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Abstract: The development of polymers for optoelectronic applications is an important research
area; however, a deeper understanding of the effects induced by mechanical deformations on their
intrinsic properties is needed to expand their applicability and improve their durability. Despite
the number of recent studies on the mechanochemistry of organic materials, the basic knowledge
and applicability of such concepts in these materials are far from those for their inorganic coun-
terparts. To bring light to this, here we employ molecular modeling techniques to evaluate the
effects of mechanical deformations on the structural, optoelectronic, and reactivity properties of tradi-
tional semiconducting polymers, such as polyaniline (PANI), polythiophene (PT), poly (p-phenylene
vinylene) (PPV), and polypyrrole (PPy). For this purpose, density functional theory (DFT)-based
calculations were conducted for the distinct systems at varied stretching levels in order to identify
the influence of structural deformations on the electronic structure of the systems. In general, it is
noticed that the elongation process leads to an increase in electronic gaps, hypsochromic effects in the
optical absorption spectrum, and small changes in local reactivities. Such changes can influence the
performance of polymer-based devices, allowing us to establish significant structure deformation
response relationships.

Keywords: molecular modeling; stretching process; polymers; mechanical deformation; density
functional theory

1. Introduction

Polymeric materials are very interesting compounds for several applications, playing
significant roles in both applied and basic science. In particular, modern polymers have
evolved into multifunctional systems wherein specific responses are expected from par-
ticular stimuli. In this context, once mechanical loads and deformations are practically
inevitable, it is important to establish relationships between the mechanical properties and
electronic responses of these compounds [1-4].

In fact, nowadays, mechano-responsive polymers are quite attractive for a number
of applications. In these materials, mechanical forces can be used to transfer energy to
chemical bonds and drive chemical reactions [5,6]. Although mechanochemistry has been
known for years [5] and is already industrially employed [5,7-9], it has been marginally
explored in organic materials compared to inorganic systems [10].

The use of organic materials for optoelectronic applications has achieved prominence;
in this context, the improved mechanical properties of polymers have highlighted their pos-
sible application in organic-based flexible devices [11-16]. Composites based on elastomers
and thermoplastics have provided high flexibility to these materials without considerable
losses in conductivity [16-18], leading to devices with reasonable performance, low relative
cost, and processing advantages [19,20].
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As a matter of fact, among the different classes of organic compounds, conjugated
polymers are promising materials for the development of flexible optoelectronic devices,
such as organic solar cells (OSCs) and organic light-emitting diodes (OLEDs) [19,21,22].
However, additional studies are necessary to better understand the influence of mechanical
deformations on their properties to identify relevant operating regimes/limits and obtain
fully functional devices with broad applicability.

In fact, even after the insertion of flexible organic devices on the market, there is
still no complete understanding of the influence of mechanical stresses on the intrinsic
properties of the materials present in their active layers, which hinders the effective ap-
plication of these devices. In general, the flexibility of these compounds is commonly
associated with amorphous domains and interactions between chains, which rearrange
themselves when subjected to external stresses [23-26]. On the other hand, the optoelec-
tronic properties of these materials are commonly governed by planar sub-segments (and
their interactions) [27-31], so that the influence of mechanical deformations on the response
of a conjugated polymer involves a series of complex interactions [25].

A number of experimental data indicate the existence of a variety of effects on the
performance of flexible devices under mechanical stresses. In general, successive defor-
mation cycles lead to a reduction in the efficiency of OSCs [23,24,26], while high stability
is reported for OLEDs [32,33]. However, the overall effects depend on the materials and
processing methods [11,22,25,34].

Indeed, the influence of the stretching process on the optical properties of polymers is
a well-known phenomenon [35] that has been revisited by several recent works focused
on varied applications [36-38]. A number of reviews focused on mechanical-responsive
functional devices and the causes of their deterioration have also been published [33,39].
For instance, Wang and collaborators [40] presented a survey of materials and techniques to
obtain devices with equilibrated mechanical and electrical properties. A common point in
these works is the search for an appropriate ratio between conductive and flexible materials,
with minor discussions on the influence of the mechanical deformations on the intrinsic
properties of the compounds.

In this context, molecular modeling techniques can be considered relevant tools to
evaluate the variety of mechano-responsive processes, particularly to identify factors asso-
ciated with the degradation of the optoelectronic properties, propose alternatives for their
minimization, and guide the development of new materials with improved responses [41].
Such analyses are especially interesting for polymeric devices due to their high degree of
structural flexibility and the strong relationship between conformational and optoelectronic
properties [25,34,41,42].

Despite this, there is a scarcity of theoretical works on the effect of mechanical deforma-
tions on the optoelectronic properties of semiconducting polymers. Our previous studies at
a moderate level of theory (semiempirical + density functional theory (DFT)) indicated that
mechanical elongations of MEH-PPV and P3HT polymer chains lead to deleterious effects
on the optoelectronic responses of the materials, which occurs at different regimes and
levels [41]. However, the limitations imposed by the use of semiempirical approximations
(for geometry optimization), and the observation of strong steric effects of the side groups,
deserve further study.

To deepen such analyses, here we conduct a series of DFT-based calculations to inves-
tigate the influence of mechanical deformations on the intrinsic optoelectronic properties
of four widely employed conjugated polymers. The results show that the main chain
stretching leads to significant effects on the frontier energy levels of the systems, increasing
the electronic gaps and leading to hypsochromic effects in the optical spectra. Such effects
can influence the optoelectronic performance of polymer-based devices, mainly in systems
with high molecular interactions and entanglements by polymer chains [16,22,34,43,44]. To
exemplify such consequences of polymer main chain deformations, we analyze some im-
portant parameters of organic solar cells (OSCs); in particular, polymer chain deformations
of around 7% and 15% can lead to non-functional PT- and PPV-based OSCs, respectively.
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2. Materials and Methods

Figure 1 illustrates the basic structure of the compounds evaluated in this report.
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Figure 1. Basic structures of the polymeric materials. (a) polyaniline (PANI), (b) polythiophene (PT),

(c) poly (p-phenylene vinylene) (PPV), and (d) polypyrrole (PPy).

The above presented polymers were chosen according to their high potential for
applications in varied devices [45]. PANI is used in electro-rheological fluids, sensors,
supercapacitors and rechargeable batteries [46-50]. PT is widely used in polymer-based
OLEDs (PLEDs), OSCs, and chemical sensors due to its conductive, luminescence, and
electrochromic properties, as well as its high versatility of synthesis [51-53]. PPV derivatives
are also commonly used in PLEDs and OSCs [54-56]. PPy has diverse applications due to
its low relative cost, electronic properties, ease of processing, and versatility of synthesis,
being widely used in the active layer of gas sensors [57-60].

Planarized oligomeric systems with average sizes around the effective conjugation
lengths of these materials have been considered as representative models of the poly-
mers. Due to the strong influence of the effective conjugation length on the optoelectronic
properties of these systems [28,61], representative oligomeric systems were considered in
this study. In particular, studies conducted by our group and collaborators have shown
that structures with 10-15 repeating units can reproduce the essential electronic and op-
tical properties of these polymers [47,58,62—67]; for this reason, oligomers with 15 units
were used.

Preliminary stretching studies conducted for amorphous structures show a conver-
gence of folded to planarized structures after elongation (see Supplementary Materials—in
particular, Figure S1 compared to elongated structures in Figure S2), with relatively small
energetic costs (see Figure S3). Thus, folded polymers are supposed to converge to pla-
narized conformations during stretching processes. This result, associated with the fact that
the optoelectronic properties of conjugated polymers are commonly governed by planar
subsegments [27-30], defined planar structures as the models of interest in the present
work. Given the viscoelastic behavior of polymeric systems to mechanical deformations,
Figure S1 can be also considered as an indicator of shrink effects.

The initial structures were designed with the aid of the Molden 5.0 computational
package [68] (details regarding the amorphous structures and their planarization process
can be seen in the Supplementary Materials). The geometry optimization and calculation of
electronic properties were conducted in the framework of density functional theory (DFT),
using the B3LYP hybrid XC functional [69-72] and 6-31G basis set on all the atoms. The
choice of such an approach was made based on the well-known capability of B3LYP to
describe the structural, electronic, and optical features of medium-size conjugated systems
in comparison with other functionals [73], associated with preliminary calculations con-
ducted for distinct approaches which indicated that the effects of mechanical deformations
are not so sensitive to the XC functionals and basis sets employed (see Table S3 in the Sup-
plementary Materials for additional calculations/considerations). In addition, given that
we are not interested in the precise reproduction of absolute values, but rationalizing the
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relative changes induced by the deformations, we considered the B3LYP/6-31G approach
to be a reasonable choice due to the relative cost-benefit ratio. All the calculations were
conducted with the aid of the Gaussian 16 computational package [74].

The mechanical deformation processes were performed considering the fully opti-
mized structures as starting geometries (without restrictions). The main chain stretches
were then made by displacing the terminal carbons of the oligomeric structures (initially
at distance dy, see Figure 2), defining new relative positions between them (d,;) [75]. For
instance, at Step 5, we obtained ds = 1.05dy, i.e., an imposed elongation of 5% of the chain
in relation to the (pre-optimized) relaxed structure. The mechanical deformation process
imposed on the oligomers is exemplified for PANI in Figure 2. All the structures were
subjected to gradual elongation until their rupture.

dy :do(1+%) (1)

Pvii*ﬁkﬁ*f}vﬁ*ikmf.’»v(}*ﬁ}m

d() \
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Figure 2. Illustration of the polymer chain deformation process (example for PANI).

The resulting structure was then allowed to relax (geometry optimizations), restricting
the modified distances d,, (Equation (1)) (for n steps). The partial geometry relaxation of
all the structures (restricting d, for each step) was performed via a DFT/B3LYP/6-31G
approach with the aid of the Gaussian 16 computational package.

The effects of structural changes on the opto-electronic properties of the systems
were evaluated considering the: (i) electronic gaps, (ii) energetic and spatial distribution
of the frontier molecular orbitals (FMOs); (iii) total density of states (DOS); (iv) optical
absorption spectra; (v) exciton binding energies, vi) internal reorganization energies, and
(vii) local reactivities.

The electronic gaps (Egqp), DOS, and FMO energies for the highest occupied (HOMO)
and lowest unoccupied (LUMO) molecular orbitals were estimated from the Kohn—-Sham
orbitals. The theoretical optical absorption spectra were obtained via a time-dependent
DFT (TD-DFT) approach using the same functional and basis set employed in the geometry
optimizations. Ten transitions were evaluated, considering only single excitations. The
exciton binding energies (Ex) (Equation (2)) were estimated from the difference between
the fundamental gaps (from KS-FMOs) and the vertical transition energies (Eqe;t) resulting
from TD-DFT calculations [41,76,77].

Ex = (Erumo — Enomo) — Evert ()

The internal reorganization energies for electrons (A.) and holes (A;,) were evaluated
via Equations (3) and (4). These parameters indicate the energy penalties due to the
structural relaxation of the molecules (internal contribution A") and polarization effects
on the surrounding medium (external contribution A®) associated with the charge transfer
processes between planar (conjugated) subsegments of the materials [78]. In fact, it is well
known that, despite having some effect in charge transport, A* is very small in relation
to At being often neglected [65,79]. Thus, in this work the reorganization energy was
approximated by A =~ A", ie.,

Ap = [Er(vN-1,N) = Er(vn, N)] = [Er(vn, N = 1) = Er(vn-1, N — 1)] (©)

Ae = [Er(vn41,N) — Er(vn, N)] = [Er(vn, N +1) — Er(vn41, N + 1)] (4)
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For a system M with N electrons, ET(vy 4k, N + j) represents the total energy obtained
from single-point calculations for the species M7 (i.e., M with N + j electrons) with structure
(defined by vy, k) previously obtained from the optimization of the M* species (i.e., M
with N + k electrons) [41]. In general, low values of A, (A;,) indicate that the transport of
electrons (holes) is facilitated in the materials.

The local reactivities of the compounds were evaluated via condensed-to-atoms Fukui
index (CAFI) values [80-83] and molecular electrostatic potential (MEP) maps. CAFI
values were estimated from the finite difference of the atomic populations considering the
Hirshfeld partition charge [84-86], and MEP maps were generated considering the CHelp
partition charge scheme [87]. The graphical representations were created with the aid of
the Jmol [88] and Gabedit [89] computational packages.

The mechanical parameters were estimated for all the levels of deformations consider-
ing the derivative of the change in the total energy (AEtotal = Etotal™ — Etotal®) in relation
to the linear deformations (x = d, — dp). Thus, the amplitude of the forces (| F|) required
for each level of deformation was estimated by | F| = dAE;y,;/dx. The elastic constants (k)
were estimated via linear fittings, by considering | F| = k.x [90] (see the Supplementary
Materials for details).

3. Results and Discussion
3.1. Structural Changes

Table 1 summarizes the structural data of the systems before and after the deformations.
dp and d,, represent the distances between the terminal carbons of the chains before the
deformations (equilibrium position) and at the point of imminent rupture. Ady,;, represents
the maximum percentage change before the oligomer break. PT and PPV presented slightly
distorted (twisted or curved) initial structures (see Supplementary Materials).

Table 1. Structural data of the systems before the deformations and at the point of imminent rupture.

Compound dy (A) d, (A) Adyax (%)
PANI 77.447 92.162 18.0
PT 57.192 69.774 21.0
PPV 94.046 110.974 17.0
PPy 52.588 62.054 17.0

Figure 3 illustrates how the chemical bonds of the systems (numbered in the insets)
changed after successive stretches (the bond lengths at dy are compatible with those pre-
sented in the literature [91-94], see the Supplementary Materials). The relative variations
are summarized in Figure 4.

The following order of bond lengths (BL) was noticed for non-modified PANI:
BL; > BL4 ~ BL5 > BL, ~ BL3. It is possible to note an exponential increase in BL4 and BL5
(with total changes of up to 0.22 A), while the other connections show variations of up
to 0.05 A. We note that BL; tends to approach BL; and BL3 during stretching, leading to
uniform bonds in rings after 17%. For PT, minor increases are noted on BL3 and BLs. Al-
though the oligomer disruption occurs at Bond 6, the highest stretches were noticed for BL;
and BL, (up to 0.24 A). Very small changes were observed for BL4 (<0.05 A). PPV presents
significant changes only after the 4% stretch, after the planarization of the structures (see
Figure S2c). Major changes were noticed for BLy and BLg (~0.21 A). As noted in the case of
PANI, for PPV, the bonds on the rings are uniform at high deformation levels. Finally, for
PPy, we noticed an exponential increase in BLg (~0.31 A), with a tendency of ring opening
(increase in BL; and BL,) and minor variations in BL3, BL4, and BLs.
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Figure 3. Changes in the oligomer bond lengths during the stretching processes: (a) PANI, (b) PT,

(c) PPV, and (d) PPy.
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Figure 4. Summary of the changes in polymer bond lengths at distinct stretch levels.

Similar results were reported by Rodao et al. [41] for PBHT and MEH-PPV using
semi-empirical methods for geometry optimization. In particular, for MEH-PPV (P3HT),
an exponential increase was observed for single C—C bonds (C-S) with small variations in
the benzene rings (C=C).

The above presented results allow us to underline the dominant degradation routes
for each system. For instance, it is noted that the major stretches of PANI occur through
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nitrogen—carbon bonds (BL4 and BLs), while PPV presents significant stretches on the
carbon bonds around the vinylene units; we note that the mechanical deformation of these
systems does not significantly alter the C—C bonds inside the rings (i.e., BL; < 1.45 A). A
tendency to ring opening was noticed for compounds containing five-membered heteroaro-
matic rings (PT and PPy); this is more evident for PT, where BL;, BL,, and BL¢ present very
similar deformation rates. Although the PPy rings were not severely modified, significant
changes are noted in relation to typical C-N bond lengths [95] (i.e., BL; and BL, > 1.309 A).
Table 2 summarizes the relative forces required to deform the systems (F = | F ), as
well as the elastic constants (k) estimated at each deformation level for distinct systems.

Table 2. Relative changes in the total energies (AE;,;,;;) and estimated values for the forces (F) and
average elastic constants (k).

pim gl R Eecomn
0% — —
PANI 6% 0.818 3.32 ~5.82
12% 2.995 6.01
17% 6.325 7.86
0% — — ky = ~10.41 *
PT 7% 0.582 3.59 ky = ~5.66 *
14% 2.700 453 kmed = ~8.04
20% 5.801 8.37
0% — —
PPV 5% 0.146 1.44 ~5.49
11% 1.937 479
16% 5.379 6.84
0% — — ky = ~13.87 *
PPy 5% 0.462 3.64 ky = ~7.46 %
11% 2219 431 kmed = ~10.67
16% 4.808 8.76

* See Supplementary Materials.

We note that the forces required to break the polymer chain are compatible with those
reported for covalent bonds [75,96-99]; in particular, the following order was noticed:
PPy < PT < PANI < PPV, with Fmax ranging from 6.84 to 8.76 nN (see Supplementary
Materials for details).

3.2. Changes in Opto-Electronic Properties

Figure 5 illustrates how the energies of the FMO levels (Egopmo and Epyo) vary as
a function of the stretching levels. It also presents the changes induced in the electronic
gaps (Er-i = Erumo — Enomo) in relation to those for the unstretched system (AE; p). The
numerical values for non-stretched structures are presented in the Supplementary Materials
(Table S2).
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Figure 5. Evolution of the FMO energy levels with stretching of the oligomers: (a) PANI, (b) PT,
(c) PPV, and (d) PPy.

In general, we noticed a reduction in the FMO energies with stretching for all the
systems. The changes are more pronounced in the Egopo values, leading to an increase
in the electronic gaps. The effects noticed for PT are partially compatible with the results
reported for P3HT by Roldao et al. [41], mainly in relation to Erypo. We considered that
the anomalous behavior of Egopo presented in ref [41] is associated with the steric effects
of the side groups; these have a profound influence on the dihedral angles of the main
chains, which is not present in our calculations. This interpretation is reinforced by the
absence of transitions around 14% for PPV, which were reported for MEH-PPV in ref [41]
and associated with the interaction between adjacent ramifications. For PT, a sharp drop
was noted in Ej o after 20% stretching, which is associated with the saturation of the
stretching process, whereafter the system behaves as a set of non-passivated thiophene
units (see Figure S7).

For PANI, we noted that FMO levels vary linearly with the deformation level of the
chains, presenting very similar rates for Eyoymo and Epymo changes, leading to small
variation of the gaps (lower than 0.4 eV). Given the initial structural distortion of fully
relaxed PT (see Figure S2b), their FMO levels remained unchanged until 2% stretching and
then presented a decrease, leading to a gradual increase in the electronic gaps (of up to
~0.77 eV); a change in the behavior of the LUMO was noted after 19% stretch with a more
pronounced decrease rate. Due to the initial distortion of fully relaxed structures of PPV, no
variations could be observed for this compound until 4% stretching (see Figure S2c). After
this, both the FMO levels were reduced with more expressive (and linear) effects on the
HOMO, leading to increased electronic gaps (of up to 1 eV); after 11% stretching, we noted
a change in the behavior of the LUMO, showing a tiny increase with stretching. Finally,
for PPy, we initially noted a reduction of FMOs at similar rates; the behavior of the LUMO
changed after 5% (lower decreasing rate) and 11% (when it started to increase).

Figure 6 shows the changes induced by the stretching on the density of states (from
KS eigenvalues) around the FMOs.
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Figure 6. DOS for (a) PANI, (b) PT, (c) PPV, and (d) PPy at distinct stretch levels.

In general, significant variations were noted far away from the frontier levels, with sub-
tle changes around the HOMO and LUMO (mainly in the LUMO) (see the Supplementary
Materials for more details).

Figure 7 presents the spatial distribution of the HOMO and LUMO KS orbitals for
some representative stretching levels.

For all the systems, we noted that HOMOs are transversely aligned to the polymer
main axis, while the LUMO lobes are parallel to them. The stretching process does not
have a strong influence on the spatial distribution of the FMOs, leading to significant
changes (localization of the wavefunctions) only when rupture is imminent, mainly on the
LUMO of PT, PPV, and PPy and on the HOMO of PANI, degrading their optoelectronic
properties. An opposite effect was noticed for the HOMO (LUMO) of PT (PANI), for which
higher delocalization was noticed in very distorted structures, indicating improved hole
(electron) transport in the stretched systems. PPV is more sensitive to small deformations
in relation to the other structures; however, it does not show intense degradation at high
levels of deformation. A similar behavior of the LUMO was noticed in very distorted
structures of PT and PPy (Figure 7b,d). In general, the results suggest that deterioration of
the opto-electronic properties occurs for most of these systems after 11% stretching.

Figure 8 demonstrates the behavior of the optical absorption spectra of the compounds
throughout the deformation process.

Hypsochromic effects were noticed for all the structures, and these are compatible
with the relative increase in the electronic gaps presented in Figure 5. Stronger effects
were noticed for PT (AAx ~233 nm) and PPV (AAux ~170 nm), with blueshifts that are
approximately linear with regard to the deformation level; less intense (but non-linear)
blueshifts were noticed for PPy (AAax ~124 nm) and PANI (AA 4 ~32nm) (see Figure S6).
For all the cases, the main peaks are governed by HOMO-LUMO transitions along the
deformation processes, except for PT at the point of imminent rupture (with a significant
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HOMO-LUMO + 2 contribution). The blueshift of the main peaks is followed by slight
increases in the relative amplitudes, which was continuous for PANI until rupture. The
small effect on the oscillator forces is compatible with the small effects noticed on the spatial
distribution of the FMOs (and then on their superpositions), as presented in Figure 7. In
particular, it is possible to note the appearance of secondary absorption peaks at shorter
wavelengths during the stretches (see Tables S4-57 for details); these are associated with
transitions involving a variety of levels around the FMOs (HOMO-n and LUMO+m) and
are compatible with the intensification of the DOS around the frontier levels.
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Figure 7. Effects of mechanical stretching on the spatial distribution of the KS-FMOs of (a) PANI,
(b) PT, (c) PPV, and (d) PPy.

e

In fact, significant blueshift in the absorption spectra of polymer-based flexible devices
has already been reported in the literature [35,95], being primarily associated with the
disruption of aggregates in the active layer of the devices. Our results suggest that a similar
effect can take place due to the reduced electronic coupling between adjacent units.

To better understand the effect of the main chain deformations on the optical properties
of the compounds, Figure 9 presents the relationship between the chemical bond lengths
(BL) that are broken during the rupture (highlighted in the insets) and Eye+ values.
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In general, there is a linear dependence

between the vertical transition energies and

the considered bond lengths. Such a dependence is more evident for PT and PPV. In the

case of PANI and PPy, a transition is noted at

~1.45 A and ~1.5 A, respectively, from which

point they start to present a linear behavior similar to that of the other systems. This
effect, associated with those presented in Figure 8, suggests that the optical absorption of
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the systems can be modulated via mechanical deformations. In particular, deformations
smaller than 10% can lead to changes of around —15 nm (PANI), —112 nm (PT), —97 nm
(PPV), and —56 nm (PPy) in the position of the absorption mean peak, without significant
changes in the optical performance.

Figure 10 presents the changes induced in the exciton binding energies due to stretch-
ing of the polymer main chains.

b Hl PANI
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E I 1 PPV
0.4 Aol = Py
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>
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1 234567 8 9101112131415161718192021
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Figure 10. Evolution of the exciton binding energies during the stretching processes.

The Ex values of the non-modified systems are compatible with those expected for or-
ganic polymers (i.e., around 0.3 eV [100-102]); in particular, the order
Ex(PT) < Ex(PPV) < Ex(PPy) < Ex(PANI) was noticed, which evidences the applicability of
PT and PPV in OSCs. For all the systems, we observed a gradual increase in the exciton
binding energies, even with distinct rates, until 17%. In addition, for PT, we noticed a
rapid decrease from 18% onwards, which is in line with the changes in the LUMO levels
(Figure 5).

Figure 11 presents the changes induced in the internal reorganization energies dur-
ing the stretching processes for the distinct polymers. For most systems, it shows the
results obtained for up to 16% stretch, due to convergence problems in very distorted
cationic structures.

The non-modified structures presented small reorganization energies (from 1 to 5
times the thermal energy at room temperature, kT3qp). Very small energies were noticed for
PANI, followed by PPV, PPy, and PT. For most systems, the A, values are slightly lower
than Ay, except for PPV. During the stretching process, we noticed a gradual reduction in
Ay, values for all the systems, which was continuous for PPV and PPy until rupture. PANI
and PT presented minimum values of Aj, at 11 and 17%, respectively, with a significant
increase thereafter. On the other hand, for all the systems, we noticed a gradual increase
in the A, values throughout the stretching process. These results indicate that mechanical
deformations can improve (reduce) the hole (electron) transport in these materials.

CAFI and MEP analyses were conducted to evaluate the influence of mechanical
stretching on the local chemical reactivity of the systems. CAFI indicates which molecu-
lar sites are prone to receive/donate electrons from/to the environment, defining which
regions are susceptible to undergoing chemical reactions towards nucleophiles (f*), elec-
trophiles (f~), and free radicals (f°). MEPs, on the other hand, indicate the charge con-
centration on oligomer structures, which plays a relevant role in electrostatic interactions
and drives effective molecular collisions for chemical reactions. The CAFI and MEP anal-
yses during the stretching process allow us to evaluate how “soft-soft” (i.e., associated
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with deformations in the frontier orbitals) and “hard-hard” (guided by electrostatic ef-
fects) interactions [103] could change due to the continuous deformation of the systems.
Figures 12 and 13 illustrate the CAFI and MEP colored maps for PANI, PT, PPV, and PPy.
Red and blue regions define reactive (negatively charged) and non-reactive (positively
charged) sites on the molecules via CAFI (MEP) analysis, respectively.
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Figure 11. Evolution of the internal reorganization energies during the stretching process: (a) PANI,
(b) PT, (c) PPV, and (d) PPy.

The influence of mechanical stretching on the stability of organic devices is generally
discussed in terms of macroscopic/morphological features, such as delamination of the
layers (active and transporting layers, as well as electrodes), the formation of punctures and
cracks, strong lateral strains, limitations imposed by brittle electrodes, etc. [104]. However,
a number of nanoscopic mechanisms for stress-induced polymer degradation have also
been proposed [105]. In particular, the exponential behavior of the strongly stretched bonds
(Figure 3) is compatible with Zhurkov-like evolution of the photochemical degradation
rates of stretched polymers.

From the analysis of Figures 12 and 13, the reactivity of PANI (in relation to nucle-
ophiles) is mainly located at terminal regions, which can be associated with the enhanced
electropolymerization properties of this polymer [106]. High reactivity is observed on the
nitrogen atoms, in relation to electrophiles, which is associated with the doping process
of leucoemeraldine [107]. PT presents high reactivity on the sulphur atoms for both nu-
cleophiles and electrophiles, which indicates the plausibility of p- and n-doping via this
site; this is compatible with other works [108,109]. PPV presents high reactivity on the
vinyl groups for all the reactions; this is not sensitive to stretching and can explain the
well-known degradation routes of the polymer chains via varied mechanisms [62,110-112].
Finally, PPy shows high reactivity on positions 3—4 (towards electrophiles) and on position 2
(towards nucleophiles), which are compatible with the charge transfer mechanisms/doping
processes proposed in the literature [108,113,114].
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In general, it was noticed that f * is very insensitive to mechanical stretching, indi-
cating that chemical reactions towards nucleophilic agents are not changed due to the
deformation of the polymer chains. On the other hand, a slight decrease in the reactivity
for f~ and f? at central regions of the chains was noticeable during the stretching process,
which influences the chemical reactivity towards electrophiles and free radicals. The most
significant variation in the MEPs during the stretching process was the decrease in the
electronic density between the monomeric units of the main chains.

3.3. Considerations Regarding the Effect of Stretching on the Performance of the Compounds in
Devices and Identification of Operational Regimes

Several factors can influence the efficiency of organic devices, mainly in relation
to charge transport, the formation of interfaces, solubility issues, oxidation stabilities,
morphologies, processing, and material synthesis [41,115,116]. However, on a nanoscopic
scale, some molecular parameters, particularly the FMO level alignment, are intrinsically
associated with the performance of organic devices [116-118], governing a number of
relevant mechanisms.

In recent years, a number of studies have been conducted to evaluate the effects of
stretching on polymer-based OSCs [43,44,119,120]. Polymeric systems present a viscoelastic
response to mechanical deformations which depends on the polymer structure, loading
rates, and working temperatures. In particular, in these systems, there is competition
between chain deformation and contraction due to the stress and entropic responses [34].
As aresult, the dynamics of polymer-based thin films are generally governed by the relative
slippage of adjacent chains. However, effective chain entanglements can also occur in
the films (mainly those based on longer polymers), resulting in large plastic deformation
prior to fractures, which are associated with polymer deformation, chain pullout, or even
polymer scission [44,120]. In this context, to exemplify the effects of such mechanical
deformations on the performance of OSCs, here we present a simple prediction of some
electronic descriptors of interest.

Figures 14 and 15 show the influence of the structural deformation of PPV and PT
(commonly used in BHJ-OSCs) on V¢, AEyy, and AE;;, considering the frontier levels of
typical electron acceptors, C49 and PCBM, computed at the same level of theory [121]. The
dotted line indicates the limits for which the parameters AEgy and AE; are lower than the
typical exciton binding energies of the polymeric donors. Details on the changes induced
in the relative alignments between the FMOs are presented in the Supplementary Materials
(Figure S11).

As stated before, the mechanical deformation has a strong influence on the FMOs
of the structures. In particular, considering that the electron donation process is mainly
governed by the relative positions of the donor/acceptor LUMO levels (LUMOp and
LUMO,), the decrease induced in the LUMOp, (see Figures 5 and S11) tends to reduce the
AE; values, hindering the dissociation of the excitons in the systems [21,41]. In addition,
the reduction of the donor HOMO (HOMOp) tends to reduce the AEyy values, facilitating
the reassociation of electron-hole pairs. Such effects prevent the effective generation of free
charge carriers in the devices, leading to loss of functionality for AE;; < Ex and AEpy < Ex.
In particular, it is noted that these limits are reached for deformations of around 13% and 7%
for the PT/Cgp and PT/PCBM systems, respectively. PPV /Cgo-based systems are supposed
to keep their functionality throughout the deformation process, while PPV /PCBM systems
present operational conditions for up to 15% stretching.
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Figure 14. Evolution of the parameters (a) Voc, (b) AVoc, (¢) AErr, and (d) AEgy during the
stretching processes for Cgo-based devices.
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Figure 15. Evolution of the parameters (a) Voc, (b) AVoc, (¢) AErr, and (d) AEgy during the
stretching processes for PCBM-based devices.

The structural changes can also lead to an increase in AEy_p.j-4 (i.e., LUMO4-HOMOp)
which can lead to higher Vo with stretching (of up to 100%). Such an interesting feature,
however, is limited by the previously discussed difficulty of charge carrier generation
(AELL <Ex and AEpy < Ex)

The increase in V¢ is compatible with the results reported for PADDT/PCBM BHJ-
OSCs. Savagatrup et al. [23] indicated improved performance (particularly with higher
Voc) of such PT derivative-based devices when they are subjected to stretching. Inter-



Polymers 2022, 14, 1354

17 of 23

estingly, an opposite effect was noticed for P3HT/PCBM, which is associated with the
presence of morphological changes in the films (formation of visible cracks). In fact, such
macroscopic defects are supposed to govern the performance of this system to the detriment
of local deformation of the chains, degrading the electrical response of the devices. On
the other hand, the presence of long side chains in P3DDT derivatives (dodecyl groups)
improves the mechanical properties of the films, so that the effect of chain deformations
(also associated with chain entanglements) can play a relevant role in P3DDT/PCBM de-
vices. Savagatrup et al. [23] reported an improvement of 14% in the V¢ after stretching of
10% of such devices; according to our results, this is linked to an effective elongation of
about 3-4% of the PT chains (see Figure S9b), for which we predict an operational BHJ-OSC
(considering the AE;;, AEyy, and Ex relations).

In general, the effects of deformation on the LUMO of the polymers can lead to
reduced charge injection barriers from electrodes. In particular, the pronounced effects for
the HOMOs (0.95, 1.28, 0.98, and 1.11 eV for PANI, PT, PPV, and PPy, respectively) can
lead to non-equilibrium electrode/organic layer alignments in very stretched systems. The
significant changes noticed on the FMOs are also supposed to have a profound effect on
the performance of these materials in chemical sensors, given the relative position of the
electronic gaps of the polymers and the FMO levels of the analytes [122,123].

It is worth considering that despite our studies having been conducted until the
rupture of the chains, much smaller deformations are supposed to occur in real devices,
mainly due to the mechanical restrictions imposed by the electrodes [124] and relative flow
of the polymer chains during the device deformation. The performance of flexible OSCs
has been evaluated for varied stretch levels, from 7% [22] to 22% [24,125], which suggests
that significant changes in the length of the polymer chains are somehow possible in real
devices [41]. These changes can be even more pronounced with the use of elastomer-based
composites [16].

4. Conclusions

The effects of mechanical deformations on the structural, optical, and electronic prop-
erties of polyaniline (PANI), polyethylene (PT), poly (p-phenylene vinylene) (PPV), and
polypyrrole (PPy) were evaluated via DFT calculations.

The results suggest a strong influence of polymer chain stretching on the optoelectronic
properties of the systems. In general, the stretching causes a decrease in the energy of the
frontier molecular orbitals, with different ratios for the LUMO and HOMO, resulting in an
increase in the electronic gaps. Significant hypsochromic effects are induced on the optical
absorption spectra, which depend on the evolution of specific chemical bonds. Significant
changes were also noticed on the exciton binding and reorganization energies, with small
influences on the local reactivity of the systems.

These effects can lead to significant changes in the performance of the materials in
devices where polymer elongation can take place, mainly those based on high-molecular-
weight compounds and/or all polymer-based devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14071354 /s1, Table S1. Bond lengths observed in relaxed
polymer structures (at dg); Table S2. Summary of the optoelectronic properties of relaxed polymeric
systems (at dp); Table S3. Effect of XC functional and basis set on the description of optoelectronic prop-
erties of the polymers; Table S4. Optical absorption data associated with the main transitions of PANI
at distinct levels of deformation (TD-DFT/B3LYP/6-31G approach); Table S5. Optical absorption data
associated with the main transitions of PT at distinct levels of deformation (TD-DFT/B3LYP/6-31G
approach); Table S6. Optical absorption data associated with the main transitions of PPV at distinct
levels of deformation (TD-DFT/B3LYP/6-31G approach); Table S7. Optical absorption data associated
with the main transitions of PPy at distinct levels of deformation (TD-DFT/B3LYP/6-31G approach);
Figure S1. Deformation of amorphous structures: from amorphous to free optimization and from
amorphous to stretched structures; Figure S2. (a) PANI, (b) PT, (c) PPV, and (d) PPy structures at the
initial stages of deformation until stabilization; Figure S3. Total energy of the structures: amorphous,
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full optimization and disentanglement process. (a) PANI, (b) PT, (c) PPV, and (d) PPy; Figure S4.
Force imposed to the systems during the disentanglement process: (a) PANI, (b) PT, (c) PPV, and
(d) PPy; Figure S5. FMOs of the systems, (a) PANI, (b) PT, (c) PPV, and (d) PPy; Figure S6. Total
energy variation (a) PANI, (d) PT; Strength and elastic constant (b) PANI and (e) PT; Figure S7. Total
energy variation (a) PPV, (d) PPy, Strength and elastic constant (b) PPV and (e) PPy; Figure S8. DOS
for (a) PANI, (b) PT, (c) PPV, and (d) PPy at all levels of stretching; Figure S9. Peak absorption wave-
length at all stretch levels; Figure S10. Electronic gap estimated for PT at distinct stretching levels in
comparison with Th and Th-2H units; Figure S11. Alignments between the FMO levels of PPV and
PT in relation to C¢y and PCBM. Reference [126-136] are cited in the supplementary materials.
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