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S1. Structural properties

Table S1 presents the average values estimated for the simple (C-C), double (C=C),
resonant (C---C) and heteroatomic carbon bond lengths estimated for each polymer along
the main chains.

Table S1. Bond lengths observed in relaxed polymer structures (at do).

Bond length (A)
System c-C c=C c—C CR
PANI 1.400 £ 0.007 --—- 1.390 & 5x10* 1.400 =+ 3x10
PT 1.420 £ 0.004 1.380 + 7x10°® --- 1.820 + 1x10°
PPV 1.460 + 9x10°8 1.370 + 0.020 1.410 + 8x10* —
PPy 1.430 £ 0.009 1.390 + 8x10”’ --- 1.390 + 3x10°
It is possible to note that the presented data are compatible with those presented in
the literature [ 1-4].

Figure S1 illustrates a snapshot of the systems during a molecular dynamics simula-
tion (NVT ensemble at 300 K during 1000 ps using AMBER force field) as implemented in
the Gabedit computational package (labeled as amorphous), fully optimized structures
(without restrictions) (labeled as free) and then optimized structures restricting the dis-
tances between terminal carbons at different levels of deformation (labeled as disentan-
glement ones).

In general, it is noted that the structures acquire a very folded conformation during
MD (at room temperature), however it converges to the initial structures considered in
this work after successive stretching processes. This result reinforces the validity of our
results in very stretched systems. When performing the full optimization starting from
linear/planarized structures, some structures remain linear/planarized while the others
present curved/twisted conformations, as indicated by Figure S2: PPV, PT in PPy have
slightly distorted structures (relaxed systems), tending to assume linear/planar confor-
mations after the stretching.
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Figure S1. Deformation of amorphous structures: from amorphous to free optimization and from
amorphous to stretched structures.
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Figure S2. (a) PANI, (b) PT, (c) PPV and (d) PPy structures at the initial stages of deformation until
stabilization.
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S2. Effects of disentanglement on the total energy, force and FMOs

Figure S3 illustrates the total energy of the systems throughout the disentanglement
process, from amorphous to fully stretched structures.
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Figure S3. Total energy of the structures: amorphous, full optimization and disentanglement pro-
cess. (a) PANI, (b) PT, (c) PPV and (d) PPy.

Small energy changes are noticed during the disentanglement process (up to ~1 eV),
more significant variations are associated with monomers rotation (from synclinal/gauche
to antiperiplanar conformations), which are mainly noticed for PANI, PPV and PPy. The
differences between the total energy of stretched PPV structures (from disentanglement
process versus directly stretched ones) can be attributed to the formation of some cis-con-
figurations during the strecthing process of amorphous structures (see Figure S1).

Figure 54 shows the resulting forces (from the energy variation in relation to the in-

crease of the relative distances) imposed to the systemd during the disentanglement pro-
cess.
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Figure S4. Force imposed to the systems during the disentanglement process: (a) PANI, (b) PT, (c)
PPV and (d) PPy.

Note that external forces around 0.7 nN are necessary to promote the disentangle-
ment of the systems, the most significant variations are associated with the rotation of
monomers, leading to relaxation effects (slight negative forces).

Figure S5 shows the evolution of the frontier molecular orbitals during the disentan-

glement process (from free to stretched) compared to stretched systems (from initial pla-
nar chains) presented in the main text.
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Figure S5. FMOs of the systems, (a) Pani, (b) PT, (c) PPV and (d) PPy.

Amorphous structures present dissimilar bandgaps in relation to the free structures
and those produced during the disentanglement process. After the stretching they con-
verge to those obtained from initial planarized structures.

S3. Mechanical properties of stretched systems

Figures 56 and S7 show the changes induced on the total energy of the systems (AEtotal
= Etotal™ — Ewtal®) for the distinct deformation levels (x = dn — do). The amplitudes of the
forces (1F 1) required for each level of deformation were estimated by | Fl=dAEtt/dx. The
elastic constants (k) were estimated via linear fittings, by considering IFl=k.x.
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Figure S6. Total energy variation (a) PANI, (d) PT; Strength and elastic constant (b) PANI and (e)
PT.

Similar behaviors are noticed for benzene-based polymers (PANI and PPV) and
five-membered rings (PT and PPy). For PANI and PPV, it is observed that F is well de-
scribed by a single straight line in relation to the deformation, leading to well defined
values of the elastic constants (k). A different behavior is noted for PT and PPy, where
two different regimes are noticed for F, leading to higher average values of k.
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PPy.

S4. Effect of mechanical deformation on the DOS

Figure S8 illustrates the effects of mechanical deformations on the total density of
electronic states for all the stretching levels. In general, it is noted, although the most sig-
nificant variations occur far away from the frontier levels, only with subtle changes
around the HOMO and LUMO (mainly in the LUMO).
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Figure S8. DOS for (a) PANI, (b) PT, (c) PPV and (d) PPy at all levels of stretching.
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S5. Optoelectronic properties

Table S2 presents the FMO energy levels (Enomo and Erumo) and the electronic gaps
(Esap), first vertical excitation energies for singlet states (Evert), exciton binding energies (Ex)
and internal reorganization energies for holes (An) and electrons (Ae).

Table S2. Summary of the optoelectronic properties of relaxed polymeric systems (at do).

Energy (eV)
Systems Enomo ELumo Egap Evert Ex A he
PANI —3.882 —0.210 3.672 3.232 0.440 0.034 0.029
PT —4.753 —2.762 1.990 1.701 0.286 0.131 0.116
PPV —4.804 —2.269 2.534 2.205 0.329 0.057 0.063
PPy —3.871 —0.934 2.937 2.537 0.397 0.094 0.086
The obtained values are compatible with those reported in the literature for undoped systems
[3,5-8].
Table S3. Effect of XC functional and basis set on the description of optoelectronic properties of the
polymers.
System Approach Deformation  Enowmo (eV) ELumo (eV) Egap (eV)
. . from —3.4 to
Literature * - from —5.2 to —4.3 021 from 1.1 to 4.5
0% —3.88 —-0.21 3.67
B3LYP/ 631G 6% ~415(-027)  —044(-023)  3.71(0.04)
0% —3.86 —-0.25 3.61
_ *
PANL B3LYP/6-31G 6% “413(-027)  —048(-023)  3.65(0.04)
CAM-B3LYP/ 6- 0% =5.07 0.99 6.06
31G 6% —5.36 (—0.29) 0.76 (—0.23) 6.12 (0.06)
CAM-B3LYP/ 6- 0% —-5.06 0.95 6.01
31G* 6% —5.35(=0.29) 0.72 (=0.23) 6.07 (0.06)
. from —5.24 to from —3.33 to
b -
Literature —4.44 250 from 1.94 to 2.34
0% —4.75 -2.76 1.99
B3LYP/6-31G 6% ~5.13(-038)  —2.92(-0.16)  2.21(0.22)
0% —4.63 —2.46 2.17
_ *
PT — B3LYP/6-31G 6% ~5.01(-038) —2.62(-0.16)  2.39(0.22)
CAM-B3LYP/6- 0% —6.02 —1.64 4.38
31G 6% —6.48 (—0.46)  —1.77 (-0.13) 4.71 (0.33)
CAM-B3LYP/6- 0% -5.90 -1.32 4.58
31G* 6% —6.36 (—0.46)  —1.45(=0.13) 4.91 (0.33)
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Table S3. Continued.

. . from —7.01 to from —2.85 to
Literature - 447 576 from 1.71 to 2.55
0% ~4.80 227 2.53
B3LYP/ 631G 6% =496 (-0.16) 230 (-0.03) 266 (0.13)
0% ~4.79 229 2.50
_ *
PPV B3LYP/6-31G 6% 495 (-0.16) 232 (-0.03) __ 2.63 (0.13)
CAM-B3LYP/6- 0% ~6.03 1,10 493
31G 6% =622(-019) _-1.16(-0.06) __ 5.06(0.13)
CAM-B3LYP/6- 0% 6.03 ~1.10 493
31G* 6% =622(-019) _-1.16(-0.06) __ 5.06(0.13)
. from —5.68 to from —2.22 to
d
Literature - 403 0.57 from 2.81 to 3.46
0% 387 0.93 2.94
B3LYP/6-31G 6% 413 (-026) _—1.14(-021) __ 299 (0.05)
0% 3.82 ~0.34 2.98
_ *
PPy  B3LYP/6-31G 6% ~4.08(-026) _—1.05(-021) __ 3.03 (0.05)
CAM-B3LYP/6- 0% ~5.09 0.27 5.36
31G 6% =539(-030) __0.07(-020) __ 5.46(0.10)
CAM-B3LYP/6- 0% ~5.06 0.37 543
31G* % =536(-030) __ 0.17(-020) __ 5.53(0.10)

* From refs: [5,8—12]; ® From refs: [3,8,13—16]; ¢ From refs: [7,8,17]; ¢ From refs:

[3,6,8,17,18]

As can be seen, the extension of the basis set (from 6-31G to 6-31G*) and the change

of the XC functional (B3LYP and CAM-B3LYP) do not lead to significant changes in the
results for both, relaxed and stretched systems, as well as on the relative variations (com-
parison between stretched and relaxed structures presented in parenthesis). In particular,
we consider that B3LYP/6-31G data acceptable, given the higher relative computational
cost of the 6-31G*-based approach (at least 4x for PANI and PPV, 33x for PT and 2x for
PPy for geometry optimization of stretched neutral structures). In particular, regarding
the XC functional, it is noted that CAM-B3LYP presents good results in relation to the
absolute values of Exomo for PPV and PPy, however, it leads to significant deviations for
Egap, in comparison with B3LYP for all systems in relation to the literature. In addition to
the well known ability of B3LYP to describe structural, electronic, and optical properties
of medium size conjugated systems [19], the above presented results have motivated the
choice of B3LYP/6-31G approach in this study.

Tables 54-S7 show the first excited states of PANI, PT, PPV and PPy, respectively, for
distinct levels of deformation.

Table S4. Optical absorption data associated with the main transitions of PANI at distinct levels of
deformation (TD-DFT/B3LYP/6-31G approach).

Deformation (%). E,.: (V) Amax (M) fose Main transitions c? X 100

0% 3.232 384.06 7.721 H, > L 2.518
H, > L, 8.113

Hy - Ly 1.208

H-L 32.500

H - L 3.488

6% 3.267 379.50 8.307 H, - L, 2.870
H, > L 8.505

H > L, 1.164

H-L 31.780

H-L, 3.018

12% 3.360 368.98 8.759 Hy - L 1.314
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H, > L, 3.434

Hy > L, 9.105

Hy - L, 1.132

H-L 30.631

18% 3.519 352.35 8.837 H; - L 1.984

H, > L, 4.465

H, - L, 9.902

H-L 27.881

H-L, 1.243
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Table S5. Optical absorption data associated with the main transitions of ~ PT at distinct levels of
deformation (TD-DFT/B3LYP/6-31G approach).

Deformation (%) E ert (€V) Amax (nm) fosc Main transitions  c? X 100

0% 1.705 726.84 5215 H, - L, 2.928
H-L 46.425
7% 1.905 650.69 5.537 H, - L, 3.538
H-L 45.402
14% 2.187 566.85 5.530 Hy > L, 4.720
H-L 43.235
20% 2.508 49433 5.262 H, - L, 1.398
H, > Lg 1.357
H - L, 6.147
H- L, 39.999
H-L 32.039

Table S6. Optical absorption data associated with the main transitions of PPV at distinct levels
of deformation (TD-DFT/B3LYP/6-31G approach).

Deformation (%) E . (€V)  Ayg (nm) fosc Main transitions c? X 100

0% 2.205 562.29 9.583 Hy, - L, 2.006
H - L 7.347

H-L 38.422

5% 2.32 53447 10.164 H, - L, 2.217
Hy - L 7.735

H-L 37.473

11% 2.665 465.26 10.481 H; = Lq 1.093
H, > L 1.088

H, - L, 3.039

Hi - L 8.956

H-L 33.955

17% 3.162 392.10 10.422 H; - L, 1.757
H, > L 1.759

H, > L, 4.186

H, = L, 9.902

H-L 29.021

Table S7. Optical absorption data associated with the main transitions of PPy at distinct levels of
deformation (TD-DFT/B3LYP/6-31G approach).

Deformation (%)  E,.r (V)  Ayq (nm) fosc Main transitions c? X 100

0% 2.540 488.15 4.850 Hy - Ly 4.967
H-L 43.295

5% 2.540 476.86 5.125 H - L 4.958
H-L 43.217

11% 2.872 431.74 5.160 H, > L, 1.247
Hy - L, 5.859

H-L 41.505

17% 3.403 364.36 4.972 H, - L 1.272
H, - L, 1.987

Hy - L, 7.588

H-L 37.567

Figure 59. shows the evolution of the main peak positions in relation to deformation
levels for the distinct polymers. Note that the shifts follow the increasing order: PANI <
PPy <PPV <PT. Linear behaviors are noticed for PT and PPV, with non-linear responses
for PANI and PPy.
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Figure S9. Peak absorption wavelength at all stretch levels.

S6. Effect of mechanical deformation on the electronic gap of PT

Figure 510 illustrates the changes noticed on the electronic gap of PT (at 0%, 19% and
21%) in comparison with the isolated thiophene unit (Th) and non-passivated thiophene
ring (Th-2H) (see the structures in the inset). The geometry optimization and single point
calculations for the estimation of KS-frontier level energies were conducted using the
same theoretical approach employed for PT (15 units) oligomer.

6 .
PT (15 units) i o -
o : —
25 e
& i
o4 i
2 :
° !
53 !
L H & >
[_]'_] .................................... : ...........
2- !
i B |
0% 19% 21% Th Th—2H

Figure S10. Electronic gap estimated for PT at distinct stretching level in comparison with Th and
Th-2H units.

Note that during the stretching process the electronic gap of the oligomer tend to
those obtained for non-passivated Th-2H structures. The best match occurs at 19% when
a transitional behavior is observed for PT (see Figure 5 in the main text).

S7. Parameters associated with the performance of BHJ-OSCs

Additional calculations were conducted to estimate the electronic properties of typi-
cal semiconducting acceptor: fullerene (Ceo) and [6,6]-phenyl-Ce1 butyric methyl ester
(PCBM). The frontier energy levels were estimated using the same approach employed to
study the polymeric chains (DFT/B3LYP/6-31G).

Figure S11 shows the changes induced on the relative alignments between the FMOs
of the PPV and PT (commonly used in BHJ-OSCs). Details on the evolution of typical BH]J-
OSC performance parameters (open circuit voltage, Voc; and differences in the energies
of HOMOdonor-HOM Oacceptor and LUMOédonor-LUMOacceptor, AEnH and AELL) are presented in
the main text (Figs 14 and 15).
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Figure S11. Alignments between the FMO levels of PPV and PT in relation to Cso and PCBM.
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