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Infrared active vibrations in doped n-conjugated materials:
the mechanism of activation of Raman modes
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We present here a theoretical investigation on the effect of doping polyacetylene with electron acceptor/donor species.
Density Functional Theory (DFT) calculations, applied to selected molecular models, allow describing the response to
the charge transfer, which highlights remarkable physical effects, like the relaxation of the molecular geometry and the
softening of the vibrational frequencies. The analysis of the predicted spectroscopic observables gives insight about the
origin of the strong doping-induced IR vibrational transitions, closely related to the major Raman bands of the undoped
species. The analysis of the infrared intensities through local contributions based on electro-optical parameters reveals
that intramolecular charge hopping is promoted by collective nuclear displacements along the Effective Conjugation
Coordinate (ECC). © Anita Publications. All rights reserved.

Keywords: Polyacetylene, conducting polymers, doping, polaron, soliton, DFT simulations.

1 Introduction

Since the early synthesis of semiconducting polymers and oligomers, Raman and infrared (IR)
spectroscopies have been extensively exploited for their structural assessment [1-3]. In the case of molecular
materials characterized by delocalized & electrons, Raman spectroscopy allows to elucidate the fine-tuning of
the electronic structure by means of changes of the molecular geometry and of inter-molecular interactions
in crystalline or disordered phases [1-5]. For instance, the confinement of  electrons determined by the finite
size of oligomers or by the presence of structural defects, shows its signature in Raman and IR spectra [4,5,
6-10].

The dependence existing between the molecular structure and the electron density justifies the
remarkable geometry relaxation associated with some electronic processes, like chemical doping and
chemical functionalization, and it is unveiled by specific spectroscopic signatures. Notably, charge transfer
upon doping allows the activation in the IR spectra of vibrational transitions that are strictly related to the
lines which dominate the Raman spectra of the undoped (neutral) species. Such doping-induced IR bands
often show remarkably high IR absorption intensity, with dipole strength comparable to that of electronic
transitions [4,6,3,11]. In the literature, they were initially referred to as IR active vibrations or IR activated
vibrations (IRAVs) [12,13], and more recently they have been renamed as Intense Vibrational Modes (IVMs)
[14].

The phenomenon leading to the appearance of IRA Vs is quite general, and the observation of IRAVs
has been reported for a wide class of conducting polymers [1.2]. The early theoretical studies are focused on
the prototypical case of polyacetylene (PA) [7,11-13,15-18]. The theories developed for the interpretation
of the spectroscopic response of neutral and charged PA paved the way for the interpretation of the spectral
features of more complex systems [2,3,8-10].
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The rationalization of the appearance of IRAVs in doped and photo-excited PA was one of the main
goals of the Amplitude Modes (AM) [15,16] and Effective Conjugation Coordinate (ECC) [7,18] theories.
The fundamental credit of such theories was the identification of a peculiar collective nuclear displacement
coordinate along which the coupling with the electronic structure is very sensitive. A displacement along this
trajectory implies a collective and simultaneous stretching and shrinking of the adjacent CC bonds along the
PA (or oligoene) chain, and it is named Bond-Length-Alternation (BLA) oscillation, or Effective Conjugation
Coordinate (ECC) vibration [7,8,18]. The ECC coordinate corresponds to the dimerization parameter (i),
which is central in the description of the m-electron-phonon interaction in PA [3,12]. Indeed, the ECC
effectively describes how the n-electrons structure (i.e., the degree of delocalization of the n-electrons, or the
n-conjugation length) affects the vibrational dynamics of PA and oligoenes. The ECC also plays a relevant
role in phenomena like the polarisation of the electronic cloud driven by lattice deformation, and the lattice-
assisted charge hopping. For oligoenes, the analytic expression of the ECC in terms of valence internal
coordinates [19] is the following:

Rice=7= 2 DR, (1)
Equation (1) holds for the general case of a linear oligoene with N CC bonds. R; is the stretching coordinate
of the j-th CC bond and the j index sequentially labels the CC bonds from one end to the other end of the
chain. For introducing the ECC in PA, we take the limiting case of an oligoene of infinite length, i.e., we
consider a 1D crystal whose translational unit cell contains one single and one double CC bond. According
to [20], Rgcc is a phonon (q = 0, phonon wavevector) valence coordinate of A, species defined as the out-of-
phase stretching of the single (R;) and of the double bond (R,) belonging to the unit cell:

1
Rpcc= i (R —Ry) 2

For PA and its oligomers (i.e., the linear oligoenes) the two transitions which dominate the Raman
spectrum are assigned to the ECC (or BLA) oscillation, which is coupled either in-phase or out-of-phase with
a collective CH wagging vibration. Such two normal modes are often simply referred to as the ECC modes
[18,7.8,10]. Even though the vibrational frequencies of the IRAV are rather far from those of the ECC Raman
active transitions of neutral PA, both the AM and the ECC theory have identified the IRAV as the ECC
modes of a charged (doped) chain. The remarkable frequency shift observed upon doping is ascribed to the
sizeable softening of the force constant associated with the ECC coordinate, or, according to the AM theory,
it is described by the renormalization of the vibrational modes upon charging. Moreover, the activation of
the ECC modes in the IR spectrum (i.e., the onset of IRAVs) is justified by the symmetry breaking induced
by the charge transfer. Didifferently from other theories [12,13,17] that describe the doping-induced defects
as a finite size charged solitons embedded in a perfectly dimerized PA chain, the AM and the ECC theories
describe the vibrational dynamics of PA, both in the pristine and in the doped form, by the model of an
ideally infinite 1D crystal. The symmetry of neutral PA at the I" point is Cy;, as it consists of a sequence of
alternated quasi single and quasi double CC bonds (i.e., two CH groups per cell, with BLA # 0). In ECC and
AM theories, the doping induced defect was described as a sequence of “equalized” (BLA = 0) CC bonds: the
associated — ideally infinite — 1D crystal has a unit cell still containing two CH groups, with D,; symmetry
at the I point. The structure of the doped chain was inspired by the geometry predicted for charged solitons,
e.g. computed by means of simple molecular models that exhibited a remarkable equalization of several CC
bonds, leading to a delocalized charge defect [21,22]. Moreover, after charge transfer, all the CC bonds in
the defected region become polarized and, in particular, the inversion centre of symmetry associated to each
CC bond is lost. Both the ECC and the AM theory invoke a symmetry breaking driven by bonds polarization
to justify the activation in the IR spectrum of the Raman active totally symmetric modes of the neutral
chain. As it will be illustrated in the present work through Density Functional Theory (DFT) calculations,
this phenomenon can be described more explicitly, by adopting a charge distribution pattern for the doped
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undimerized 1D crystal based on molecular models. This results in a lowering of the symmetry of the soliton-
like undimerized chain model at I' point, from D5, to C,,. The ECC modes, that belong in neutral PA to A,
species (Raman active, IR inactive) are now classified as B; modes, thus they are IR and Raman active modes
of the C,, crystal.

Both ECC and AM theory are successful, but they are empirical models. Furthermore, most of
the theoretical studies on doped PA make use of semi-empirical Hamiltonians that were the most viable
quantum chemical approach then available [3,12,13,17]. In more recent times, several DFT investigations of
the vibrational properties of doped organic molecules have appeared in the literature [14, 23], driven by the
renewed interest on highly conducting organic materials. In this framework, Anderson et al [ 14] presented an
accurate experimental and theoretical study on the effect of doping on the copolymer PCPDTBT(poly[2,6-
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b"dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]) and on
the homo-polymer PCPDT (poly(cyclopentadithiophene)), highlighting some limitations of the AM and
ECC models. The most important issue is the fact that the doped soliton (or polaron) is confined on several
chemical units along the polymer backbone, which makes questionable the description of the dynamics of
doped PA as it was an infinite 1D crystal.

Therefore, inspired by the analysis presented in [14,23], we have decided to discuss the IRAVs of
PA, and their possible correlation with the Raman active ECC modes, by focusing on selected molecular
models that are expected to closely approach the geometry and the electronic structure associated with
localized charged solitons and polarons. The series of DFT calculations presented in this work aim at a
thorough rationalization of the phenomena observed with IR and Raman spectroscopy, and allow to establish
a link with the early theories of IRAVs.

2 Methods

We have carried out DFT calculations with the B3LYP/6-311G(d,p) method employing the Gaussian
quantum chemistry package [24]. Full geometry optimization was carried out before the calculation of the
normal modes and IR/Raman intensities. The computed values of the vibrational wavenumbers are reported
without applying scaling factor, since the discussion focuses on the comparison among theoretical results.

Table 1. Sketch and description of the neutral and charged model molecules investigated. q is the total charge (electrons)
and S the electronic spin number.

model q(e) S N(C) Symmetry description structure

a7 Y 14 Con neutral
al5(=a) 0 0 30 Con neutral

a+ 1 12 30 Cop radical cation — positive
polaron

a- 112 30 Cop radical anion — negative
polaron

b 0 12 29 Coy neutral radlc.al — neutral
soliton

b+ o0 29 Cyy cation — positive soliton

b— -1 0 29 Cyy anion — negative soliton b
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The all trans oligoenes investigated here (Table 1) are end capped by two tert-butyl groups, in
analogy with the series of oligoenes analyzed in ref [5]. A neutral radical, i.e., an oligoene with an odd
number of C atoms mimics the soliton structure. The cations and anions obtained from the corresponding
neutral models mimic doped species obtained by withdrawal (or injection) of one electron charge: charged
solitons (b+/-) or radical cations/anions (a+/-), i.e. polarons. For the sake of conciseness, we report and
discuss in detail the results obtained for the positively charged species, whereas for the negatively charged
species we will show only the simulated spectra. On the other hand, a thorough analysis of the structure and
vibrational observables of a- and b- leads to the same conclusions as reported here for the positively charged
species.

3 The Raman signature of the electron-phonon coupling: ECC theory and conjugation length

The ECC coordinate is very sensitive to the delocalization of 7 electrons along the molecular
skeleton: for this reason, the Raman spectrum gives straightforward evidence about the extent or confinement
of the distribution of m-electrons. When considering a series of oligoenes, irrespective to the end groups, a
remarkable [5,10] shift of the peak position of the strong Raman features (ECC modes), is always observed
for increasing chain length [4,6,8,10]. The decrease of the force constant associated with the ECC (Fgcc) not
only explains the dramatic frequency shift of the IRAV compared with the corresponding ECC modes of
neutral PA, but also the decrease of the frequency of the ECC modes while increasing the oligoene length.
The longer the conjugation length, the lower the force constant associated with ECC and the vibrational
frequencies. Furthermore, parallel to Frcc, the equilibrium structure of oligoenes of increasing length shows
a progressively more pronounced equalization of the CC bonds.

As initial step, we test our quantum chemical models of the neutral species considering the properties
discussed above. Figure | reports the simulated Raman spectrum of two neutral oligoenes with 7 and 15
CC double bonds. As expected, passing from 7 to 15 double bonds, the two most intense Raman bands
remarkably shift (Av, = 64 cm™!; Av, = 74 cm™!). Moreover, as reported in Table 2, the Raman activities of
the main bands increase by about 2 orders of magnitude passing from a7 to al5.
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Fig 1. Raman spectra simulated by DFT of two oligoenes with 7 (a7) and 15 (al5) double CC bonds (see Table 1
for details).

The changes of the relevant structural parameter (BLA) for increasing chain length are also reported
in Table 2. The BLA values have been obtained by averaging the difference of the equilibrium bond lengths
of pairs of adjacent CC bonds along the chain ((BLA)), or by taking the difference of the bond lengths of the
central pair of CC bonds ([BLAB]). As expected, both (BLA) and [BLA“®] decrease passing from a7 to al5.

The representation of the vibrational eigenvectors of a7 and al5 reported in Fig 2 clearly show that
v; and v, are ECC modes: both of them largely involve a collective stretching and shrinking of the adjacent
CC bonds. However, for both molecules (notably a7) in the v, mode the contribution of the stretching of
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quasi-double CC bonds is larger than that of quasi-single CC bonds, at difference of v, that shows a larger
contribution from single CC bond stretching. Moreover, the coupling of ECC with the CH in-plane bending
vibrations has a different relative phase: v; can be described as the oscillation along (Rgcc + CH bending)
whereas v, is described as (—Rgcc + CH bending).
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Fig 2. Representation of the vibrational normal modes associated with the very strong Raman or IR (IRAV) ECC
modes of selected model molecules illustrated in Table 1. Red arrows represent displacement vectors; CC bonds
are represented as green (blue) lines of different thicknesses according to their relative stretching (shrinking). The
associated intensities are highlighted in bold in Table 2.

Table 2. Raman and IR observables (wavenumber, Raman activity, IR intensity) of the ECC modes computed by DFT for
selected oligoenes described in Table 1. In the second column the equilibrium values of the BLA parameters are reported.
Wavenumbers labelled with (*) correspond to ECC-like modes showing a displacement pattern with a central node. Very
strong IRAV or Raman intensities are highlighted in boldface.

(BLA) , 1 1 1 1
Molecule [B? /gCB] (cmlfl) (crrf‘l) (A% arlnu-l) (A* a1211u'1) e 111101.1) = Iflol'l)
0.0836
a7 oo712) 1207 1604 36 x10* 2.7 x10° - i
a (al5) 00703 1143 1530  6.5x10°  8.5x10° . )
[0.0602]  1171* 1578* - - | e
ot radical catiog 00306 1087 1472 LIx10° 59x10° - ]
[0.0022]  1102*%  1475% - - 28x10°  2.1x10%
b radical 0.0453 730 1399 42x10*  52x10° 102 57
[0.0062]  1086* 1472%  2.4x10°  1.5x10° 0 .
b+ cation 00362 1089 1471 56x10°  26x10°  73x10* 4.6 x10
[0.0041]  1179* 1551*% 5.9 x10° 2.1x10° 1 35

The histogram of Fig 3 allows rationalizing the occurrence of very large Raman intensities for the
ECC modes. This is done through the evaluation of local parameters, namely the polarizability derivatives
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with respect to CC stretching coordinates. Indeed, the derivative of the molecular polarizability along the
ECC modes is mainly due to the large contributions arising from the CC stretching coordinates [10], and the
following equation holds:

6(Xuv_ oot _ Y

0" 2 5 bu= 2 g Lk 3)

According to [19], Qs the k-th normal coordinate, {r;} is the set of the internal valence coordinates,
Ly is the matrix element of the vibrational eigenvector, {R;} is the sub-set of the CC stretching internal
coordinates.
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Fig 3. Left panel: equilibrium CC bond distances computed by DFT for two oligoenes with 7 (a7) and 15 (al5) double
CC bonds. Right panel: contributions to the polarizability derivatives arising from individual CC bonds along the

oligoene chain, namely da/0R; parameters.

Since in oligoenes, the tensors da/OR; have one dominant diagonal element in the direction of the
main molecular axis [10], we can discuss the behaviour of da/0Q, by simply considering their trace, indicated
as O0a/OR;. These values are reported in Fig 3. The adjacent single and double CC bonds stretching show
values of 0a/OR; with opposite sign. According to Eq (3), the contributions from the individual CC bonds to
0a/0Q;, sum up, which implies large Raman intensities for the ECC modes. This is due to the fact that also Z;,
have opposite signs when the i label indicates a single or a double bond, since in ECC modes the single and
double bond stretch out-of-phase, according to Eq (1).

4 IRAV

We consider now the models designed for the description of charged defects that approach the
structure of a charged polaron (al5+) and a charged soliton (b+). The oligoene al5 (hereafter referred simply
as case a) describes the “reference” neutral species for the singly charged polaron, while the radical b is the
neutral reference for b+.

Figure 4 illustrates the equilibrium CC bond lengths along the backbone of the three models a, a+,
b+. The charged species show a remarkable relaxation of the equilibrium structure toward a more equalized
geometry, especially in the inner region. This structure rearrangement is quantified in Table 2 by the decrease
of the (BLA) and [BLA(g] values for a+ and b+.

Remarkably, the point group symmetry of these molecular structures changes in pairs: the neutral
soliton (b) and the charged solitons (b+/b-) belong to the C,, point group, whereas a and the a+(a-) polarons
belong to the C,, point group. The presence of the inversion symmetry in the C,;, group implies a perfect
mutual exclusion of IR and Raman transitions for a, a+, and a-. This promptly reveals that by charging a
molecule with C,, symmetry one cannot admit the activation in the IR of Raman active vibrations. On the
other hand, the in-plane modes of the C,, structures can have simultaneous IR and Raman activity.
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Fig 5. Raman spectra simulated by DFT of the model molecules that describe the neutral and charged (doped) species.
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For these models, the simulated Raman spectra reported in Fig 5 show that:

- the Raman spectra of the neutral species (a, b) are very selective, and they display two very strong
lines assigned to v; and v, ECC modes (see Fig 2 for the illustration of the associated nuclear displacements);

- the Raman spectra of the charged species are richer of bands that show non-negligible intensities;

- by passing from a to a+ one observes a remarkable weakening of the Raman intensity of the ECC
modes, especially for the v, line that decreases by one order of magnitude (see Table 2).

Interestingly, in the neutral soliton (b), the two very strong Raman lines (v;, v,) correspond to
ECC-like vibrations of A; symmetry species whose displacements patterns (Fig 2) are similar to those of the
neutral oligoene (a), but show a node, in correspondence of the central C atom. Remarkably, in the neutral
soliton one observes the inversion of the single-double CC bond alternation pattern from the left- to the right-
hand side of the central C atom (Fig 4), thus the A displacement pattern (ECC with a central node) is the true
BLA oscillation in this case. It is also worth mentioning that the frequencies of the ECC modes of the neutral
soliton model (b) are remarkably lower than those of the neutral oligoene (a).
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Fig 6. IR spectra simulated by DFT of the model molecules that describe the neutral and charged (doped) species.

Figure 6 reports the IR spectra of the models of the neutral oligoene, the neutral soliton, and of the
charged species. In this case, we obtain very strong and selective IR spectra for all the charged species, with
two ECC bands (IRAVs) that dominate the spectra. Very importantly, the neutral species display ordinary IR
spectra that show several transitions with comparable IR intensity.

By looking at the IR intensities reported in Table 2, one realizes that this feature is caused by the
fact that in the IR spectra of a and b the transitions associated to v, and v, are weak, with intensities that
are about two orders of magnitude lower than the two IRAVs which arise upon charging. In other words,
also the charged species have a manifold of IR active modes of comparable strength, but their intensities are
vanishingly small when compared with the two exceptionally strong IRAVs. This result is very important,
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since it proves that the quantum chemical models adopted here can describe the onset of the IRAVs that is
observed upon doping PA. In addition, the appearance of very strong IR bands, overwhelming any other IR
transition, our quantum chemical models nicely reproduce the second remarkable experimental evidence,
namely the decrease of the wavenumber of the IRAVs with respect to the Raman active ECC modes of the

neutral (pristine) species.
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220 C Castiglioni and M Tommasini

Also in the case of the charged species Eqs (1) and (3) can rationalize the trends observed for
the Raman intensities of the ECC modes. The left panels of Fig 7 show 0a/OR; parameters that occur upon
charging. The most remarkable effect in the central section of the chain of a+ and b+ is the loss of the
pattern typical of the neutral oligoene (with opposite signs for adjacent CC bonds). This pattern change is
observed in a+ and b+ in correspondence of equilibrium values of BLA that approach 0. This implies that
for the ECC modes of the charged species the central CC bonds provide a vanishing contribution to the total
polarizability derivative, da/0Q; because of the quasi-perfect cancellation of the similar contributions from
adjacent stretching coordinates, when they oscillate out-of-phase.

A similar analysis is presented in the right panel of Fig 7 for the individual IR local parameters oM~/
OR;, namely the molecular dipole derivatives with respect to individual CC stretching coordinates. Similar
to Eq (3), Eq (4) provides the expression of OM™/ 0Q;, which leads to the IR intensities of the ECC modes:

oM™ I = oM™
or, TR,

For the neutral species, the pattern of the 0M*/ OR; parameters (Fig 7) tells us that the ECC modes

are silent in the IR: the contributions arising from the right-hand side of the central CC bond cancel those

coming from the left-hand side, which is expected based on symmetry selection rules. Moreover, OM™/ OR;
parameters are small, which is also expected because the CC bonds are apolar in neutral oligoenes.

oM™
a_Qk =2, Ly )

The situation is completely different for the a+ and the b+ cases. In both cases, the stretching of
adjacent CC gives OM */OR; parameters with opposite sign. Interestingly, while crossing the centre of the a+
molecule, one observes the inversion of the OM */OR; pattern: in the left side OM */OR; is negative for odd i
values and positive for even i values, while in the right side 0M */OR; is positive for odd i and positive for even
i. This inversion of the OM */OR; pattern does not happen in b+. Hence, by simply considering the 0M */0R;
patterns and Eq (4), we can predict strong IR activity for the B; ECC mode of b+ (without nodes) and for the
B, ECC mode of a+ (with a central node).
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Fig 8. Comparison between the Raman and IR spectra simulated by DFT of the neutral and of the
corresponding positively charged model: top b/b+; bottom: a/a+.

Figure 8 summarizes the Raman/IR response of the a, a+ and b, b+ models. It is apparent that the
neutral species show intense and selective Raman spectra, whereas the charged species have a very strong
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and selective IR spectra, dominated by IRAV. Interestingly, both the neutral (b) and charged (b+) species
(mimicking the soliton like defect) and the a+ species (mimicking a charged polaron) show lower frequencies
than the neutral oligoene (a), which indicates that the decrease of the ECC wavenumber is highly correlated
with the relaxation toward an equalized structure (small BLA). Moreover, a smaller BLA value is also the
evidence of a more effective n-electron conjugation.

5 IR activation: interpretation by means of local IR parameters

We have analysed further the positive soliton model (b+), to better highlight the mechanism at the
basis of the activation of IRAVs. According to the Equilibrium Charges - Charge Fluxes (ECCF) model,
it is possible to identify two contributions to the dipole moment derivatives OM/0Q;, namely: (i) the effect
of the displacement of atoms carrying fixed partial charges (equilibrium charges), (ii) the charge fluxes
associated with atomic vibrations (i.e., the change of the atomic charges induced by nuclear displacements).
It is shown in Ref[7] that the intensities of the IRA Vs, caused by the very large dipole derivatives associated
with the ECC modes, cannot be accounted for by a model with just fixed equilibrium charges. This holds
even in presence of the non-negligible fractional charges on the C atoms that result from the excess charge
transferred by the doping process. The charge distribution of the doping-induced charge defect has been
firstly described several years ago in the pioneering work by Brédas et al [21,22], through the inspection of
the Mulliken charges of a soliton-like model oligoene. Features that are similar to those reported in [21,22]
are reproduced by our calculations on b+, when looking at the distribution of the equilibrium excess charge
that is present at each C site (Fig 9). Each CH group is considered as a whole, by summing the equilibrium
charges on the C and H atoms of each CH group. We have computed the atomic charges according to
the ECCF model, starting from the Atomic Polar Tensors computed by DFT, and applying the procedure
illustrated in [25,26]. Figure 9 shows that the fractional positive charges are localized on the CH sites with
odd index, while the even index CH sites carry smaller and negative charges. The right-hand side panel of Fig
9 shows the plot of the change of the CH charges caused by a geometry displacement, AQ; = 0.1 A amu'?,
along the normal coordinate associated with the strongest IR active ECC mode (v;). The plot shows that, for
a positive displacement along the ECC mode, the charges on the left-hand side of the central C atom increase
(become more positive), whereas the charges on the right-hand side decrease (becomes more negative). This
results in a net displacement from right to left of the hole injected by doping.
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Fig 9. Localized charges and charges fluctuation calculated for the model of positively charged soliton (b+). Left
panel: excess charge localized at carbon atoms sites after charging the radical molecule b (soliton). Localized charges
are obtained according to refs [25,26], see text. Right panel: changes of the local charges on C atoms, after atoms
displacement along the ECC mode Q; (AQ; =0.1 A amu"/?).
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This outcome is very impressive because it directly correlates the nuclear dynamics described by
the ECC with the transport of the hole, which turns out to be assisted by such peculiar vibrational trajectory:
it is the evidence, at the molecular level, of the strong electron-phonon coupling that influences the charge
transport phenomena in polyconjugated materials.

6 Conclusions

The first goal of this study was to revise the early interpretation of the doping-induced IRAV features
observed in polyconjugated systems, notably PA. A theoretical analysis through DFT calculations carried out
on selected oligoenes in neutral and charged states, allowed reproducing the relevant spectroscopic features
experimentally observed. Moreover, this investigation confirmed that peculiar trajectories in the vibrational
space (i.e., the ECC modes) are responsible both of the selective and strong Raman spectra of the neutral
species, and of the appearance of IRAV bands upon charging.

The subtle question addressed in ref [ 14] weather the vibrational modes responsible for the IRAVs
of doped species are the same as the strongly Raman active ones of their neutral counterparts, finds here
an answer coming from the detailed vibrational assignment and the comparison of the different models
considered.

Based on the symmetry point group of each model molecule, we conclude that:

(1) the charging (by ionization) of finite size neutral molecules (a, b) does not cause a change of the
symmetry point group;

(i1) a, a+ and a— belong to the C,;, group, which implies that Raman active modes are not IR active (mutual
exclusion);

(iii) b, b+ and b—, because of their C,, symmetry, show modes that are simultaneously IR and Raman active.

The analysis of the vibrational eigenvectors associated to the most prominent Raman and IR bands
shows that:

(iv) the v, and v, modes that dominate the Raman spectrum of a and the IR spectrum of b+ (b—) possess a
large contribution from the collective vibrational ECC coordinate, described by the alternate stretching/
shrinking of adjacent CC bonds;

(v) the v; and v, modes which dominate the Raman spectrum of the radical species b are assigned to a
collective ECC vibration that shows a node at the centre of the molecule and belongs to A; species.
The same displacement pattern (ECC with a central node) describes the IRAV of the charged polaron
models a+ and a—.

According to points (i-v), we agree with ref. [14]: the analysis of finite size models allow stating
that the collective vibrational displacements associated to the strong Raman features are not the same which
describe the IRAV bands. However, one finds a quasi-perfect correspondence of the nuclear displacement
patterns if one compares the pairs (a, b+) and (b, a+). Furthermore, the comparison between the neutral C,;,
molecule a with the charged C,, model b+ suggests that a symmetry change is needed for the activation in
the IR of the Raman modes. Remarkably, this symmetry change corresponds to the same required for passing
from an infinite neutral and dimerized PA chain (1D crystal, C,;, symmetry factor group at I') to a 1D crystal
with fully equalized, and polarized CC bonds, mimicking the doped PA chain. Indeed, for an asymmetric
distribution of the excess charge, like the one illustrated in Fig 9, the doped 1D chain loses the inversion
centre, which results in a C,, structure that allows the activation in the IR of the Raman active A, phonons
of the neutral chain. In particular, the out-of-phase CC stretching corresponding to the ECC vibrational
displacement (Eq 1), which characterizes the two strongly Raman active ECC phonons of the neutral chain,
becomes a B; symmetry coordinate of the charged chain, whose associated phonons may display a large IR
intensity (see Section 5).
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Our finite size models also provide a molecular description of the frequency softening (or
renormalization ) caused by doping, as predicted by AM and ECC theories. Moreover, the detailed inspection
ofthe vibrational eigenvectors of the ECC modes for a and b+ species clearly proves their very close similarity
(Section 3).

In summary, based on the analogy between the ideal infinite models and the molecular models
investigated here, we finally understand why AM theory and ECC theory - in their early formulation applied
to the 1D crystal - had such a remarkable interpretative power.

The most important issue of these pioneering approaches was the conceptual incompatibility
between a lattice defect, involving a finite numbers of CC bonds, and the translational symmetry assumed
for modelling doped PA as a 1D crystal. In this respect, it is important to recall that lattice defect in PA do
involve several CC bonds, so that collective normal modes of a finite chain, can be described quite well by
selected phonons of the parent 1D crystal [20]. It is also remarkable that the AM theory tried to manage this
issue while introducing the concept of a pinning potential to which a real doping-induced defect is subjected,
because of the presence of a counterion, or by conjugation defects along the chain.

On the other hand, the possibility to perform high-level first principle calculations now provides us
with a detailed description of a variety of charge defects, accompanied by a geometry relaxation confined in a
finite-size molecular domain. For instance, C,;, defects, mimicking charged polarons, can be hardly described
with an infinite chain model but are nicely modelled by charging a long C,;, polyene. Such models tell us that
a mere activation of the ECC Raman modes in the IR cannot be always invoked, while ECC-like vibrations
(ECC with a node) can carry very strong IR activity without the need of any “symmetry breaking”.

The analysis of our models confirms the strong coupling among n-electrons and vibrational modes.
This is proven by the geometry relaxation along ECC, namely the change of the equilibrium BLA value that
occur upon charging and by the remarkable softening predicted for the ECC modes.

Further evidence of the electron-phonon coupling through ECC vibrations is the finding that the
strong infrared intensity of IRAV is associated to the hole hopping across the charge defect. This indicates
that doping induced intra-chain charge mobility could benefit of lattice geometry fluctuations occurring along
the ECC direction, i.e., associated to BLA oscillation.
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