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One dimensional conjugated polymers (IDCPs) that host periodic arrays of unpaired electrons are
gaining increasing attention as atomically-precise correlated materials for future quantum technologies.
1DCPs based on triarylmethyls (TAM) are particularly interesting, due to the persistent nature of TAM
radicals and the possibility to control the delocalization of their unpaired electrons via different means.
However, the known strategies to effectively control the quantum ground-state of these organic
systems is still limited. Here, by means of first principles density functional theory (DFT) calculations, we
propose the use of a rational periodic substitution of radical sp? carbon (C) sites in TAM 1DCPs by sp?
nitrogen (N) atoms, as a means to tailor the quantum state of the resulting mixed-valence (mv) 1DCP. In
particular, we explore a fully alternating N-substitution pattern (NCNC) and a semi-alternating one
(NNCCQC), and show that the former gives rise to a robust multiradical open-shell configuration, whereas
the latter leads to a closed-shell quinoidal state. Via ab initio molecular dynamics simulations, we
demonstrate that such quantum engineering of mv-1DCPs is robust to thermal fluctuations at room
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temperature, which highlights the technological viability of our approach for future molecular scale
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Introduction

During the last two decades bottom-up on-surface synthesis
(OSS) has been shown to be a powerful technique to fabricate
carbon nanostructures with atomic precision.™ In OSS, ration-
ally designed organic building blocks are deposited on metallic
surfaces, where they re-arrange in an ordered fashion. Upon
increasing temperature, intermolecular reactions occur between
neighbouring molecules, leading to the formation of low-
dimensional carbon nanostructures.®* This procedure has
enabled the realization of different types of carbon nanomaterials
such as nanographenes,’ graphene nanoribbons (GNRs),® nano-
porous graphenes (NPGs),””® 1D conjugated polymers (1DCPs)*'°
and 2D conjugated polymers (2DCPs).'""? Via the rational design
of organic building blocks it has been possible to fine-tune the
electronic and magnetic properties of the resulting nanomater-
ials. Examples of this approach are GNRs and 1DCPs, where
topological phases (e.g. trivial and non-trivial states) have been
realized by carefully designing their atomic structure.”">™"* Both
topological GNRs and 1DCPs are promising candidates for future
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quantum electronics and spintronics.

carbon-based quantum electronics, which is a branch of advanced
electronics that aims at exploiting quantum phenomena in mole-
cular scale organic systems for novel device applications."*"”

In this regard, an interesting class of 1DCPs are those based
on triarylmethyls (TAMs). TAMs are a well-known family of
n-conjugated organic radicals composed of three aryl rings
bound to a central carbon atom (aC), where their unpaired
electron mainly resides."®® Due to their fully n-conjugated
structure, the unpaired electron (and associated spin) is par-
tially delocalized throughout the molecule. The degree of spin
delocalization mainly depends on the dihedral angle of the
three aryl rings in every TAM.>° TAMs have been used as
building blocks of diverse multifunctional materials," such
as magnetic metal-organic frameworks,”" magnetic 1DCPs,'®??
electro-switchable self-assembled monolayers* and, more
recently, antiferromagnetic (AFM) 2DCPs.***® TAM 1DCPs,
concretely, may be classified depending on how adjacent aCs
are connected along the 1D chain. If aCs are connected in a
meta-configuration, the associated spins tend to be ferromag-
netically (FM) coupled.*® Because of this, such meta-1DCPs
were intensively studied as organic magnets a few decades
ago.'®?> At the same time, the meta-configuration also electro-
nically isolates all unpaired electrons, making the resulting
1DCPs electrical insulators. In contrast, connecting aCs in a
para-configuration enables both a magnetic and electronic
coupling of the m-conjugated unpaired electrons.”’>° Such a
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configuration leads to an interplay between a multiradical AFM
solution and a closed-shell quinoidal (QUI) solution,* in line with
the behaviour of the corresponding TAM dimers (e.g: Thiele’s and
Tschitschibabin’s hydrocarbons)®*® and 2DCPs.**** As demon-
strated in earlier work on molecular conjugated hydrocarbons,
the interplay between the AFM and QUI solutions is primarily
governed by the competition between aromaticity and bond
pairing.® Interestingly, it has recently been predicted that the
electron-paired QUI phase in these para-connected 1DCPs may
lead to topologically protected non-trivial end states in the corres-
ponding oligomers,** increasing the potential of TAM 1DCPs for
quantum electronics.'® However, to date, control over the ground-
state of such 1DCPs is still limited, and reliable design strategies to
impose a specific quantum state (i.e. AFM or QUI) are necessary for
the future application of these correlated 1D systems in advanced
quantum technologies.

Here, via first principles density functional theory (DFT)
simulations, we have studied the electronic and magnetic
properties of para-connected TAM-based mixed-valence 1DCPs
(mv-1DCPs) obtained via a rational substitution of selected a.C
centres along the 1DCP chain by nitrogen (N) atoms. Such N
substitutions may be regarded as an effective local addition
of an extra m-conjugated electron, thus quenching any spin
density at the substituted site. We evaluate two simple periodic
N-patterns which, in principle, could be realized via bottom-up
assembly of TAM and triarylamine (TAA) units. Specifically, we
consider: (i) a fully-alternating mv-1DCP, referred to as NCNC-
1DCP, and (ii) a 2-by-2 alternating mv-1DCP, which we label as
NNCC-1DCP. Our findings show that in NCNC-1DCP the two aC

a)

Fig. 1
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unpaired electrons cannot pair, due to the presence of the
substitutional N atoms in between them; leading to a pure
multiradical open-shell state. We observe that the two oC spin
centres are AFM coupled, with an energetically less stable FM
configuration which displays an increased band dispersion.
Conversely, in the NNCC-1DCP, the oCs are directly connected
via a single phenyl-ring and our simulations reveal that this
N-substitution pattern leads to an effective electron pairing, as
evidenced by the complete disappearance of any spin signal.
Finally, ab initio molecular dynamics (AIMD) simulations show
that these electronic configurations are robust under thermally
induced structural fluctuations at 300 K. In turn these AIMD
calculations provide insight into how each electronic phase (e.g.
AFM or QUI) influences the dynamic structural behaviour of the
corresponding mv-1DCP system.

Results and discussion

The mv-1DCPs to be studied in this work are based on the ring-
sharing TAM 1DCP shown in Fig. 1a, where vertical dashed
lines indicate the boundaries of the periodic unit cell of the
system. Having only one phenyl ring between the aC centres
enhances their electronic coupling, which is important for
applications in electronics.’® Additionally, ring-sharing TAM
dimers and nanorings have already been experimentally
reported,'®*® which supports the experimental feasibility of
this type of systems. In the TAM 1DCP shown in Fig. 1a, which
is based on triphenylmethyl (TPM), two competing electronic

(a) Chemical sketch of the TPM 1DCP where an interplay between a multiradical AFM and closed-shell QUI configurations takes place at room

temperature.?° Chemical sketches of the two proposed mv-1DCPs, namely (b) the NCNC-1DCP and (c) the NNCC-1DCP.
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configurations are observed—namely, the multiradical AFM
and the closed-shell QUI states—as is also the case with the
corresponding 2D analogues.*’*> As predicted for the molecu-
lar derivatives, a single phenyl ring between the two aC centres
promotes the QUI state.*® Having more phenyl rings between
aC centres promotes a biradical character due to the associated
increased stabilization via aromatization.®* In TAM 1DCPs,
such two electronic solutions (see Fig. 1a) have been predicted
to be dynamically inter-changing at 300 K, driven by thermal
fluctuations.>® Here, we explore the possibility to tune the
relative stability of these different states by means of periodic
substitutions of «C nodes by N nodes. Substitution of o«C nodes
by N nodes was similarly exploited to tune the electronic
structure of TAM 2DCPs, and was shown to induce a robust
multiradical ground-state and magnetic frustration.?” Inspired
by this, here we focus on two mv-1DCPs with two distinct
alternating N-substitution patterns (i.e. NCNC-1DCP and
NNCC-1DCP, as shown in Fig. 1b and 1c, respectively). These
mv-1DCPs are simulated with DFT calculations employing the
hybrid PBEO functional®® as implemented in the all-electron
FHI-AIMS code®® (see Methods for further details).

The NCNC-1DCP optimized structure in its ground-state is
shown in Fig. 2a, where it may be seen that all aryl rings along
the chain (i.e. those responsible for electron dispersion) are
equally twisted (see side view in Fig. 2a) with an average
dihedral of about 37.5° (more details below). This dihedral
angle is significantly larger than that reported for the parent
TPM 1DCP (~26°)*° which may originate from a higher electron
localization in the NCNC-1DCP (see below). By inspecting the
corresponding spatially-resolved spin-density map we see that
the ground-state displays an AFM alignment with respect to the
oC nodes. As expected, no spin density originates from the N sp*

a) b)

Fig. 2
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centres (purple sites in Fig. 2b), consistent with their closed-
shell character. The band structure of this multiradical AFM
state displays nearly flat valence and conduction bands being
separated by a band gap of 2 eV (Fig. 2¢), which is in striking
contrast to the TPM 1DCP (Fig. 1a) which was shown to display
much higher dispersion (ca. 1 €V).>® This indicates that
N-substitutions in the NCNC-1DCP block the delocalization of
oC unpaired electrons along the chain, giving rise to their nearly
flat bands. This result is also in full agreement with high
dihedral angles in the NCNC-1DCP as compared to TPM 1DCP
(see above) which cannot be attributed to steric hindrance
effects since the two systems are equally based on phenyl rings.

A ferromagnetic (FM) alignment of aCs spins may also be
stabilized in the NCNC-1DCP, as shown in Fig. 2d. The FM and
AFM configurations display nearly identical geometries (see
Fig. S1 in the SI) and we find that the FM configuration is
sitting 24.5 meV above the AFM state (note that AEpyapm 1S
normalized per aC centre). This AEry_apm translates into a
magnetic coupling constant (J) of —49 meV (see Methods for
details) which is very much in line with that of N-substituted
mv-2DCPs (—46 meV).?” As it may be seen in Fig. 2e, the FM
alignment of unpaired electrons on the aC centres splits the
bands according to their spin, leading to a valence (conduction)
band being purely spin-up (spin-down) polarized. Additionally,
both sets of bands display a significant increase in band
dispersion as compared to the AFM ground-state (Fig. 2c),
and their energy difference (i.e. the band gap) is also reduced
to 1.7 eV (Fig. 2e). While the combination of these factors could
be promising for spintronics (purely spin-polarized bands with
significant band dispersion), at room temperature, where
kgT = 25 meV, only a fraction of the system would be populated
to the FM phase, and so a minor improvement in quantum
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(a) Top and side views of the optimized atomic structure of NCNC-1DCP in the AFM configuration. Spatially-resolved spin density in (b) the AFM

and (d) FM configurations (iso-value: 0.005 e Bohr~), displaying their associated band structures in (c) and (e), respectively. Spin-up and spin down

electron densities (bands) are depicted in blue and red, respectively.
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transport should be expected (i.e. with respect to the electrically
insulating AFM ground-state; Fig. 2c).

Moving to the NNCC-1DCP, we show the corresponding fully
optimized structure in Fig. 3a. Here we see a key distinction
with the NCNC-1DCP: namely, that all in-chain aryl rings are
equally twisted except one, which appears to be significantly
flatter than the rest (see red arrow in Fig. 3a). This different
behaviour between the NCNC-1DCP and the NNCC-1DCP is
clearly visible by plotting the dihedral angles for all four
in-chain aryl rings for each system. As shown in Fig. S2,
NCNC-1DCP displays a homogeneous distribution of dihedral
angles around 37°, regardless of the magnetic configuration
(AFM or FM). However, the NNCC-1DCP displays dihedral
angles well-above 40°, and one aryl ring being rotated by only
16°. The flattened phenyl ring sits between the two aC centres
(Fig. 3a), which points to a likely effective electron-pairing
(of the otherwise aCs’ unpaired electrons) within that ring.
Indeed, a null spin polarization is obtained for the NNCC-1DCP
(Fig. S3), demonstrating the closed-shell nature of this system.
By plotting the density of the highest occupied crystal orbital
(HOCO), shown in Fig. 3b, we observe the formation of a
QUI-type electron paired configuration along the flattened
phenyl ring. This is further supported by analysing the bond-
length alternation (BLA) for each phenyl ring along the chain,
as shown in Fig. S4. Here we see that while most aryl rings
display rather low BLA values of ca. 0.025 A, compatible with a

a)

Fig. 3
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moderate degree of aromatization, the flattened aryl ring
possesses a BLA value of 0.097 A. Such a high BLA is very close
to that of para-quinodimethane (BLA = 0.11 A)*®* and confirms
the complete quinonization of that ring. Since all rings are
phenyl rings (i.e. with hydrogen-functionalized edges) they
necessarily experience the same degree of steric hindrance, as
clearly evidenced in the side view of the NCNC-1DCP geometry
shown in Fig. 2a. Because of this, we conclude that the flattening
of ring #4 in the NNCC-1DCP originates from the electronic
pairing mechanism (i.e. quinonization) and the associated for-
mation of C-C double bonds between ring #4 and the adjacent
oC atoms (see Fig. S5). These double bonds become more
stabilized as the phenyl ring becomes more coplanar with respect
to the sp” plane of the aCs, due to a higher n—r orbital overlap.
The corresponding band structure, shown in Fig. 3c, dis-
plays a rather flat conduction band and a slightly more dispersive
valence band. Overall, the flatness of the bands for the NNCC-
1DCP fully agrees with the conclusion extracted from NCNC-1DCP
results (Fig. 2¢) — namely, that N-substitutions tend to localize aC
unpaired electrons as compared to the non-substituted case (i.e.
the TPM 1DCP?). Previous theoretical studies on the molecular
analogues showed that a higher electron localization promotes the
electron-paired QUI configuration,*® which is in good agreement
with the QUI ground-state we find in the NNCC-1DCP (Fig. 3).
Up to now we have shown that one may use a rational
N-substitution of aC centres to tune the mv-1DCP ground state,
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(a) Top and side views of the optimized atomic structure of the NNCC-1DCP, (b) spatially-resolved eigenstate density of the HOCO (iso-value:

0.002 e Bohr~3), and (c) corresponding band structure. Red arrows in (a) and (b) indicate the position of the flatter phenyl ring in the polymer. Spin-up and

spin down bands are depicted in blue and red, respectively.
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via a localization of the remaining oC n-conjugated electrons,
as evidenced by the corresponding band structures. Semi-
alternant distributions (i.e. NNCC-1DCP) enable the formation
of a closed-shell Kekulé configuration, as represented in
Fig. S5, which appears to be the ground-state solution
(Fig. 3). On the contrary, a fully alternated distribution of N
sites (i.e. NCNC-1DCP) does not allow such an electron-paired
configuration, and instead results in a purely open-shell multi-
radical ground-state (Fig. 2). These characteristics, however,
could be susceptible to dynamic changes under thermal fluc-
tuations at finite temperature, as previously found for TAM
2DCPs.** To assess the robustness of our results under more
realistic conditions, we have conducted AIMD simulations to
evaluate the behaviour of mv-1DCPs at 300 K (see Methods for
details). As a reference point, we use the non-substituted TPM
1DCP (Fig. 1a) whose behaviour at 300 K was theoretically
studied by some of us in a prior study.” In the following, we
thus compare the two mv-1DCPs with the TPM 1DCP (Fig. 4).

To follow the time-evolution of the electronic structure we
use the mean of the absolute spin population on the aC
centres, which are the atoms mainly hosting the unpaired
electrons in the multiradical state (see Fig. 2b and d). Since
our considered mv-1DCPs contain two aC centres per unit cell
(as the TPM 1DCP), this quantity is calculated as (|u,c|) =
(lttwca| + tac2|)/2, where |ugcq] and |uaco| are the absolute
values of spin populations in oC; and oC,, respectively.
Additionally, due to the direct correlation between in-chain
aryl rings twisting and electron-pairing, we also analyse the
evolution of in-chain dihedral angles throughout the AIMD run
for each system (see bottom panels in Fig. 4). The TPM 1DCP
displays a dynamic electron-pairing/unpairing process, which
leads to a constant and uninterrupted fluctuation of (|u.c|)

a)
0.5

NCNC-1DCP b)
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between 0.25 and zero (Fig. 4b). Fast fluctuations of (|u,cl|),
with an oscillation period of a few tens of femtoseconds, were
previously shown to originate from bond vibrations.>® However,
if in-chain aryl rings 1 and 2 are partially twisted (see Fig. 1a for
labelling), as it occurs at the crossing point of their corres-
ponding dihedral angles (see region between vertical dashed
red lines in Fig. 4e), a ‘“sustained” (|u,c|) signal emerges
associated with a brief stabilization of the multiradical AFM
state (see region between vertical dashed red lines in Fig. 4b).

Conversely, as shown in Fig. 4a, the NCNC-1DCP displays a
stable and significantly higher (|u,c|) signal throughout the
entire AIMD run, corresponding to a very robust multiradical
solution at 300 K. This is consistent with the purely open-shell
character of NCNC-1DCP obtained at 0 K (Fig. 2). Therefore, the
alternant distribution of N atoms shown in Fig. 1b effectively
prevents the unpaired electrons along the 1D chain to hybrid-
ize, forcing them to remain unpaired even under strong struc-
tural fluctuations at 300 K. The lack of any local electron pairing
process gives rise to similar rotation profiles for all in-chain aryl
rings (see labels 1-4 in Fig. 1b) without notable changes in their
rotational behaviour during the AIMD run (see Fig. 4d). Their
mean dihedral angle sits between 38 and 39° for all rings (see
Table S1), as typically obtained for those phenyl rings not hosting
any QUI electron pairing (see for e.g. TPM 1DCP’s @, - black curve -
for the first two picoseconds in Fig. 4e).

Moving to the NNCC-1DCP, we may observe a very different
picture. First of all, this mv-1DCP displays a zero value in (| uyc|)
for most of the AIMD run (see Fig. 4c) with sudden peaks which
we associate to rapid electron unpairing/pairing processes
induced by bond vibrations, as previously demonstrated for
the TPM 1DCP.> Therefore, the NNCC-1DCP displays a rather
robust closed-shell QUI electron-paired configuration, due to

NNCC-1DCP

ML skl

1 2 3 4 5 2
time [ps]

< |tacl >

TPM 1DCP <)

time [ps]
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Fig. 4 Time-resolved evolution of |u,c| for a) the NCNC-1DCP, b) the TPM 1DCP and c) the NNCC-1DCP during a 5 ps AIMD run at 300 K (see Methods
for details), and d)-f) corresponding time-resolved dihedral angle for every in-chain phenyl ring, ¢; (see Fig. 1 for phenyl ring indices).
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the direct coupling of the two oC centres via a single phenyl
ring, which is further supported by the sustained high BLA value
for ring #4 shown in Fig. S6b, in turn being in full agreement
with our findings at 0 K (Fig. S4). This phenyl ring (#4 in Fig. 1c)
also displays a steadily flatter conformation ((¢) ~ 15°) during
the entire AIMD run (see red curve in Fig. 4f) as compared to the
other in-chain phenyl rings with average dihedrals between 43
and 48° (see Table S1). The flatter phenyl ring also displays a
significantly lower rotation throughout the run, as reflected in a
dihedral angle standard deviation (c,,) being nearly half that of
the other rings (Table S1). These low (¢) and , values originate
from the electron-paired QUI configuration which becomes
more stabilized the more coplanar the local n-conjugated sys-
tem is. We also note that similar (¢) and ¢, values are observed
for those phenyl rings temporarily hosting the electron pairing
in the TPM 1DCP (see the grey curve for the first two pico-
seconds, or the black curve for the last two picoseconds in
Fig. 4e). Therefore, we may see how the quantum ground-state
of TAM 1DCPs, as engineered via a rational N-substitution,
determines not only their structural conformation (i.e. (¢))
but also their dynamic behaviour at finite temperature - e.g. a
more, or less, facile rotation of phenyl rings (Fig. 4d-f).

Conclusions

In this work we have shown that the quantum electronic state of
1DCPs may be tuned via a rational substitution of sp> aC nodes
by N atoms. Concretely, we have considered N-substitutions
arranged in two simple distributions which lead to unpaired
(NCNC-1DCP) or paired (NNCC-1DCP) n-conjugated electrons.

The fully alternating NCNC-1DCP stabilizes a multiradical
open-shell electronic configuration with an AFM ground-state
and a FM solution sitting 24.5 meV (per oC node) above it. This
FM configuration displays a purely spin-polarized valence (spin
up) and conduction (spin down) band and a significantly
higher band dispersion as compared to the insulating AFM
ground-state. The energy difference between the AFM and FM
configurations indicates a non-negligible population of the FM
phase at room temperature, which could induce a slight
improvement in the conductivity of the NCNC-1DCP under
such conditions.

On the other hand, a semi-alternating distribution of N
atoms, as in the NNCC-1DCP, stabilizes a robust electron-
paired configuration. This arises from the direct coupling of
the two oC sites via a single phenyl ring, which enables the
pairing of their otherwise unpaired electrons, as corroborated
by the spatial distribution of the HOCO density. Such electron
pairing leads to the flattening of the phenyl ring hosting it, and
to the lack of any spin density, demonstrating the closed-shell
nature of the system. The corresponding band structure dis-
plays a flat conduction band and a weakly dispersive valence
band, which agrees with the rather localized nature of this
electron-paired QUI state.

Finally, we have also evaluated the robustness of this
chemically-inspired quantum engineering strategy to thermal
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fluctuations at 300 K via AIMD simulations. In the NCNC-1DCP
a high value of (|p,c|) is stabilized throughout the AIMD run,
which demonstrates that the electron-pairing mechanism is com-
pletely deactivated by the presence of N atoms in such fully
alternating fashion. On the contrary, the NNCC-1DCP displays a
nearly complete depletion of the (| u,c|) signal, which is attributed
to a robust electron-paired configuration. Random (|u,c|) peaks
though appear throughout the run, which arise from rapid C-C
bond vibrations as previously demonstrated for the parent TPM
1DCP.* This robust electron-paired configuration is reflected in
the conformation of the polymer: the phenyl ring hosting the
electron pairing gets significantly flatter than the other phenyl
rings and also more rigid (i.e. less prone to rotation). None of this
is observed for the purely open-shell NCNC-1DCP. Our findings
thus demonstrate that N-substitution allows for tuning of the
quantum ground-state of 1DCPs which, in turn, influences their
molecular conformation even under thermal fluctuations at room
temperature. Therefore, we believe that the ideas herein proposed
could inspire the future design of carbon-based nanomaterials for
quantum electronics and spintronics.

Methods

The atomic structures of mv-1DCPs have been constructed from a
previously optimized TPM 1DCP periodic model®® by repeating
the unit cell one time along the polymer direction (x direction)
and making N-substitutions in the appropriate locations to obtain
the NCNC-1DCP and NNCC-1DCP, respectively. The atomic struc-
ture of each polymer has been optimized using DFT calculations
employing the PBEO hybrid functional®® and using a Tier-1 light
numerical atom-centered orbital (NAO) basis set,*® as implemen-
ted in the Fritz Haber Institute ab initio molecular simulations
package (FHI-AIMS).*>*' We note that the PBEO functional
has been shown to provide reliable results for other TAM-based
materials, such as TAM molecular nanorings and 2DCPs.3>?7:4243
All calculations have been performed using spin-unrestricted DFT
calculations and setting an anti-parallel spin initial guess between
neighbouring oC nodes, in order to ensure that multiradical
solutions were found whenever possibly stabilized in each system.
All calculations employed a 3 x 1 x 1 I'-centred Monkhorst-Pack
(MP) k-mesh, and a convergence criterion of 1 x 107> eV for the
total energy and 1 x 1072 eV A~ for the maximum force
component per atom. During these optimizations, the a unit cell
parameter (x-direction) was also minimized, while fixing the
vacuum level along y- and z-directions. Subsequently, single-
point calculations were performed using the fully optimized
structures to calculate the electronic structure of each system
using the above settings but with a 9 x 1 x 1 MP k-mesh. From
these single-point calculations we have extracted total energies,
spatially resolved electron density maps and electronic band
structures. The Hirshfeld method was used to extract atomically-
partitioned spin populations (;).** Magnetic coupling constants
have been calculated as follows:

J = Earm — Ermy (1)
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By assuming the following spin Hamiltonian:

=155,

i>j

(2)

where S, is the operator for the spin z-component and the
summation runs only for the (spin-polarized) aC centres within
the unit cell.

Finally, we have computed 5 picosecond AIMD runs to simulate
the atomic and electronic structure of mv-1DCPs at 300 K using
the FHI-AIMS code. Here, we used the Bussi-Donadio-Parrinello
thermostat® and the same DFT settings as for the 0 K

optimisations.
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