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control over p-conjugated
electron pairing in 1D organic polymers†

Isaac Alcón, *a Jingjing Shao,a Jean Christophe Tremblay b and Beate Paulusa

During the past decades p-conjugated bi-radicals have attracted increasing attention, due to the existence

of two close-in-energy resonant electronic configurations with very distinct characteristics: the open-shell

bi-radical and the closed-shell quinoidal. The chemical design of the bi-radical structure has been shown to

be very effective to shift the balance towards one, or the other, electronic distribution. Some reports have

experimentally studied the analogous 1D oligomers and polymers, however, only the open-shell multi-

radical configuration has been detected, and it is yet not very clear which structural and chemical

parameters are relevant in such extended systems. In this work, via first principles quantum chemical

simulations, we study a series of p-conjugated 1D polymers based on triarylmethyl radicals with different

chemical functionalization. We find that dihedral angles of the aryl rings connecting the radical centres

are the key conformational parameter determining the electronic balance. This provides a simple recipe

to use chemical functionalization of aryl rings as a tool to shift the system towards either the electron

paired or unpaired configurations. Additionally, we find such conformational control is also effective

under the effect of thermal fluctuations, which highlights its potential technological applicability.
Introduction

The rst p-conjugated organic radical was reported by Moses
Gomberg at the beginning of the twentieth century,1 known as
triphenylmethyl (TPM). TPM belongs to the class of organic
compounds known as triarylmethyls (TAMs),2,3 which are
composed of a central methyl carbon atom (aC) connected to
three aryl rings.4 The unpaired electron in TAMs is mainly
located on the aC but, due to the p-conjugated nature of the
system, it may delocalize through the three aryl rings (see spin
density in Fig. 1a).5 TAMs are kinetically stable due to the steric
protection that the three aryl rings provide to the radical centre.
During the second half of the twentieth century it was shown
that such kinetic stability could be enormously increased by
functionalizing the three aryl rings with chlorine atoms.6 Such
increased stability allowed utilizing TAMs as stable building
blocks for various types of materials and molecular devices,7

exploiting their unique physicochemical properties associated
with their p-conjugated unpaired electron. For instance, in the
last few decades TAMs have been utilized to construct magnetic
plastics,8,9 magnetic metal–organic frameworks,10,11 electro-
chemical optical switches12–14 and, more recently, electronic15,16

and spintronic17 molecular devices.
kalische und Theoretische Chemie, Freie

lin, Germany. E-mail: ialcon8@gmail.com

Metz, France

tion (ESI) available. See DOI:

0506
Due to their fully p-conjugated structure, the properties of
TAM-based dimers and trimers depend on the way the radical aC
centres are connected. Meta-connections lead to localized
unpaired electrons18 with ferromagnetically coupled spins (i.e.
triplet states).3 For this reasonmeta-connected TAM 1D polymers19

gathered great attention in the past to realize organic magnets.8,9

On the other hand, para-connected TAM dimers, such as Thiele's
hydrocarbon (Fig. 1b),20 belong to the family known as Kekuĺe bi-
radicals, which show a bi-stable electronic structure composed of
two energetically close, but physicochemically distinct, electronic
resonant congurations: namely the open-shell bi-radical (OS) and
the closed-shell quinoidal (CS, see Fig. 1b). Thanks to the very
distinct magnetic,21 optical22,23 and structural24 properties between
these two electronic states, Kekuĺe bi-radicals have attracted great
attention in the last decades in the elds of molecular elec-
tronics25–28 and magnetism.9 To the best of our knowledge, para-
connected TAM polymers were only experimentally studied
several decades ago in one single study,29 although recently the
electronic structure of other types of Kekuĺe 1D oligomers has been
assessed by different in-solution and on-surface spectroscopies.30,31

In all these cases a complete, or partial, multi-radical character was
found, which is in agreement with the higher degree of aromati-
zation in the open-shell conguration, making it generally more
stable than the fully paired quinoidal distribution.21 Therefore, it is
not very clear how the quinoidal conguration could be stabilized
in such type of para-connected TAM polymers, or what is the effect
of chemical functionalization on the resulting electronic congu-
ration, as opposed to TAM bi-radicals where this has been exten-
sively studied in the past.9
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Basic structure of TAM radicals, where the unpaired electron mainly resides on the central carbon atom (aC) but it also partially
delocalizes into the three twisted aryl rings, as shown with the associated spin density (spin-up: blue; spin-down: red; iso-surface value: 0.005 e
bohr�3) obtained from a spin-unrestricted DFT calculation using the PBE0 functional.5,32 (b) Lewis resonance forms associated to the two
electronic solutions existing in Thiele's hydrocarbon: open-shell bi-radical (left) and closed-shell quinoidal (right). The aryl ring which accom-
modates electron pairing in the later is coloured in red. (c) Basic skeleton of the ring-sharing p-TAM 1D polymers considered in this study, with
the same colouring as in (b). Vertical lines indicate the repeating unit cell along the periodic polymer direction. The monomeric TAM structure is
highlighted in (a–c) to facilitate its visualization.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 4
:5

5:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In this work, we study four para-connected TAM 1D-polymers
(p-TAM polymers) with diverse chemical functionalization using
periodic density functional theory (DFT) calculations. We
separately study the open-shell multi-radical and closed-shell
quinoidal electronic solutions, which allows us to assess their
relative energetic stability and their effect on the structural
conformation of the polymers. We nd that dihedral angles of
aryl rings connecting the radical aC centres along the polymeric
direction are the key structural parameters determining the
balance between the two electronic states. Ab initio molecular
dynamics simulations further conrm this nding at nite
temperatures, which highlights the robustness of this
conformational/electronic correlation. As we demonstrate, this
allows us to provide a simple general strategy to design p-TAM
polymers with either open-shell or closed-shell character, and
thus with specic electronic, magnetic and optical properties
for target applications.
Models and methods

The electronic structure of p-TAM polymers is characterized by
means of periodic DFT, using the hybrid PBE0 functional,32

which was previously found to provide reliable electronic
structure for TAM oligomers and 2D networks.33–36 The calcu-
lations are done separately for the open-shell multi-radical and
closed-shell quinoidal electronic solutions. The multi-radical
solution is obtained from spin-unrestricted DFT calculations
setting an anti-parallel spin initial guess on neighbouring aC
centres. The closed-shell quinoidal solution is obtained from
spin-restricted DFT calculations. The atomic structure of the 1D
polymers and the a unit cell parameter (x-direction) are pre-
© 2021 The Author(s). Published by the Royal Society of Chemistry
optimized using the PBE37 functional and a Tier-1 light
numerical atom-centered orbital (NAO) basis set,38 as imple-
mented in the Fritz Haber Institute ab initio molecular simu-
lations package (FHI-AIMS).39,40 These pre-optimizations are
followed by full optimizations (atomic coordinates and a unit
cell parameter) using the PBE0 hybrid functional32 and the same
light NAO basis set. We note that the PBE0 functional has been
previously shown36 to properly reproduce experimentally
measured magnetic coupling coefficients of a synthesized
circular p-TAM oligomer.41 PBE and PBE0 optimizations are
done employing a 6-1-1 and 18-1-1 G-centred Monkhorst Pack
(MP) k-grid, respectively. The convergence criteria are set to 1 �
10�5 eV for the total energy and 1 � 10�2 eV Å�1 for the
maximum force component per atom. Finally, the electronic
structure is generated for the fully optimized structures using
the PBE0 functional, a 36-1-1 G-centred MP k-grid, and a Tier-2
tight NAO basis set.40,42 All band structures and electronic (spin)
density maps reported in this work are generated from these
last single-point calculations, as well as other reported quanti-
ties such as total energies, atomically-partitioned aC spin pop-
ulations (using the Hirshfeld method43), and electronic
bandgaps. Atomically-partitioned spin populations (mi) are
calculated as the difference in number of electrons for spin up
and spin down channels at each atom, as implemented in the
FHI-AIMS code. Spin density plots are calculated similarly: i.e.
as an electron density difference. Ab initio molecular dynamics
simulations (AIMDS) are run at 300 K for 5 ps (1 ps equilibration
+ 4 ps production) using the FHI-AIMS soware. These calcu-
lations are done using the Bussi–Donadio–Parrinello thermo-
stat,44 the PBE0 functional, a 6-1-1 G-centred MP k-grid, and
Tier-1 light NAO basis set.
RSC Adv., 2021, 11, 20498–20506 | 20499
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Results and discussion
Materials design

It has been established in previous work that dihedral angles
between aryl rings connecting the radical centres in Kekulé-type
bi-radicals determine the preference for either the open-shell or
the closed-shell electronic solutions.23 This also applies for
TAM-based systems, as the degree of delocalization of the
unpaired electron in TAMs almost entirely depends on the twist
angle of aryl rings5 (see 41, 42 and 43 in Fig. 1a). In this spirit,
control over the aryl ring twist via chemical functionalization is
a promising approach in order to design TAM-based materials
with predened electronic properties (e.g. magnetic suscepti-
bility, optical absorption/emission) determined by a specic
open-shell/closed-shell balance. This strategy has been recently
pursued for 2D-covalent organic frameworks (2D-COFs) based
on TAMs.35 There it has been shown that, in order to obtain
a tunable electron pairing at room temperature via dihedral
angle manipulation, the aC centres should be separated by
a single aryl ring,36 in line with previously reported trends for
TAM dimers.9,21 On the contrary, TAM 2D-COFs where radical
centres are further away from each other, such as the recently
synthesized materials,45–47 show a persistent multi-radical
conguration that is insensitive to aryl ring attening.36

Based on these ndings, here we consider ring-sharing p-TAM
polymers (Fig. 1c) which may be understood as the 1D periodic
analogues of Thiele's hydrocarbon (Fig. 1b). Concretely, as shown
in Fig. 2a–d, we study the para-oxo-triarylmethyl48 (p-oxTAM), para-
triphenylmethyl1 (p-TPM), para-perchlorotriarylmethyl6 (p-PTM)
and para-biphenylchloroarylmethyl (p-BCM) polymers, respec-
tively. These 1D materials are studied via periodic DFT calcula-
tions, using a computationally efficient minimal unit cell which
captures the studied electronic interplay, while allowing for the very
computationally demanding AIMDS shownbelow. Longer unit cells
(e.g.�6) do not lead to a new conformational energetic minimum,
as tested for the most exible of our considered polymers, the p-
TPM (see Fig. S1†). This supports the validity of the minimal peri-
odic representation utilized throughout our study. For each poly-
mer, we characterize the two possible resonant electronic solutions
existing in para-connected TAM systems, namely the open-shell
multi-radical and the closed-shell quinoidal.
Open-shell multiradical solution

The open-shell electronic solution in p-TAM polymers is ob-
tained via spin unrestricted calculations and setting an anti-
parallel spin alignment between neighbouring aCs as initial
guess. Fig. 2a–d show the optimized periodic structures for the
p-oxTAM, p-TPM, p-PTM and p-BCM polymers. The chemical
functionality along the series of polymers provides a wide range
of aryl ring twist angles (see y-view in Fig. 2a–d), from fully
planar (2a) to highly twisted (2c and d) conformations. Fig. 2e
shows the spatial spin density distribution for the p-TPM poly-
mer, revealing an antiferromagnetic spin alignment between
neighbouring aC centres, typical of para-connected bi-radicals,9

as well as a strongly delocalized character. Such delocalization
is more signicant in the aryl rings along the polymer direction
20500 | RSC Adv., 2021, 11, 20498–20506
(1 and 2 in Fig. 2e) than in the peripheral ones (3). This may be
explained by the more severely twisted conformation of the
latter (see values for 41, 42 and 43 in Fig. 2e). We note that such
spin alternation is also found for the other 1D polymers where
the open-shell multiradical solution is accessible (see Fig. S2†).
Fig. 2f shows the band structure associated with the open-shell
solution depicted in Fig. 2e. Note that spin-up and spin-down
bands are perfectly superimposed. The bands associated to
unpaired electrons (rst occupied and unoccupied bands
around the Fermi energy) have a signicant band dispersion
along G / X, which is characteristic of conductive (or delo-
calized) states. A direct band gap is found at the X-point for all
polymers. In the case of the p-TPM, it takes the value of 1.7 eV.
The p-PTM and p-oxTAM show a qualitatively similar band
structure (see Fig. S2†). However, an increased twisting of the
aryl rings along the series (see h4i in Fig. 2a–d) also leads to
increasing bandgaps (see blue bars in Fig. 2g) and to lower band
dispersion (see Fig. S2†).

In order to quantify the open-shell character through the p-
TAM polymers series we extract the average of the absolute spin
population on the aCs (hjmaCji ¼ (jmaC1j + jmaC2j)/2). This
measure is typically used to characterize the open-shell/closed-
shell balance in extended TAM systems.34–36 Fig. 2g shows hjmaCji
for the 1D material series (red curve). On the one hand, we may
see that the p-oxTAM, p-TPM and p-PTM show increasing hjmaCji
values which may be explained by the increasing mean dihedral
angle along the series (see h4i in Fig. 2a–c). This is consistent
with the expected effect of twisting the aryl rings on spin
localization,5 and with the increasing band gaps along these
materials (see blue bars in Fig. 2g). However, the p-BCM breaks
this trend: hjmaCji vanishes completely in spite of its high h4i
equal to 43.1� (Fig. 2d). This apparently anomalous behaviour
can be explained using another conformational parameter not
introduced so far: the dihedral angle difference (j41 � 42j)
between the two aryl rings along the polymer direction (1 and 2
in Fig. 2e). Aryl rings 1 and 2 are the most relevant ones because
they connect aCs along the polymer direction. They are thus the
ones accommodating electron pairing when that occurs. As
shown in Fig. 2h, these two aryl rings are equally twisted (j41 �
42j z 0) for the p-oxTAM, p-TPM and p-PTM. However, within
the p-BCM j41 � 42j is as high as 65�. This arises from the
chlorination of ring 2, which is found highly out-of-plane (42 ¼
75.6�) due to steric hindrance, while phenyl ring 1 remains in
a nearly planar conformation (41 ¼ 10.6�). Such dihedral
difference signicantly increases the electronic coupling along
ring 1, as compared to ring 2 where it almost vanishes. As
a consequence, electron pairing takes place within aryl ring 1
and the open-shell multiradical solution becomes energetically
unfavourable for the p-BCM polymer, despite biasing the elec-
tronic structure by using an antiferromagnetic initial guess in
the DFT calculation.
Closed-shell quinoidal solution

In order to better understand such paired closed-shell solution
along the p-TAM series, we re-optimize the atomic and elec-
tronic structure of each 1D material using restricted DFT, thus
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized atomic periodic structures in the open-shell multi-radical solution for (a) p-oxTAM, (b) p-TPM, (c) p-PTM and (d) p-BCMpolymers.
Atom colour key: C – grey, H –white, O – red, Cl – green. The unit cell is repeated twice to facilitate the visualization of the periodic structure, also

providing at the bottom the associated mean dihedral angle calculated as h4i ¼
P

4i

4
where 4i are the dihedral angles of each of the four aryl rings

within the unit cell. (e) Spin density isosurface (spin up: blue; spin down: red; iso-surface value: 0.003 e bohr�3) in the p-TPM polymer and (f)
associated spin-polarised electronic band structure (spin up: blue; spin down: red). Note that spin up and spin down bands are perfectly super-
imposed. The Fermi energy is marked with a black horizontal line. (g) Electronic band gap values (blue bars) and average of the absolute spin
population on aCs (hjmaCji; red curve) throughout the series. (h) Dihedral angle difference between the two aryl rings connecting aC centres (1 and 2
in e) for all materials.
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forcing all electrons to be paired. Fig. 3a shows the electron
density of the highest occupied crystal orbital for the p-TPM,
where the quinoidal conguration can be recognized, as
sketched in Fig. 1b for Thiele's hydrocarbon. This electronic
distribution is the same for all the other p-TAM polymers (see
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. S3†). Localized electron pairing gives rise to a semi-
conductor-like band structure, characterized by a non-
negligible dispersion of the two bands around the Fermi
energy, separated by a nite bandgap of nearly 2 eV (Fig. 3b).
Note that the band structures for the other 1D polymers are
RSC Adv., 2021, 11, 20498–20506 | 20501
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Fig. 3 (a) Highest occupied crystal orbital density for the closed-shell quinoidal solution for the p-TPM polymer (purple; iso-surface value: 0.002
e bohr�3). (b) Associated band structure (the Fermi energy is markedwith a red horizontal line). (c) Dihedral angle difference between the two aryl
rings connecting aC centres (1 and 2 in a) for all materials. (d) Electronic band gap values (blue bars) and relative total energies with respect to the
open-shell multi-radical electronic solution (purple bars).
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qualitatively similar (see Fig. S3†), although the associated
bandgaps vary strongly (see blue bars in Fig. 3d).

As it may be seen in Fig. 3a, the quinoidal closed-shell cong-
uration leads to the planarization of the aryl ring accommodating
electron pairing (41 ¼ 15.5�). Simultaneously, the neighbouring
aryl ring rotates out-of-plane (42 ¼ 44.1�). Such conformational
changes, previously reported for the analogous 2D materials,34

arise from the formation of double-bonds between aC centres and
their rst atom neighbours within aryl ring 1. Fig. 3c shows the
dihedral angle difference between the two aryl rings (j41 � 42j) for
all considered polymers. On the one hand, p-oxTAM shows no
difference in the twist angle. This is consistent with its rigidly
planar structure, due to the bridging oxygen atoms between adja-
cent aryl rings. The p-TPM and p-PTM show a j41 � 42j of 30� and
20�, respectively, which highlights the signicant conformational
impact of electron pairing in these materials. For comparison, the
corresponding open-shell solutions are found at j41 � 42j z 0 in
both cases. The slightly higher j41 � 42j for the p-TPM may be
associated to the lower steric hindrance of phenyl rings as
compared to the perchlorinated ones, leading to a higher rota-
tional freedom.5 However, the p-BCM is, by far, the polymer
showing the highest j41 � 42j value (65�). As previously explained,
such a high dihedral angle difference arises from the specic
chemical functionalization of p-BCM, where aryl ring 1 is fully
hydrogenated whereas aryl ring 2 is fully chlorinated. This leads to
a strong out-of-plane conformation for aryl ring 2 which, in turn,
20502 | RSC Adv., 2021, 11, 20498–20506
gives rise to a planarization of aryl ring 1, thereby strongly
promoting electron pairing in it.

Fig. 3d shows the relative energy of the closed-shell quinoi-
dal solution with respect to the open-shell multiradical for each
p-TAM polymer (DECS–OS) and the band gap for the quinoidal
conguration. Note that DECS–OS cannot be calculated for the p-
BCM because the open-shell electronic solution could not be
found. This may be regarded as a sign of high preference for the
quinoidal conguration in this 1D material. With respect to the
rest of the p-TAM polymers, the electron paired conguration is
the ground state only for p-TPM. This arises from the low steric
hindrance of phenyl rings which, in turn, allows for a facile aryl
ring planarization strongly stabilizing electron pairing. In the
more structurally rigid p-oxTAM and p-PTM the open-shell
multi-radical solution is signicantly more stable, particularly
for the later one, where the conformational changes induced by
quinonization, such as aryl ring attening, are energetically very
unfavourable. This, in turn, favours the less structurally con-
strained open-shell solution. The band gap variation along the
series (blue bars in Fig. 3d) shows a similar trend as for the
open-shell multi-radical solution (Fig. 2g), with the exception of
the p-TPM which has a slightly higher gap compared to the p-
PTM. This relative change may be understood by the higher
symmetry breaking in the former caused by the larger j41 � 42j
change as compared to p-PTM (Fig. 3c), leading to a more
localized electron pairing, and thus higher band gap. In the p-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Variation of the average of the absolute spin population on aCs (hjmaCji; top panels) and dihedral angle difference between the two aryl
rings connecting aCs (j41 � 42j, bottom panels) during 4 ps of a molecular dynamics at 300 K for (a) p-PTM, (b) p-oxTAM, (c) p-TPM and (d) p-
BCM polymers. Sketches of the predominant electronic configuration for each case are provided at the top. (e) Variation of the average aC bond
length (hBLi) for aryl ring 1 in the p-TPM polymer (black curve) and hjmaCji (red curve) extracted from the dynamics for a short time frame (see
dashed lines in c). hBLi is calculated as outlined in the left panel. Note that aryl ring 1 is the most planar aryl ring during that time frame (see 41 in
Fig. S4c†).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 20498–20506 | 20503
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BCM this effect is even more pronounced and so it shows the
highest electronic band gap of all considered materials.
Electronic interplay at nite temperatures

In order to gain more insight into the behaviour of p-TAM
polymers at nite temperatures, we perform ab initio molecular
dynamics simulations (AIMDS) for each system at 300 K (see
Methods for details). Fig. 4 shows the variation of hjmaCji (top
panels) and j41 � 42j (bottom panels) during the dynamics for
all considered p-TAM polymers, obtained aer an initial 1 ps
thermalization period. As shown above, j41 � 42j is an appro-
priate measure to detect those structural conformations which
lead to electron pairing (i.e. high j41 � 42j values) or electron
unpairing (i.e. low j41 � 42j values). Three types of behaviour
can be distinguished in Fig. 4. First, the p-PTM and p-oxTAM
show an approximately constant and nite hjmaCji during the
entire simulation, indicative of a robust and stable open-shell
character at room temperature. This is in agreement with the
energetic stability of such conguration in these materials at zero
temperature (see DECS–OS in Fig. 3d). This, in turn, arises from the
structural rigidity of both polymers, in which aryl rings 1 and 2 are
almost equally twisted at all times (see j41 � 42j in Fig. 4a and b).
As previously explained, this conformational situation prevents
electron pairing. The lower value of hjmaCji for the p-oxTAM as
compared to the p-PTM polymer may be understood by its fully
planar structure (see 41 and 42 in Fig. S4b†), which strongly
delocalizes spin density (see Fig. S2b†). On the contrary, the highly
twisted conformation of p-PTM leads to a signicant localization of
unpaired electrons on the aCs (see 41 and 42 in Fig. S4a†), thus
increasing hjmaCji (Fig. 4a).

For the p-TPM polymer we may observe a very different
behaviour (Fig. 4c), with various regimes during the dynamics
depending on the values of j41 � 42j. For time frames when j41

� 42j is maximal there is a signicant decrease of hjmaCji (see
green arrows in Fig. 4c). Contrary, when j41 � 42j is very low,
a transitory open-shell conguration emerges, as detected with
the corresponding rise of hjmaCji (see purple arrows in Fig. 4c).
However, for the remaining time when the p-TPM polymer
shows moderate j41 � 42j values, one may observe rapid uc-
tuations of hjmaCji which may be ascribed to fast transitions
between the paired and unpaired congurations. As shown in
Fig. 4e for a selected time frame (see dashed lines in Fig. 4c), the
frequency of such fast hjmaCji uctuations coincides with the
vibration frequency of bonds between aCs and the attened aryl
ring. Therefore, in those situations where the electronic
conguration is not fully determined by aryl ring dihedral angles
(i.e. for intermediate j41 � 42j values) aC bond lengths become
a relevant conformational parameter determining the pairing or
unpairing of p-conjugated electrons. This particularly complex
situation for the p-TPM polymer correlates well with the energetic
proximity between the closed-shell and open-shell electronic
solutions in such material (see DECS–OS in Fig. 3d).

At last, with the exception of few spurious hjmaCji peaks, the
p-BCM polymer shows a vanishing hjmaCji along the entire
AIMDS, which demonstrates the robustness of electron pairing
in this material against thermal uctuations. This is in full
20504 | RSC Adv., 2021, 11, 20498–20506
agreement with the results at 0 K, which also highlight the
particular stability of the closed-shell quinoidal electronic
solution in p-BCM. This result may be explained by the large
and constant j41 � 42j value (bottom panel in Fig. 4d) which
originates from the specic chemical functionalization of the p-
BCM polymer. Therefore, contrary to the p-TPM, the dihedral
difference in this case provides a sufficient stabilization for the
quinoidal conguration, making electron pairing highly robust.
Finally, we note that the band gap of all p-TAM polymers uc-
tuates around the values found at 0 K (see Fig. S5†) and such
variations are correlated with the structural uctuations within
each material (i.e. aryl ring rotations and bond vibrations).
Overall, the results of Fig. 4 allow us to identify the different
structural variables which play a role on determining the open-
shell/closed-shell character of p-TAM polymers at nite
temperatures. Additionally, they also highlight the potential of
chemical functionalization for designing such 1D polymers
with pre-selected open-shell (Fig. 4a and b) or closed-shell (4d)
electronic congurations that remain robust at room
temperature.
Conclusions

In this work we have studied the electronic structure of p-
oxTAM, p-TPM, p-PTM and p-BCM polymers, based on the
respective TAM monomers,1,6,48,49 via rst principles DFT
calculations and AIMD simulations. We nd that, as for the
analogous bi-radical compounds,20,21,23 p-TAM polymers support
two electronic solutions at similar energies with very different
physicochemical properties: the open-shell multi-radical and
the closed-shell quinoidal. The key structural parameter deter-
mining the balance between both electronic solutions is the
dihedral angle difference between neighbouring aryl rings
placed along the polymer direction (j41 � 42j). Those aryl rings
are, in turn, the ones connecting neighbouring radical centres
(aCs), and so they play a critical role in the electron pairing
mechanism. p-TAM polymers with a symmetric functionaliza-
tion of aryl rings tend to have low j41 � 42j values, thereby
intrinsically favoring the open-shell electronic solution, unless
the aryl rings have signicant rotational freedom. In such case,
about equal population of both solutions arises at room
temperature (e.g. p-TPM polymer), where different electronic
regimes are found during the dynamics depending on the j41 �
42j uctuations. For some intermediate values of j41 � 42j, aCs
bond vibrations become relevant, giving rise to fast open-shell/
closed-shell transitions. On the contrary, p-TAM polymers with an
asymmetric aryl ring functionalization (e.g. p-BCM) and, conse-
quently, high j41 � 42j values, show a particularly stable closed-
shell quinoidal conguration, for which the open-shell solution
cannot be found. These results obtained aer structural optimi-
zation at zero temperature are corroborated by AIMD simulations,
which conrm the robustness of the closed-shell solution even
under the effect of thermal uctuations at room temperature.
Therefore, the p-PTM and p-BCM appear to be the most effective
1D polymers to induce, respectively, the open-shell multi-radical
and closed-shell quinoidal electronic solutions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Overall, our results demonstrate the powerful role of chem-
ical functionalization to design p-TAM polymers with
a preferred electronic conguration, and so with desired phys-
icochemical properties. From the structure–property relation-
ship perspective, the ability to tune the dihedral angles of aryl
rings appears to be the most effective tool to determine electron
pairing or unpairing. We thus believe this study may serve as
a general guideline to design 1D polymers with targeted elec-
trical, magnetic, and optical properties based on TAMs or, more
generally, p-conjugated organic radicals.
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