPs.
To do so, we focus on a special type of 1DCP that may be ob-
tained by connecting sp2 C sites in PA via aryl rings, as depicted
in Figure 1b. In the resulting structures, which are effectively 1D
polymers of ring-sharing triarylmethyl (TAM) units (see below),
intra-/inter-cell electronic coupling may be finely tuned via the
intra-/inter-cell aryl ring dihedral angle (𝜑1 and 𝜑2 in Figure 1b).
We find that ring rotation may thus be used to transition from
topologically trivial to non-trivial phases, and we propose the di-
hedral angle difference, 𝜑1 – 𝜑2, as the key parameter determin-
ing the topological class in the considered systems. Topology is
characterized by computing the Zak phase for the periodic sys-
tems and by evaluating the presence/absence of in-gap states at
the boundaries of finite-size 1DCPs.[9–12] Significantly, we find
that in such TAM-based 1DCPs, the trivial and non-trivial phases
are connected via a multiradical antiferromagnetic (AFM) transi-

tion state – that is, avoiding the metallic electronic solution (pre-
dicted by the SSH model) that manifests at higher energy. Our
findings highlight the ability of aryl ring twisting to engineer the
topological nature of carbon/organic nanostructures. Addition-
ally, we demonstrate that TAM 1DCPs serve as examples of exotic
topological materials displaying a quantum phase transition not
involving the closure of the electronic band gap.[28]

2. Results and Discussion

Our considered 1DCPs may be thought of as 1D chains of ring-
sharing TAM molecules, as depicted in Figure 1c. TAMs are the
oldest class of organic radicals,[29] being composed of three aryl
rings bound to a central carbon atom (𝛼C) where their unpaired
electron mainly resides (Figure 1c).[23] Because of the electronic
delocalization dependence on aryl ring twist angles,[23] already
exploited in TAM-based 2DCPs[25,30] and 1DCPs,[26] rotation of
aryl rings should enable tuning of the 𝛼C-𝛼C coupling (Figure 1c)
and thus the topological phase of the system. If we define 𝜑1 and
𝜑2 as the intra-cell and inter-cell aryl ring twist angles, respec-
tively, their difference, ∆𝜑 = 𝜑1 – 𝜑2, should be the main pa-
rameter determining the system’s topology (Figure 1b). In order
to evaluate this, herein we focus on the triphenylmethyl-based
1DCP (H-1DCP; Figure 1e) and two partially chlorinated deriva-
tives (Cl-1DCP and Cl’−1DCP in Figures 1d,f respectively) where
every other in-chain ring is perchlorated and thus highly twisted.
Due to the high conformational flexibility of H-1DCP (low steric
hindrance of H atoms) and thus its available aryl ring rotational
degree of freedom, we choose this material to study how the elec-
tronic structure of 1DCPs evolves upon monotonically moving
from ∆𝜑 ≪ 0 to ∆𝜑 ≫ 0. On the other hand, Cl- and Cl’−1DCPs
are included to assess whether specific chemical designs may be
used to fix a particular ∆𝜑 value and, consequently, a particular
topological phase.

To optimize the atomic and electronic structure of each ma-
terial, we use the PBE0 hybrid functional[31] as implemented
in FHI-AIMS,[32] which is an all-electron code using atom-
centered numerical basis sets[33] (see Methods for details). This
setup has been shown to properly capture the electronic struc-
ture of TAM nanorings[34] and 2DCPs[35] as reported in various
experiments.[36,37] Due to the possible existence of multiradical
magnetic phases (e.g., AFM) in TAM materials generally,[38–40]

and TAM 1DCPs concretely,[26,41–43] we compare results from
spin-restricted and spin-unrestricted setups throughout the
manuscript. For spin-unrestricted simulations, we always set an
AFM arrangement of 𝛼C spins as an initial guess, to help the sim-
ulation find possible energetically favorable broken-symmetry
electronic solutions.[44]

We start by evaluating the electronic structure of H-1DCP
upon varying ∆𝜑 from −58 to +58 degrees. Each conformation
along the ∆𝜑 window is obtained by fixing the z-coordinate of
carbon atoms in phenyl rings 1 and 2 (Figure 1b) while optimiz-
ing the rest of the atomic structure (see Methods for full details).
At ∆𝜑 = −58° the intra-cell ring is fully flat (i.e., 𝜑1 = 0°) whereas
the inter-cell ring is twisted by 58°, and vice-versa for ∆𝜑 = +58°.
Therefore, upon moving ∆𝜑 from −58 to +58 degrees we simul-
taneously rotate the intracell ring out of the plane (𝜑1 = 0° → 58°)
and the intercell ring into the plane (𝜑2 = 58° → 0°). At ∆𝜑 = 0°,
phenyl rings 1 and 2 are equally twisted by 29 degrees, which
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Figure 1. Schematic of the 𝜋-conjugated structure of a) PA and b) 1DCPs, highlighting local 𝜋-electron pairing in red and its correlation with bond lengths
(BL) and dihedral angles (𝜑) for PA and 1DCPs, respectively. c) Structure of 1DCPs highlighting their composition as a 1D chain of ring-sharing TAM
units. “𝛼C” denotes the central carbon site bound to the three aryl rings in every TAM compound. Z-view (top) and y-view (bottom) of the DFT-optimized
periodic structures of d) Cl-1DCP, e) H-1DCP, and f) Cl’−1DCP (see Methods for DFT optimization details).

Adv. Funct. Mater. 2024, 2409174 2409174 (3 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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corresponds to their mean dihedral angle in the fully optimized
conformation. As seen in Figure 2a, the band structure of H-
1DCP is essentially the same at ∆𝜑 = −58° and ∆𝜑 = +58°, dis-
playing a finite band gap that separates the equally dispersing va-
lence and conduction bands. We note that this qualitative picture
is independent of the level of theory utilized (e.g., restricted vs
unrestricted) as shown in Figure S1 (Supporting Information). If
we take a look at the spatial distribution of the valence band (VB;
see Methods for details), shown in Figure 2a, we may recognize
the electron-paired quinoidal configuration located either within
the cell (∆𝜑 = −58°) or between cells (∆𝜑 = +58°), in agreement
with our prior assignment in Figure 1b (red fragments). On the
other hand, the perchlorated aryl rings in Cl-1DCP (Figure 1d)
and Cl’−1DCPs (Figure 1f) lead to ∆𝜑 values of −65 and +65 de-
grees, respectively, in their most stable conformation (i.e., with-
out any structural constraints). The resulting electronic structure
is qualitatively the same as for H-1DCP at ∆𝜑 = ±58° (see Figure
S2, Supporting Information) and we only note the less dispersing
valence/conduction bands in the chlorated 1DCPs, in agreement
with their larger ∆𝜑 values inducing a higher electron localiza-
tion (see red arrows in Figure S2, Supporting Information).

In order to characterize the topological class of the 1DCPs, we
compute the Zak phase using the SISL code[45] for the VB associ-
ated with the electron-paired quinoidal configuration (Figure 2a).
The Zak phase is given by

𝛾n = i
(2𝜋

a

)
∫

𝜋∕a

−𝜋∕a
dk

⟨
unk|𝜕unk

𝜕k

⟩
(1)

where a is the unit cell length along the polymer direction (x in
our case), n is the electronic band index, and unk is the periodic
part of the corresponding Bloch state.[9] As summarized in Table
S1 (Supporting Information), we find that 𝛾VB equals 0 for H-
1DCP at ∆𝜑=−58° and Cl-1DCP (∆𝜑=−65°) and 𝜋 for H-1DCP
at ∆𝜑 = 58° and Cl’−1DCP (∆𝜑 = 65°). Therefore, we associate
1DCPs with ∆𝜑 < 0 to the trivial phase, and those with ∆𝜑 > 0
to the non-trivial phase (see bottom panel in Figure 2a). We note
that this classification is independent of the computational setup
(spin restricted vs unrestricted) as shown in Table S1 (Supporting
Information). This result already confirms that𝜑1 and𝜑2 play the
same “topological role” in 1DCPs (Figure 1b) as BL1 and BL2 do
in PA (Figure 1a).

To better understand the transition between the two topologi-
cal phases, in Figure 2 we show various key quantities as a func-
tion of ∆𝜑 for H-1DCP. As seen in Figure 2b, within a spin-
restricted setup (dashed curve) the transition from the trivial to
the non-trivial phase passes through the closure of the electronic
band gap. This result is in line with predictions based on the
SSH model and prior studies using tight-binding Hamiltonians
and spin-restricted DFT.[10,12] This is confirmed by the resulting
metallic band structure obtained at ∆𝜑 = 0° (Figure 2c). By ex-
tracting the bond-length alternation (BLA) along the ∆𝜑 win-
dow (Figure S3, Supporting Information), it may be noted that
the trivial to non-trivial transition involves a quinoid-to-aromatic
(aromatic-to-quinoid) transformation of the intra-cell (inter-cell)
ring, in full agreement with the VB wave-functions shown in
Figure 2a.

As explained above, TAM 2DCPs and 1DCPs are susceptible
to hosting multiradical AFM phases that could become energet-

ically favorable along the ∆𝜑 path.[25,26,34,35,40] In order to evalu-
ate such a possibility, we calculate the quantum phase transition
in a spin-unrestricted setup with an 𝛼C AFM initial guess (see
Methods). To detect possible broken-symmetry solutions, we ex-
tract the average of the absolute 𝛼C spin populations, 〈|𝜇𝛼C|〉,
at each ∆𝜑 point. This quantity is proportional to the spin-
polarization magnitude, and allows us to differentiate between
open-shell (〈|𝜇𝛼C|〉 > 0) and closed-shell (〈|𝜇𝛼C|〉 = 0) electronic
configurations.[25,35] As seen in Figure 2e, 〈|𝜇𝛼C|〉 emerges upon
approaching ∆𝜑 = 0°, displaying a maximum at this point. As
shown in the inset in Figure 2e, this finite 〈|𝜇𝛼C|〉 is associated
with a multiradical electronic solution displaying antiparallel 𝛼C
spins (AFM ordering). We note that such type of multiradical
AFM states were previously experimentally reported for TAM
2DCPs,[37] and have been assigned to a Mott insulating phase.[40]

The 〈|𝜇𝛼C|〉 fully disappears toward the two opposite ∆𝜑 ends
(|∆𝜑| ≫ 0°); that is, when approaching the trivial or non-trivial
topological regions. As seen in Figure 2b (solid curve), this alter-
native spin-unrestricted path connects the trivial and non-trivial
phases without closing the electronic band gap, as confirmed in
the associated band structure at ∆𝜑= 0° (Figure 2d). This finding
is in line with the assignment of such AFM states to a correlated
Mott insulating phase.[34,40] If we compare the relative energies
of the two possible quantum transition pathways (Figure 2f), it is
found that the multiradical AFM transition state (solid curve at
∆𝜑 = 0°) lies 0.125 eV below the metallic transition state (dashed
curve at ∆𝜑= 0°). To the best of our knowledge, this is the first 1D
carbon nanomaterial (including GNRs and 1DCPs) displaying a
topological quantum phase transition via a gapped, multiradical
AFM phase. This finding is in line with prior studies demonstrat-
ing that the trivial and non-trivial phases may be connected via
gapped broken-symmetry solutions.[28] Thus, instead of display-
ing a direct trivial to non-trivial transition (via band-gap closing),
the quantum phase transition in TAM 1DCPs goes through a
correlated phase where time-reversal symmetry is broken (AFM
state) as a detour around the metallic transition point sitting at
higher energy (see Figure 2f). We emphasize that this alternative
transition route is only captured by using spin-unrestricted calcu-
lations and by setting a broken-symmetry (AFM) initial guess.[44]

It is also worth noting that the 𝜋-conjugated transformation of
intra- and inter-cell rings remains the same as that obtained
within the spin-restricted setup (see BLA comparison in Figure
S3, Supporting Information). However, the emergence of the
multiradical AFM phase leads to a more progressive transition
between quinoid and aromatic configurations, as opposed to the
sharper change observed in the spin-restricted setup (Figure S3,
Supporting Information).

The large |∆𝜑| values for Cl-1DCP (−65°) and Cl’−1DCP
(+65°) push their electronic structures deep within the trivial and
non-trivial phases, respectively, and so they both remain well sep-
arated from the AFM ∆𝜑 region (see empty circles in Figure 2e).
The large band gaps in these chlorinated 1DCPs nicely follow the
∆𝜑 trend of H-1DCP, as depicted with empty circles (spin unre-
stricted) and crosses (spin restricted) in Figure 2b. This suggests
that the sole electronic role of aryl ring perchlorination is impos-
ing, via steric hindrance, a high |∆𝜑| value.

Experimentally, the topologically trivial (non-trivial) nature of
this type of system is frequently inferred by detecting the pres-
ence (absence) of in-gap states pinned at the polymer’s ends.[10–12]

Adv. Funct. Mater. 2024, 2409174 2409174 (4 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) H-1DCP band structure and VB wave-function (Γ point; iso-surface value: 0.040 e bohr−3) at ∆𝜑 = −58° (left side) and ∆𝜑 = +58° (right
side), as calculated with the spin-restricted setup. The y-view of the H-1DCP structure for varying ∆𝜑 is shown in the bottom panel. b) Electronic band
gap of H-1DCP along the ∆𝜑 window (spin-restricted: dashed curve; spin-unrestricted: solid curve). Band structures at ∆𝜑 = 0° are shown for c) spin-
restricted and d) unrestricted setups. e) Mean of the absolute 𝛼C spin populations (〈|𝜇𝛼C|〉) and f) relative total energy against ∆𝜑, the latter setting all
energies with respect to the spin-unrestricted solution at ∆𝜑 = 0°. Dashed and solid curves correspond to the spin-restricted and unrestricted setups,
the latter using an AFM initial guess on 𝛼C atoms. Cl- and Cl’−1DCPs are represented, where needed, with crosses (spin-restricted) and empty circles
(spin-unrestricted). A spin-density map (spin up: blue; spin down: red) is provided as an inset in e) for ∆𝜑 = 0°, displaying the emergent multiradical
AFM electronic solution corresponding to d).
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In the following, we evaluate the ∆𝜑-dependence of such bound-
ary states in an H-1DCP fragment (i.e., an H-oligomer) built
by repeating the primary unit cell ten times. We note that the
two ends of the H-oligomer are passivated with hydrogen atoms
to reproduce the clean molecular terminations that are typically
obtained with bottom-up synthesis. As before, we compare re-
sults from spin-restricted and unrestricted setups (see Methods).
Figure 3a shows the orbital energies of the five highest occu-
pied molecular orbitals (HOMOs) and the five lowest unoccupied
molecular orbitals (LUMOs) upon varying ∆𝜑 from −58 to +58
degrees and using a spin-restricted setup. The transition from the
trivial (∆𝜑 = −58) to the non-trivial (∆𝜑 = +58) phase is accom-
panied by the appearance of in-gap states pinned at the middle
of the bandgap; that is, zero mode states, in full agreement with
prior predictions on topological 1DCPs.[12] Figure 3b shows the
HOMO wave function at ∆𝜑 = −58°, which displays the typical
electron-paired quinoidal configuration (e.g., Figure 1b, left) and
resides in the middle region of the oligomer, decaying away at
each boundary. This bulk character is still maintained at ∆𝜑 = 0°

(Figure S4, Supporting Information). However, moving to pos-
itive ∆𝜑 values leads to the appearance of mid-gap states which
are localized at each end of the H-oligomer (see Figure 3c). These
edge states are singly occupied molecular orbitals (SOMOs) and
resemble the typical SOMO wave function of an isolated TAM
mono-radical.[46] The emergence of boundary states at ∆𝜑 = 58°

fully agrees with our previous characterization of the H-1DCP
as topologically non-trivial at such ∆𝜑 values (see Zak phases in
Table S1, Supporting Information). This result echoes scanning
tunnelling microscopy measurements of topologically non-trivial
acene 1DCPs and GNRs.[10–12]

The total energy variation of H-oligomer throughout the ∆𝜑

window, as calculated with the spin-restricted setup, is shown in
Figure 3d (dashed curve). Contrary to H-1DCP (Figure 2f), the to-
tal energy as a function of ∆𝜑 is not symmetric around ∆𝜑 = 0°,
with the global energy minimum sitting on the trivial side (i.e., at
∆𝜑< 0°). This is so because in the trivial phase, all 𝛼C 𝜋-electrons
are paired, whereas in the non-trivial phase, two 𝛼C electrons re-
main unpaired (i.e., the end SOMO states), which is a less en-
ergetically favorable situation (i.e., thermodynamically unstable).
In the periodic systems the trivial and non-trivial phases are phys-
ically equivalent, and thus energetically degenerate (Figure 2f).
However, as for the periodic system (Figure 2f), there exists an
alternative path at lower energy connecting the trivial and non-
trivial phases which may only be found with a spin-unrestricted
setup (solid curve in Figure 3d). As for the periodic system, this
path goes through a multiradical transition state and is detected
through an increase in 〈|𝜇𝛼C|〉 (Figure 3e), which is also associ-
ated with an AFM ordering of 𝛼C spin moments (see spin-density
map in Figure S5, Supporting Information). Contrary to the pe-
riodic case, 〈|𝜇𝛼C|〉 does not completely vanish at the non-trivial
side of the ∆𝜑 window (Figure 3e), owing to the spin-polarized
character of boundary states in such spin-unrestricted simula-
tions (Figure S5, Supporting Information).

This alternative topological transition pathway does not lead
to states appearing right in the middle of the gap (Figure 3f) as
occurring in the spin-restricted simulations (Figure 3a). How-
ever, we note that in-gap states do emerge at ∆𝜑 = +58° sit-
ting very close in energy to the bulk eigenstates (see arrow 2 at
∆𝜑 = +58° in Figure 3f). Such in-gap states are indeed boundary

states (Figure 3h), despite being spin-polarized as shown in the
associated spin-polarized maps (Figure S5, Supporting Informa-
tion). As for the spin-restricted calculations, at ∆𝜑 = −58° the
H-oligomer falls into the trivial phase, characterized by a null
spin polarization (see Figure S5, Supporting Information) and
quinoidal-like HOMOs now resolved by spin-channel (see Figure
S6, Supporting Information). Contrarily, at ∆𝜑 = 0° the spin-up
(blue iso-contours) and spin-down (red iso-contours) channels of
the HOMO wave function spatially split into the two distinct 𝛼C
lattices (Figure 3g) defined by each of the two 𝛼Cs in the periodic
unit cell (Figure 1c). Such splitting resembles the AFM spin dis-
tribution obtained at ∆𝜑 = 0° (Figure S5, Supporting Informa-
tion) associated with the multiradical transition state, as in the
H-1DCP (see inset in Figure 2e).

Finally, as shown for the periodic systems (Figure 2), a rational
perchlorination of specific aryl rings may push the system toward
the trivial (Cl-oligomer) or non-trivial (Cl’-oligomer) phases, lead-
ing to the expected bulk/edge character of the associated orbitals
(Figures S7 and S8, Supporting Information). Prior studies have
shown that such type of partial chlorination allows one to fix a
large ∆𝜑 value even under thermal fluctuations at 300 K.[26] As a
result, in such chlorinated-1DCPs, the multiradical AFM phase
is completely avoided even under the effect of bond vibrations at
room temperature. This is in contrast to the H-1DCP, which un-
dergoes a dynamic equilibrium between open-shell (AFM) and
closed-shell configurations under the same conditions.[26] This
suggests that perchlorination of aryl rings is a promising tool to
realize highly robust end states in 1DCPs.

3. Conclusion

In summary, we have demonstrated that TAM 1DCPs may host
trivial and non-trivial topological states, which may be finely
tailored via control of aryl ring twist angles. The key parameter
determining the topological class is the dihedral angle difference
between the two in-chain aryl rings present in the primary unit
cell, ∆𝜑. It is found that ∆𝜑 < 0° leads to the topological trivial
phase, whereas ∆𝜑 > 0° leads to the non-trivial phase, which
is confirmed both by the Zak characterization of the valence
band in the periodic systems and by the existence/absence of
boundary states in the corresponding oligomers. As previously
found in other types of 1DCPs,[12] topology is intrinsically linked
with 𝜋-conjugation and, consequently, we observe quinoid-to-
aromatic (and aromatic-to-quinoid) transformations along the
topological phase transition (see BLA analysis in Figure S3,
Supporting Information). Significantly, while spin-restricted
simulations predict a metallic transition state at ∆𝜑 = 0°, in
line with prior studies and the SSH model, an alternative AFM
multiradical transition state that sits lower in energy is found
via spin-unrestricted simulations. Such a multiradical phase,
previously associated with a correlated Mott-insulating phase
for TAM 2DCPs,[34,40] displays a finite band gap. To the best of
our knowledge, this is the first case of a 1D carbon nanoma-
terial evidencing a topological quantum phase transition via a
correlated AFM Mott insulating phase. It is worth noting that
such multiradical states tend to be thermodynamically unstable
(i.e., chemically reactive) and are sensitive to charge-transfer
effects,[47] making it very challenging to detect them on metallic
surfaces.[48,49] Finally, it is also shown that the rational chemical

Adv. Funct. Mater. 2024, 2409174 2409174 (6 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202409174 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [24/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadfm.202409174&mode=


www.advancedsciencenews.com www.afm-journal.de

Figure 3. a) H-oligomer orbital energies of the five top HOMOs (black dots) and five bottom LUMOs (grey dots) upon varying ∆𝜑 from −58 to +58
degrees, as calculated in a spin-restricted setup. b) Spatial distribution of the top HOMO wave function at ∆𝜑 = −58° and c) SOMO wave function
at ∆𝜑 = +58°, obtained with spin-restricted calculations. d) Relative total energy of H-oligomer throughout the ∆𝜑 window as calculated with a spin-
restricted setup (dashed curve) and an unrestricted setup (solid curve), the latter using an 𝛼C spin-polarized AFM initial guess. e) 〈|𝜇𝛼C|〉 versus ∆𝜑

for the spin-unrestricted setup and f) associated orbital energies for the same set of HOMOs and LUMOs depicted in (a). g) Spatial distribution of the
HOMO wave function at ∆𝜑 = 0° and h) the SOMO wave functions at ∆𝜑 = +58°, resolved by spin-channel (spin-up: blue; spin-down: red). Darker
(lighter) colors represent the positive (negative) phase of the wave function (iso-surface value: 0.015 e Bohr −3). Spatially plotted wave functions are
indicated with labeled arrows (1, 2) in (a) and (f).

Adv. Funct. Mater. 2024, 2409174 2409174 (7 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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design of the 1DCP allows, via steric hindrance effects, to
push the system toward ∆𝜑 ≪ 0° (Cl-1DCP) or ∆𝜑 ≫ 0°

(Cl’−1DCP) which, in turn, fixes the resulting electronic
ground state within the topologically trivial or non-trivial phase,
respectively.

Overall, our work adds aryl ring twist angles to the struc-
tural/chemical toolkit to engineer topological states in 𝜋-
conjugated nanostructured materials, which could ultimately
open the door to controlling topological phases via external
manipulation of ring rotation using mechanical strain,[25,30,50]

compression,[34] or perpendicular electric fields,[27] among
others.[51] Our study also highlights the importance of search-
ing for spin-polarized broken symmetry solutions along the
quantum phase transition, as their existence (completely missed
in a spin-restricted setup) has strong implications both for
the resulting electronic properties (e.g., band gap) and the
system’s thermodynamic stability (with important implica-
tions for, e.g., chemical reactivity).[52,53] Finally, we have also
established a connection between the fields of TAMs and
topological physics, and we hope that future studies will ben-
efit from our findings to unveil novel topological effects in
other similar TAM-based materials, such as the highly studied
TAM 2DCPs.[34,37,39,40]

4. Experimental Section
The main results of this study have been obtained with DFT simula-

tions using the PBE0 hybrid functional[31] and a Tier-1 light numerical
atom-centered orbital (NAO) basis set,[54] as implemented in the FHI-
AIMS code.[32] Periodic simulations have used a 36 k-points Γ-centred
Monkhorst-pack k-mesh. Constrained optimizations were carried out to
assess the dependence of the electronic structure of H-1DCP on ∆𝜑. Since
the H-1DCP plane was set parallel to the x-y plane (at z = 25 Å), ∆𝜑 was
fixed by freezing the z-coordinate of 𝛼C atoms (two per unit cell) and all
carbon atoms within in-chain aryl rings (i.e., intra-cell ring and inter-cell
ring, as shown in red in Figure 1b) while optimizing all other atomic co-
ordinates. Due to the periodicity of H-1DCP along x, the corresponding
cell vector was also optimized at each ∆𝜑 point. The ∆𝜑 window was
scanned by starting from the most symmetrical structure, where ∆𝜑 = 0°

(𝜑1 = 𝜑2 = 29°) and twisting toward ∆𝜑 < 0° (𝜑1 < 𝜑2) and ∆𝜑 > 0°

(𝜑1 > 𝜑2), separately. Such twisting was done by rotating out-of-plane one
of the in-chain rings (i.e., increasing 𝜑1 or 𝜑2), while simultaneously ro-
tating in-plane the other (i.e., decreasing 𝜑2 or 𝜑1). The input geometry
at each ∆𝜑 point was obtained via aryl ring rotation on the structure opti-
mized in the previous ∆𝜑 step, thus ensuring a smooth transition between
the different electronic phases. Structural optimizations converged once
the total energy change between consecutive steps was below 1·10−5 eV
and the maximum force component (per atom) was below 10 meV Å−1.
The ∆𝜑 window was separately calculated for spin-restricted DFT and
spin-unrestricted DFT, the latter using an 𝛼C antiparallel spin configura-
tion (AFM) as the electronic initial guess at each ∆𝜑 step. This computa-
tional setup was also used to optimize the periodic structure of Cl-1DCP
and Cl’−1DCP, though in such cases aryl ring twist angles were not con-
strained during energy minimization. From these calculations, most of the
target quantities were extracted, such as electronic band structures, band
gaps, spin-populations (e.g., 〈|𝜇𝛼C|〉) and total energies.

For the computation of the Zak-phase, calculated for the extreme ∆𝜑

values, single-point calculations were done on top of the PBE0-optimized
1DCP structures using the PBE functional[55] as implemented in the
SIESTA code.[56] It was noted that such PBE simulations (SIESTA) provide
qualitatively the same electronic structure as obtained with PBE0 (FHI-
AIMS), as shown in Figures S1 and S2 (Supporting Information). There
one may see a renormalization of the band gap as the most significant

difference between the two computational setups. The SISL utility[45] was
used to extract the Zak phase associated with the valence band obtained
from such PBE calculations (see Table S1, Supporting Information).

Oligomers are constructed from the 1DCP structure by repeating ten
times the unit cell and properly terminating the two ends of the oligomer,
thus reproducing the atomically precise molecular ends typically obtained
via bottom-up synthesis. Such construction procedure is done for every
∆𝜑 point and DFT setup (i.e., spin-restricted and unrestricted). The same
constraints, level of theory (PBE0, FHI-AIMS), and convergence criteria are
used to optimize the atomic structure of the resulting H-oligomer. As for
periodic calculations, Cl-oligomer and Cl’oligomer are optimized without
fixing aryl ring twist angles. Spin-restricted and unrestricted calculations
are set up as explained above.
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the author.
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