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Abstract: Polymeric organic semiconductors play a pivotal role in the development
of new organic thermoelectric materials, sensing, and organic optoelectronics.
Understanding the relation between their structure and properties is essential for
designing the next generation of materials with improved features. Theoretical
modelling based on first-principles calculations is a powerful aid for interpreting
experimental structural and spectroscopic data of m-conjugated polymers, both in
their pristine and doped states. Two approaches are currently available, i.e.,
oligomeric models and one-dimensional (1D) periodic crystal, each of one with its
advantages and disadvantages. The combination of both allows to overcome the
limitations of each. However, to do this, it is fundamental to systematically address
the differences between these two approaches (molecular models vs. crystals).
Here, we present a first systematic comparison between oligomeric and (1D) crystal
models for describing the structural and spectroscopic properties of polyconjugated
polymers. Using polythiophene (PT) and poly(3-hexylthiophene) (P3HT) as
prototypical benchmark systems, we examine the relationship between finite-size
oligomers and the corresponding infinite polymer treated as a one-dimensional (1D)
crystal under periodic boundary conditions. Density functional theory (DFT)
calculations are performed to examine the convergence of geometrical parameters
and vibrational features (IR and Raman) as the oligomer length increases. The 1D
crystal model is then evaluated as the limiting case of the oligomeric series. Its
advantages in simplifying vibrational mode analysis are illustrated. This study
establishes a methodological framework connecting molecular and periodic
models, with direct relevance to the interpretation of experimental vibrational
spectra of conducting polymers.

Keywords: polythiophene; poly(3-hexylthiophene), infrared and Raman spectroscopy;
conducting polymers; DFT calculations; periodic boundary conditions

1. Introduction

Polymeric organic semiconductors, possessing an electronic structure with delocalized m-electrons along their
backbone, can achieve high electrical conductivity through chemical doping processes [1-5]. Their major
applications in the doped state include the development of organic thermoelectric materials, sensing, and organic
optoelectronics [5-10]. The structure of conducting polymers typically consists of sequences of CC bonds in sp?
or sp hybridization (as in polyacetylene or polyynes) or of aromatic and heteroaromatic rings (as in poly(p-
phenylene), polythiophene, polypyrrole, etc.). The grafting of side chains—such as alkyl chains with tailored
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length and structure—is a widely employed strategy to ensure good solubility and processability, as well as to
promote the formation of supramolecular architectures in the solid state, favouring stability and efficient charge
transport [11-18]. The engineering of polymer structures to achieve novel properties has relied on several
additional strategies, including chemical substitution or the copolymerization of monomeric units with different
electronic characteristics—for example, to obtain copolymers composed of alternating electron-donor and
electron-acceptor monomers [19,20]. The introduction of polar bonds, for instance through fluorination, enables
the formation of supramolecular structures characterized by strong electrostatic interchain interactions [21,22].
Conversely, the incorporation of bulky cyclic groups that wrap around the polymer backbone can isolate individual
polymer chains, leading to a high anisotropy of transport properties along the chain axis [23,24]. Selective
deuteration also modifies electron—phonon coupling and ultimately influences both the spectroscopic response and
the electronic properties [25].

A key concept that has dramatically advanced the understanding of the physics and spectroscopic response
of conducting polymers is the observation that molecules composed of finite sequences of identical chemical units
(oligomers) progressively approach the properties of the ideally infinite polymer as their size increases [26—32].
This behaviour has been investigated through experiments on tailored molecules. The interpretation has been
supported by finite-size molecular models, in which, however, the number and nature of units must be chosen to
balance accuracy and computational cost [33—39]. An alternative approach models the macromolecular polymer
as an ideal crystal, assuming conformational regularity and neglecting terminal effects, which, however, can be
present in real polymers.

Poly(3-hexylthiophene) (P3HT) is one of the most widely studied and versatile conducting polymers,
extensively employed in both its neutral and p-doped forms. Despite the vast literature on the structural,
spectroscopic, and electronic properties of P3HT [11,12,40-51], theoretical models—often essential for
interpreting experimental evidence—remain constrained by the need to simplify the systems under study, largely
due to computational costs [33-39,43,44,52-54]. In the past, several authors have applied solid-state physics
methods and formalisms to describe the characteristic spectroscopic features of conducting polymers and to
establish relationships between charge-transport properties and material structure, with particular attention to the
doped state and the peculiar physics of the charge carriers [55-59].

The characterization of P3HT, both in the pristine and p-doped states, largely relies on UV—Vis, Raman, and
IR spectroscopies. Numerous works modelled its spectroscopic properties through density functional theory (DFT)
calculations on oligomers of polythiophene (PT) and P3HT [36-39,43,44]. Simulations describing P3HT as an
ideal crystal have also been reported and have revealed several crystalline phases of P3HT, in both neutral and
doped states [60,61]. However, to the best of our knowledge, no studies have systematically addressed the
limitations of these two approaches (molecular models vs. crystal) or evaluated the predictive capability of the
crystal approach for the spectroscopic response. While oligomeric models are well understood and have
successfully supported the interpretation of several experimental observations, the ideal crystal model—being a more
realistic representation of the solid-state material, or at least of its crystalline phase—deserves further investigation.

In this work, we systematically compare the infinite model and a series of oligomers to provide a
comprehensive characterization of the structural and spectroscopic behaviour of P3HT, as prototypical benchmark
system. The polymer will be treated as a one-dimensional (1D) crystal, representing the infinite-length limit of
isolated molecules of increasing size. This investigation lays the groundwork for developing a more realistic three-
dimensional (3D) crystal model, with the ultimate goal of using periodic boundary condition (PBC) calculations
to simulate the spectroscopic features of doped P3HT in synergy with molecular models. This combined approach
will enable a rational interpretation of experimental evidence that cannot be captured by molecular methods
alone—for example, solid-state effects arising from polymer-chain packing or the electron polarizability in an
ideally infinite structure compared with confinement of m electrons in a finite-size molecule.

This paper has a methodological focus and begins by analysing the 1D crystal model in the simplest case of
polythiophene (PT)—the parent polymer of P3HT, composed of an unfunctionalized chain of thiophene rings (side
group R = H). Since it is known that in conjugated systems the onset of long-range interactions may require a unit
cell larger than the minimal translational unit, we first examine the stability of the calculated results with respect
to cell size. We then present a comparative discussion of the results obtained, at the same theoretical level, for PT
oligomers of increasing length (from T4 to T45) and the infinite polymer. The discussion aims to address the
following questions:

e Do the structural and spectroscopic properties of the oligomers converge as the monomer sequence length
increases? Based on this, what is the threshold length (N) for a TN oligomer that can be considered a good
model of PT? Since our focus is on vibrational spectra, the analysed parameters include geometry, IR, and
Raman spectra (vibrational frequencies and intensities).
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e  Does the ideally infinite 1D crystal represent a good model for the study of the spectroscopic response of the
real polymer in the solid state?

Being able to use the 1D crystal model confidently offers significant advantages—not least the drastic
simplification of spectral analysis, due to the reduction of degrees of freedom to those of the elementary cell (for
instance, the analysis of vibrational eigenvectors becomes both simpler and more robust). Moreover, it enables the
investigation of the effects of introducing side-chains at a lower computational cost than that required for treating
large molecular models.

Besides, a well-founded and carefully considered selection of molecular models will allow us to explore the
effects of conformational changes (e.g., deviations from planarity) and the presence of defects, which cannot be
captured in periodic structures but are nevertheless relevant in polymer solutions or amorphous phases.

In this work, we focus exclusively on the pristine (undoped) polymer. Following the systematic comparison
between PT and its oligomers (TN), we extend the analysis to the comparison between the 1D crystal model of
P3HT and its 3HT8 oligomer—a 3-hexylthiophene octamer used as a reference model in other studies [36].

2. Methods

All the DFT calculations discussed in this work have been performed using the B3LYP functional and are
based on structural models mimicking the crystalline phase of P3HT in the solid state, where the thiophene
backbone is reported to be fully planar [11-15,61]. For this reason, the geometry optimization is performed on
planar structures. We consider the following structural models:

(1) Unsubstituted one-dimensional (1D) infinite crystal, indicated as PTn, with n number of thiophene rings—
all in trans conformation—in the repeating unit cell (n = 2, 4, 6, 8). The calculations are carried out with
periodic boundary conditions (PBC) and the cases n =4, 6, 8 are supercells of the minimal translational unit
(n = 2). The n thiophene rings in the guess geometry are taken from the corresponding n central units of a
12-rings oligothiophene, previously optimized with C,; symmetry constraint in the absence of PBC. The
calculation for that oligomer was performed by imposing co-planarity of the thiophene rings (i.e., all inter-
ring C—C torsional angles fixed at § = 180°).

(2) Unsubstituted finite thiophene oligomers, indicated as TN, with N being the number of thiophene rings—all
in trans conformation—constituting the molecular backbone (N = 4, 6, 8, 12, 14, 18, 22, 45). The guess
geometry for the optimization procedure of the oligomers was derived from previously DFT optimized planar
oligothiophenes [36] with the same number of thiophene rings.

(3) Alkyl-substituted models with a substitution pattern (position 3) matching a regioregular P3HT chain. The
1D crystal model of P3HT contains two alkylated thiophene rings in the unit cell, and its guess geometry is
obtained from the previously optimized structure of the central unit of an octameric molecular model (3HTS).

All calculations reported in this work have been performed using the POB triple-zeta valence + polarization
basis set for solid state systems, namely the POB-TZVP-rev2 basis set [62].

All the calculations regarding the 1D infinite crystal models have been performed with the CRYSTAL17
package [63—65], either imposing or neglecting the symmetry. The unsubstituted models belong either to the C3,
or P2/m11 group, whereas the alkyl-substituted models belong either to the €2 or P112; group, according to
the Schoenflies or the Hermann-Mauguin notation, respectively. In addition, for the PT2 model, we evaluate the
effects of the TOLINTEG and SHRINK parameters by comparing results obtained with the settings TOLINTEG
(999 18) and SHRINK (8 8), with (12 12 12 24) and (16 16), respectively.

To assess convergence toward the properties of the 1D polymer, the CRYSTAL17 code has also been used
to perform calculations on the oligothiophene molecular models (except for the T45 model). In this case, symmetry
is exploited by imposing the C,, (z) (Schoenflies) or 2/m (z) (Hermann-Mauguin) point group.

To perform the calculations in the absence of PBC, we have used the Gaussian09 package [66] on thiophene
oligomers 3HT8 and TN (including the T45 model). It is important to notice that the implementation of B3LYP in
CRYSTAL17 and Gaussian09 differs slightly. Notably, the Vosko-Wilk-Nusair correlation potential [67] included
in the B3LYP definition [68,69] exists in different formulations: Gaussian09 adopts functional form III [66],
whereas CRYSTAL17 adopts functional form V [65]. As illustrated below, this slight difference in the correlation
potential causes minimal systematic differences in the vibrational properties of the models investigated in this
work. Where necessary, to clarify this minor difference in the computational setup, we indicate the DFT functional
as B3LYP-III or B3LYP-V.

Molecular structures for each model were fully optimized, and the final equilibrium structures used for the
vibrational frequency calculations. IR and Raman spectra were computed in double harmonic approximation at
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the same level of theory used for the geometry optimization. The vibrational analysis was carried out by means of a
post-processing procedure using the Gaussian and CRYSTAL output files, following the method illustrated in [36].

3. Modelling Unsubstituted Polythiophene (PT) and Its Oligomers
3.1. PT as a One-Dimensional (1D) Crystal

We model the polymer chain as a one-dimensional crystal consisting of a periodic repetition along the chain
axis ¢ of a base unit composed of two co-planar thiophene rings (T2). Since this study aims to assess the
convergence of characteristic parameters (equilibrium geometry, vibrational frequencies, and intensities) of
oligomers of increasing length toward those obtained for the 1D crystal, it is first necessary to evaluate the extent
to which the numerical values of the crystal parameters vary upon modifying the computational setup, once the
functional and basis set have been selected. In systems with delocalized electrons—where long-range interactions
are significant—the following aspects may affect the results:

i.  Effect of the unit cell size: It is well known that the use of a supercell, i.e., a cell that is a multiple of the
minimal translational unit, may influence the accuracy of periodic calculations since it affects the way long-
range interactions are evaluated. To assess this effect, we tested the stability of our results by comparing
supercells of double (PT4), triple (PT6), and quadruple (PT8) size with respect to the conventional cell
containing a single T2 unit.

ii.  Effect of symmetry: by enforcing the correct chain symmetry (Cyy), the CRYSTAL code allows describing
the crystal structure based on a single asymmetric unit (i.e., one thiophene ring for the PT2 model). This
choice helps to reduce numerical noise arising from minor differences in the description of the two rings
forming the translational unit and it may have non-negligible effects on both the optimized crystal geometry
and the computed vibrational spectra. Moreover, the use of symmetry constraints drastically reduces the
computational costs.

iii.  Effect of the numerical accuracy in the evaluation of the Coulomb and exchange integrals: the accuracy in
CRYSTAL can be systematically improved by tightening the truncation criteria through the TOLINTEG
parameter set. The thresholds (9 9 9 18) are typically chosen as a compromise between precision and
computational cost; however, in systems involving extended m-electron conjugation, such as polythiophene,
the accurate treatment of long-range electrostatic and exchange interactions may require stricter settings.
Therefore, we investigated to what extent tightening the integral tolerances (thresholds set to 12 12 12 24)
affects the convergence of structural parameters, total energy, phonon frequencies, and IR/Raman intensities.
This assessment is essential to ensure that the observed differences between finite oligomers and the 1D
periodic crystal are not artifacts caused by insufficient integral accuracy. We also investigated the effect of
modifying the SHRINK parameter in CRYSTAL, which defines the density of the reciprocal-space sampling
grid. In particular, we increased its values from (8 8) to (16 16).

Table 1 summarizes the results obtained from the different tests exploring the possible effects of the
computational setup, as discussed in points (i)—(iii). The selected parameters are those that will later be used in our
analysis of the molecular models and in their comparison with the one-dimensional (1D) crystal model: bond
lengths (R), cell parameter (c), wavenumbers (v), and intensities (I) of the most intense CC stretching modes in
the IR spectrum (antisymmetric C=C stretching, R—) and in the Raman spectrum (collective CC stretching,
assigned to the Effective Conjugation Coordinate mode—see below and [36,70—75]). For calculations performed
using supercells, IR and Raman intensities are normalized to the smallest translational unit (T2). Figure 1 shows
the IR and Raman spectra calculated using different computational setups, highlighting the effects of the symmetry
constraint and the supercell approach. All spectral features are described consistently across all tests. From the
data reported in Table 1, it can be verified that variations in CC bond lengths across the different calculations occur
only at the fourth decimal place. We observe maximum deviations of 5% in the computed IR and Raman intensities
and of 0.8 cm™ in the vibrational frequencies. The symmetry constraint does not affect the numerical results,
confirming that, when possible, it should be introduced in calculations to reduce the computational effort.

Since these variations are extremely small, definitely much smaller than the experimental uncertainty in the
determination of the parameters of interest, we conclude that the (TOLINTEG (9 9 9 18), SHRINK (8 8))
computational setup with the minimal translational unit (PT2) can be confidently adopted to investigate the
structural and spectroscopic features of PT properly. From this point onward, all analyses and comparisons will
be carried out using this computational setup for the 1D crystal model. The above analysis is also essential in view
of future extensions of the present modelling approach to systems characterized by larger translational units—such
as polythiophenes with alkyl side chains, three-dimensional crystals comprising multiple polymer chains per unit
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cell, doped polythiophene systems, or other conducting polymers with a larger and more complex monomeric
unit—which would substantially increase the computational demand.

Table 1. Geometric and spectroscopic parameters of polythiophene computed at DFT (B3LYP-V/POB-TZVP)
level for the one-dimensional (1D) crystal model, employing different computational setups (see text for details).

Rec (l'ill ) Rec Rcc Rcs c VIR Iir VRaman IRaman
Computational Setup g B (Inter-Ring) (R-) (R-) (ECC) (ECO)
A A A A A em?! kmmol! cm?! Afamu’
PT2(nosym) 1.408 1.374 1.434 1.775 7.851 15372  445.1 1477.5 22.8
cell size PT4 1.408 1.374 1.434 1.775 7.851 1537.1 4412 14773 23.6
PT6 1.408 1.374 1.434 1.776 7.851 1537.2 4446 14773 23.9
PTS8 1.408 1.374 1.434 1.775 7.851 1537.2 4442 14774 23.8
PT2 (sym) 1.408 1.374 1.434 1.775 7.850 1537.3 445.0 1477.6 22.8
TOLINTEG =12 1.408 1.374 1.434 1.776 7.851 1537.0 4634 1477.8 24.0
SHRINK = 16 1.408 1.374 1.434 1.775 7.851 1537.2 4432 1477.0 23.8
(a) (b)
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Figure 1. IR spectra (panel (a)) and Raman spectra (panel (¢)) of polythiophene (1D crystal), calculated at DFT
(B3LYP-V/POB-TZVP) level, using different DFT input setups with periodic boundary conditions (PBC) (see text).
Panels (b,d) display the IR and Raman spectra, respectively, normalized to the number of T2 units within the
translational cell adopted for each calculation. Spectra obtained by calculations with and without symmetry
constraints, represented by solid and dashed lines respectively, are reported.

The optimized PT structure shows that the sequence of CC bonds forming the polymer backbone alternates
between quasi-single and quasi-double bonds. However, the significant aromatic character of the thiophene ring
leads to a marked shortening of the intra-ring CC single bond compared with the inter-ring CC single bond, with
a bond difference of 0.026 A. This structure is usually described as aromatic, in contrast to the hypothetical quinoid
limiting form, in which the inter-ring bonds are double, and the single/double character of the CC bonds within
the thiophene ring is reversed. To complete the geometrical analysis, we observe that the CS bond length is very
stable across all the computational setups.

The theoretical prediction of the spectrum for the 1D crystal enables an accurate assignment of vibrational
normal modes by analysing the associated eigenvectors. This step is also essential for the subsequent comparison
with the spectra of the oligomeric models. Table 2 reports the eigenvectors corresponding to the most intense IR
and Raman-active modes, which correspond to phonons with wavevector ¢ = 0 belonging to the irreducible
representations of species A, and B, (IR-active phonons) and A, (Raman-active phonons). The selection of the
https://doi.org/10.53941/ps.2026.100012 5 of 20
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modes presented here, based on their intensities, does not include any modes of B, symmetry, as these transitions
are very weak in PT.

As evident from the data in Table 2, the IR spectrum is dominated by the antisymmetric stretching mode of
the C=C quasi-double bonds of the thiophene rings, R— at 1537 cm™'. On the other hand, the Raman spectrum is
primarily dominated by the band at 1477 cm™!, associated with the collective stretching of all the CC bonds along
the polymer backbone, commonly referred to as the Effective Conjugation Coordinate (ECC) mode. Vibrations
along the ECC coordinate modulate the degree of CC bond-length alternation, since it corresponds to an out-of-
phase oscillation of the C=C and C—C bonds; it can thus be described as an oscillation between a more aromatic
and a more quinoid molecular structure.

A large body of literature [70-75] discusses the definition of the ECC coordinate for various conducting
polymers, where the presence of strong electron—phonon coupling for vibrational modes with high ECC character
causes a pronounced sensitivity of the frequencies of ECC modes to the degree of m-electron conjugation along
the polymer backbone. Moreover, the strong electron—phonon coupling accounts for the exceptionally high Raman
intensity of the ECC modes, which is typically so large that other (non-ECC) transitions appear comparatively
negligible. From the perspective of the spectroscopic response, the peculiar features of the ECC modes are
precisely what make delicate the modelling of the polymer via finite-size molecular models. It is well known that
n-electron conjugation is affected by confinement effects in finite systems. In this context, an important question
naturally arises: what is the appropriate molecular model size required to accurately describe the characteristic
spectroscopic features of the polymer? The following analysis will address this issue.

Table 2. Sketches of the vibrational eigenvectors corresponding to the normal modes of PT and P3HT described
as 1D crystals. The modes exhibiting the largest IR or Raman intensities have been selected. Blue and green
segments indicate bond stretching and contraction, respectively; the segment thickness is proportional to the
contribution of each bond deformation to the vibrational eigenvector. Red arrows represent the direction of atomic
displacements within the normal mode. Out-of-plane atomic displacements are illustrated by red and blue circles,
whose radii are proportional to the magnitude of the displacement. For each selected mode, the calculated
wavenumber, IR or Raman intensity, vibrational assignment, and symmetry species are reported.

PT — 1D crystal P3HT — 1D crystal
IR modes IR modes

v(cm) 808 855
Iig (km mol™") 75 21
Irrep — mode A, — CH out-of-plane bend A — CH (ring) out-of-plane bend

aat@tal YA

v (cm™") 1537 1550
Iig (km mol™") 445 247
Irrep — mode B, — antisymm C=C stretch, R—; CH wag A — antisymm C=C stretch; CH wag
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PT — 1D crystal

P3HT — 1D crystal

IR modes IR modes
/ i 4
\ \
v(cm™) 3192 3186
Iir (km mol ™) 63 107

Irrep — mode

B, — antisymm CH stretch

A — CH (ring) stretching

Raman modes

Raman modes

v(cm)

703

609

IRaman (10° A* amu™)

13

4

Irrep — mode

A, — symm CS stretch

A — CS stretch

LV

NS~ A
v ‘ NA
v (Cmfl) 1070 1043
TRaman (10> A* amu™") 192 30

Irrep — mode

A, — collective symm C—C stretch;

A: ring CC stretch + CC hexyl; CS stretch,

CS symm stretch, CH wag CH wag
NSTRAT, NN
v (ecm™h) 1235 1217
TRaman (10> A* amu™") 62 26

Irrep — mode

A, — ECC ring + interring CC stretch;

CS symm stretch

A — ECC ring + interring CC stretch + CC

chain; CS stretch
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Table 2. Cont.

PT — 1D crystal P3HT — 1D crystal
Raman modes Raman and IR modes

YA f\l/f\z/

v(cm) 1406 1407
IRaman (10° A* amu™) 191 742
Iig (km mol™") - 91
Irrep — mode A, ring C—C stretch; CH wag A — CC stretch (ECC) + CC chain; CH wag
i T SN
v(em™) 1477 1467
IRaman (10° A* amu™) 2281 1798
Iir (km mol ™) - 515
Irrep — mode A, collective ECC mode A collective ECC mode

3.2. Modelling of TN Oligomers

In Table 3 and Figure 2, we compare the geometric parameters and vibrational spectra of TN oligomers of
increasing length—from T4 to T45—and of the 1D crystal model, in order to highlight any trends that should
converge to the one-dimensional crystal limit. The last two rows of Table 3 show how the structural parameters
are affected by introducing the alkyl-substitution: more detailed comments will be presented in Section 4.

In our structural analysis, we focused on the central T2 unit of each oligothiophene model. The first
observation is that the variations in the equilibrium CC bond lengths never exceed 0.002 A. The calculated values
are already stable from the T8 oligomer onward, with the central unit exhibiting the same geometry as the polymer.
When we compare values obtained with different codes (i.e., Gaussian and CRYSTAL) using the same basis set,
we observe similar trends for increasing oligomer length (i.e., number of T2 units). The same considerations also
apply to the CS bond length, which appears to be independent of the oligomer size. However, the inter-ring CC
bond lengths—Rcc (int-ring)—are systematically shorter in Gaussian compared to CRYSTAL. As described
above (Methods), the forms of the Vosko-Wilk-Nusair (VWN) correlation functional employed in B3LYP [67]
are different in Gaussian (VWN-III) and CRYSTAL (VWN-V). Our results highlight the sensitivity of the
calculations to this choice, suggesting that the form of the VWN correlation functional may have a measurable
impact in low-gap systems with highly delocalized electrons. This impact is even more significant when
considering selected spectroscopic parameters. For this reason, we decided to analyse in parallel spectroscopic
data obtained from B3LYP-V and B3LYP-III calculations.
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Table 3. Equilibrium bond lengths of the central unit of TN oligomers and PT (described as a 1D crystal). Data
were obtained from DFT geometry optimization performed with the CRYSTAL and Gaussian codes at the B3LYP-
V/POB-TZVP and B3LYP-III/POB-TZVP levels, respectively. Structural parameters for P3HT and for 3HT8 are
reported in the last two rows; asterisks (*) highlight the bonds located closer to the hexyl chain.

Rcc (Ring) [A] Re=c [A] Rcc (Int-Ring) [A] Rcs [A]
B3LYP B3LYP B3LYP B3LYP B3LYP B3LYP B3LYP B3LYP
\4 111 \4 111 \4 111 \Y 111
PT 1.408 - 1.374 - 1.434 - 1.775 -
T45 - 1.407 - 1.374 - 1.432 - 1.775
T22 1.408 1.407 1.374 1.374 1.434 1.432 1.775 1.775
T18 1.408 1.407 1.374 1.374 1.434 1.432 1.775 1.775
T14 1.408 1.407 1.374 1.374 1.434 1.432 1.775 1.775
T12 1.408 1.407 1.374 1.374 1.434 1.432 1.775 1.775
T8 1.408 1.407 1.374 1.374 1.434 1.432 1.775 1.775
T6 1.409 1.408 1.374 1.374 1.435 1.433 1.775 1.775
T4 1.411 1.410 1.372 1.373 1.436 1.434 1.775 1.775
P3HT 1.414 - 1.383(*)/1.374 - 1.439 - L782(%)/1.773 -
HT8 1.415 - 1.383(*)/1.374 - 1.439 - 1781(*)/1.773 -
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Figure 2. IR and Raman spectra of: TN oligomers obtained from DFT calculations using B3LYP-V/POB-TZV
(CRYSTAL)—panels (a,b)—and the B3LYP-III/POB-TZVP (Gaussian code)—panels (c¢,d). The IR and Raman
intensities are normalized with respect to the number of internal T2 units in the oligomer to enable comparison with
the D crystal, whose translational unit is T2.

The analysis and comparison of the calculated spectra constitute the main objective of this investigation and
allow us to highlight the effects of increasing the number of conjugated n-electrons on the spectroscopic response
of systems composed of thiophene units. The vibrational spectral features of the oligomers are shown in Figures 2
and 3 and in Table S1 (Supplementary Material). A straightforward inspection of the spectral properties, supported
by the analysis of the vibrational eigenvectors (Figure 4), shows that:

1. The IR and Raman spectra exhibit dominant transitions in the 1600-600 cm™' region (Figure 2). The intense
IR band of the oligomers appears close to the band of the 1D crystal which is assigned to the antisymmetric
(R-) stretching of the C=C bonds in the thiophene ring (see Figures 2 and 3a). As expected, the vibrational
eigenvectors of the oligomers correspond to a collective displacement pattern recognizable as R— (Figure 4).
The most intense Raman band of the oligomers shows a more pronounced frequency dispersion with
increasing number of thiophene rings in the backbone. This band converges toward the frequency of the ECC
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band of the 1D crystal as the oligomer length increases (Figure 3b), and the analysis of the oligomer
eigenvectors reveals an evident ECC-like displacement pattern (Figure 4).

Figure 2 shows that, even after normalizing the oligomer intensities to the number of internal thiophene-ring
1

orm (N—Z)/Z
normalized intensity is still observed as N increases (i.e., the values do not reach convergence to the intensity
of the corresponding vibrational transitions of the 1D crystal). This behaviour is highlighted in Figure 3¢ for
the R— IR band and becomes particularly pronounced in the case of the ECC Raman band (Figure 3d).

In addition to the dominant bands discussed in point 1, the calculated spectra allow the identification of other
significant bands, although weaker in intensity, which show a good correspondence between their peak
frequencies and those of the analogous bands of the 1D crystal (Table S1). It is important to note that each
IR/Raman band of the 1D crystal (selected based on its relative intensity and corresponding to one of the
normal modes reported in Table 2) exhibits a clear counterpart in the spectrum of each oligomer. Table S1
provides a quantitative overview of the frequency and intensity trends of these bands and of their excellent
frequency correlation with the corresponding bands of the 1D crystal. The analysis of the vibrational
eigenvectors of the oligomers further confirms this clear correspondence of normal modes: in the oligomers,
these modes are characterized by collective vibrational displacements in which all T2 units move in phase.
Each of these modes can be directly related to the displacement pattern of the corresponding ¢ = 0 phonon of
the 1D crystal, illustrated in Table 2 (see also Figure S1).

A careful analysis of the spectra of the shortest oligomers reveals the presence of bands that have no
counterpart in the 1D crystal spectra. These bands are typically associated either with modes localized on the
end units, or with collective modes corresponding to vibrations that are inactive in the 1D crystal, or with modes
that can be described as phonons with wavevector g # 0 (see, for example, the modes shown in Figure S2).

pairs—i.e., excluding the two terminal rings (for TN, I, )—a non-negligible increase in the
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Figure 3. Plot of the vibrational wavenumber of the IR-active collective mode (R— band) and of the Raman-active
collective ECC mode of TN oligomers and of the PT polymer described as a 1D crystal, as a function of 1/N (panels
(a,b), respectively). The point 1/N = 0 corresponds to the ideal 1D crystal composed of an infinite number of
thiophene units. Plot of the intensity of the R— band and of the Raman activity of the ECC band for TN oligomers
and for the PT polymer described as a 1D crystal, as a function of 1/N (panels (¢,d), respectively). The oligomer
intensities are normalized to the number of internal thiophene units of the TN oligomer, Zyorm = I/[(N — 2)/2].
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Figure 4. Vibrational eigenvectors of TN oligomers and 3HTS assigned to the collective R— and ECC modes, and
comparison with the eigenvectors of the corresponding ¢ = 0 modes of the 1D crystals (PT and P3HT). The reported
eigenvectors correspond to calculations performed with the B3LYP-V/POB-TZV. Green and blue segments
indicate bond stretching and contraction, respectively; segment thickness is proportional to the contribution of each
bond deformation to the vibrational eigenvector. Red arrows represent the direction of atomic displacements within
the normal mode.

Based on the modelling of the vibrational spectra of the TN molecules performed with the B3LYP-V
functional (CRYSTAL) (Figure 2a,b), we can conclude that the IR and Raman spectral patterns of planar oligomers
are very similar to those of the polymer modelled as a 1D crystal, at least starting from the T6 oligomer.
Quantitatively, most of the band frequencies remain nearly constant with increasing N and match the values
obtained for the polymer (Table S1). However, this trend does not apply to the two modes that correspond to the
most intense IR and Raman bands. In fact, we observe a significant frequency dispersion for the R— IR transition
(Av=16 cm! from T4 to PT, reduced to Av =10 cm' from T6 to PT). We also observe significant dispersion for
the ECC mode, whose band overwhelmingly dominates the Raman spectrum of all oligomers and exhibits the
largest frequency dispersion (Av =26 cm™' from T4 to PT, reduced to Av = 14 cm™! from T6 to PT). Only above
T8 does the plateau start to be reached. Considering the positions of the R— and ECC bands, the T12 oligomer
provides an excellent approximation to PT, with deviations reaching 4 cm ! and 3 cm ™!, respectively.

The trend in B3LYP-V -computed intensities exhibits a markedly different behaviour. Although the relative
intensities of the peaks are well reproduced, the absolute intensities are significantly underestimated by the
oligomer models. In particular, the Raman activity of the ECC mode steadily increases super-linearly with
oligomer length: the ECC intensity of T4, normalized to the number of T2 units, is roughly 30 times smaller than
that of the polymer, and it does not show any indication of reaching a plateau along the series from T4 to T22.
Notably, the Raman intensity of PT is nearly twice that of T22 and increases by a factor of 26 from T4 to PT
(Figure 3c). The effect is less pronounced for the IR spectrum (using the same normalization): the R— mode of PT
is 1.4 times more intense than that of T22, and PT exceeds T4 by a factor of 10 (Figure 3d).

The same observations apply to the oligomer spectra computed with the B3LYP-III functional (Gaussian).
In this case, we consider T45 as the limiting case, which we assume to be an excellent approximation to the infinite
model. Despite the systematically lower frequencies obtained with B3LYP-III relative to B3LYP-V, the overall
trends are essentially parallel, both considering the R— and the ECC mode (see Table S1 and Figure 3a,b). It is
noteworthy that, among the normal modes, the ECC mode computed with B3LYP-III exhibits the largest
deviations, for both frequencies and intensities, relative to the data obtained with the B3LYP-V functional. These
differences clearly stem from the strong sensitivity of ECC to electron—phonon coupling and thus to subtle
variations in the description of the n-electron structure arising from slight differences in the correlation potential
between B3LYP-V and B3LYP-III.
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All observations of the trends in frequency and intensity can be rationalized by noting that the increased
n-electron delocalization, which is expected as the length of the TN oligomer backbone increases, affects
vibrational dynamics. The effect is mostly evident for the CC stretching modes, and it is particularly pronounced
for the ECC mode, for which the presence of long-range interactions results in the well-known softening of the
frequency [70,71,74,75].

Vibrational intensities are known to be highly sensitive to the degree of m-electron conjugation [35,62,67].
An extended m-system enhances the molecular polarizability and, consequently, the Raman polarizability
associated with the ECC mode. IR intensities in conjugated systems can also be very large when significant charge
fluxes occur [36,75]. This phenomenon is less widely recognized because it pertains to m-polarized systems and
therefore does not arise when the vibrating bonds are non-polar or centrosymmetric. It has been demonstrated that
breaking inversion symmetry can lead to exceptional IR-intensity enhancement, for example, in push—pull
polyenes substituted at the two termini with an acceptor and a donor group respectively [75], or upon doping of
conjugated polymers [36,70]. It is evident that heteroaromatic rings with polarized C=C bonds may display intense
IR bands due to substantial charge flux associated with n-electron delocalization.

In conclusion, the T12 oligomer can be proposed as an adequate structural and spectroscopic model of the
polymer. However, while the Raman spectrum is expected to reproduce the relative intensities well, the absolute
intensities will be significantly underestimated. The fact that a planar T12 oligomer provides a suitable
representation of the polymer in its regular planar conformation suggests that T12 molecular models with irregular
non-planar conformations can satisfactorily describe a polymer containing structural defects. In other words, this
oligomer could effectively mimic the behaviour of polymer solutions or amorphous phases. Conversely, we have
verified that the 1D model—whose computational cost is dramatically lower, as the polymeric repeating unit is
reduced from twelve to just two thiophene units—can also be suitable for describing the spectroscopic behaviour
of partially distorted finite-size systems, provided that their conjugation length is comparable to that of an oligomer
containing approximately ten coplanar thiophene rings.

4. Poly(3-Hexylthiophene) as a 1D Crystal and the 3HT8 Oligomer

To support the structural characterization of one of the most widely studied and technologically relevant
conducting polymers, we extended our analysis to include the structure and vibrational spectra of P3HT. This
polymer exhibits crystalline domains—both in the neutral and doped states—with degrees of crystallinity and
morphologies that strongly depend on the preparation protocol of the solid material, which can be processed either
as thin films or as fibers [11-13,16—18]. In the crystalline phase, the polymer adopts a conformation in which the
thiophene rings are either fully coplanar or display slight deviations from planarity. On this basis, we modelled the
polymer chain as a one-dimensional crystal, with a translational unit composed of two 3-hexylthiophene (HT)
moieties. A screw axis with rotation 6 = 7 relates the two HT groups, so that the polymer line group is isomorphic
to the point group C, and the minimal asymmetric unit consists of a single HT moiety. In this configuration, the
alkyl side chain adopts an all-trans conformation and is attached to the thiophene ring with a torsional angle
T =90° about the C—C bond linking the ring carbon to the first CH2 unit of the hexyl chain, while the hexyl chain
axis is tilted by ® = 140° with respect to the backbone axis. This geometry had already been identified in a previous
theoretical study [43] and is consistent with crystallographic data for the most stable crystalline phase of P3HT
and related oligomers [11,14,15]. The structural parameters obtained after optimization of the 1D crystal geometry
are reported in Table 3, allowing direct comparison with those of unsubstituted polythiophene.

The introduction of the hexyl group produces mainly the following structural effects on the 1D crystal model
of P3HT—hereafter referred to as P3HT:

(1) A significant elongation of the C—C bonds: both the quasi-single C—C bond within the thiophene ring and the
inter-ring C—C bond in P3HT are longer than in PT, with AR = 0.05 A. Based on this observation, the P3HT
backbone may be described as more aromatic than that of PT.

(i) A pronounced asymmetry between the two C=C bonds of the ring: the C=C bond adjacent to the substituent
elongates by AR = 0.05 A, whereas the other C=C bond has essentially the same length as in PT. This loss of
local C,, symmetry of the ring is expected to strongly affect the vibrational dynamics.

Figure 5 reports the Raman and IR spectra of P3HT, which can be compared with the spectra calculated for
PT in Figure 1. The first aspect to underline is the excellent agreement between the computed IR and Raman
spectra of P3HT (Figure 5a,b)—modelled as a 1D crystal—and the corresponding experimental spectra recorded
from solid P3HT samples (Figure 5c,d). Table 2 displays the eigenvectors of selected normal modes corresponding
to IR or Raman-active bands of P3HT with significant intensity, together with the corresponding PT modes, showing
a close correspondence in atomic displacement patterns and wavenumbers.
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Figure 5. B3LYP-V/POB-TZVP calculated and experimental IR and Raman spectra of P3HT in panels (a,b), and
in panels (¢, d), respectively. The upper panels also show the vibrational spectra of the 3HTS oligomer.
Experimental details are reported in ref. [51].

The IR spectrum of P3HT shows marked differences with respect to that of PT. Apart from the obvious
appearance of intense stretching bands of the CH2 and CHs groups of the hexyl chain (computed between 3000
and 3100 cm™!), the region below 1600 cm ™! becomes substantially more complex. The most evident effect—directly
related to the symmetry reduction—is the IR activation of the two strongest Raman transitions (v = 1407 cm™! and
v=1467 cm!, respectively). The position and especially the strong Raman intensity of the 1467 cm™! band support
its assignment to the collective ECC mode, as confirmed by inspection of the vibrational eigenvector (Table 2).
Notably, in the IR spectrum of P3HT, the ECC band becomes significantly more intense than the antisymmetric
R stretching band (v = 1550 cm™"). This behaviour reflects strong charge-flow contributions along the polymer
backbone induced by the ECC vibration that becomes IR-allowed due to the loss of inversion symmetry and the
involvement of polarized C—C bonds.

The Raman region below 1350 cm™! is complicated by the coupling between backbone vibrations and the
CH: bending modes of the hexyl substituents. This mixing makes it difficult to establish a one-to-one
correspondence between the modes of P3HT and those of unsubstituted PT. Table 2 reports a selection of P3HT
eigenvectors that exhibit a large projection onto the corresponding PT modes. However—as illustrated in Figure
S3—several P3HT modes may correspond to a single PT mode while still retaining similar thiophene-ring
displacement patterns. This explains why the paired modes listed in Table 2 can sometimes show markedly
different Raman intensities in PT and P3HT.

This observation mostly concerns the two dominant Raman bands at 1407 and 1467 cm™!, which correlate
with the PT bands at 1406 and 1477 cm ™. In particular, the 1407 cm™' band is approximately four times more
intense than the corresponding band of PT. The different relative intensity of these two Raman features can be
rationalized by a detailed comparison of the eigenvectors in Table 2, which reveal important differences:

(1) The stretching of the C—C bond linking the hexyl chain to the thiophene ring is strongly involved in both
P3HT modes, vibrating out of phase and in phase, respectively, with the adjacent ring C=C bond.

(i) Both P3HT modes include a significant contribution from inter-ring C—C stretching, whereas in PT only the
higher-frequency, more intense mode involves substantial inter-ring stretching.

(iii) The 1467 cm ! mode of P3HT exhibits negligible contribution from the quasi-single C—C ring bond, whereas
the corresponding PT mode at 1477 cm™! clearly involves this internal coordinate.

Observations (ii) and (iii) demonstrate that the ECC coordinate is involved to different extents in the two
polymers: the 1406 cm™' mode of P3HT possesses a stronger ECC character compared to the corresponding mode
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of PT, which fully accounts for the enhanced intensity of the 1406 cm™! band in P3HT. It is also noteworthy that
the most intense ECC mode occurs at a lower frequency in P3HT than in PT; this might be misinterpreted as
evidence of enhanced m-electron conjugation along the backbone, contradicting the structural findings. Instead,
the frequency shift is more reasonably attributed to differences in dynamic coupling, in particular the participation
of the side-chain C—C stretching in the collective vibration.

In a previous work [36], the 3HTS oligomer was proposed as a molecular model of P3HT, based on the idea
that it provides a good compromise between computational cost and the quality of the predicted spectroscopic
response of the polymer. On the one hand, a sufficiently extended backbone is required to properly describe effects
that depend on the degree of m-electron delocalization; on the other hand, it is necessary to realistically describe
the alkyl chains, whose vibrations modify the spectral pattern both through dynamic couplings—in particular
between the CC-stretching modes of the backbone and the bond by which the hexyl group is attached to the
thiophene ring—and through intense vibrations, e.g., CH-stretching modes localized on the alkyl chain.

By directly comparing the results from the calculation of the 1D infinite P3HT crystal model with those from
the calculation on 3HTS, performed at the same level of theory, it is now possible to highlight the strengths and
limitations of the molecular model. Figure 5, panels a and b, shows the direct comparison between the calculated
spectra for P3HT and 3HTS. Several observations are immediate:

1. The IR and Raman spectral patterns of P3HT (as a 1D crystal) are reproduced very well by the molecular
model: in particular, all the intense transitions of P3HT correspond (both in frequency and in vibrational
mode description) to intense transitions of the oligomer.

2. The spectra of 3HT8—especially the IR spectrum—contain a larger number of peaks, due to the presence
of modes localized at the terminal regions and to the activation of modes corresponding to phonons with
wavevector g # 0 in the polymer. This latter phenomenon is responsible for the peak appearing near the ECC
band, calculated at about 1500 cm™', which arises from the convolution of bands associated with different
ECC-like transitions.

3. The vibrational band intensities of the oligomer are, overall, significantly weaker than those of the polymer.
In fact, although Figure 5 reports the 3HTS spectra without the normalization required for proper comparison
with the polymer—whose intensities refer to a translational unit of two HT rings—both the IR and Raman
spectra of the oligomer appear significantly weaker. Table S2 allows for a quantitative comparison of the
intensities of selected bands (IR and Raman) for the two models: it is interesting to note that both IR and
Raman modes with significant ECC character show the largest discrepancies in intensity. For this reason, the
relative intensity of the two strong IR-active bands assigned to the R— mode and to the ECC mode
(see sketches of eigenvectors, Figure 4) differs between the IR spectra of 3HT8 and P3HT. This feature can
be explained by a different charge-flux contribution associated with the ECC mode, which becomes
increasingly relevant as the m-system extension increases.

4.  The same phenomenon can be observed when considering the full IR spectrum (Figure S4), including the
region around 3000 cm™!, which contains dominant contributions from CHz-stretching vibrations of the alkyl
chains: while in the oligomer the CH-stretching bands display overall higher intensity than the CC-stretching
bands (ECC, R-), in the P3HT — 1D crystal the latter dominate the spectrum.

Comparison with the experimental solid-state spectrum of P3HT suggests that the 1D crystal model
reproduces the overall intensity pattern below 1600 cm™! more accurately than the oligomer model (Figure 5).
However, the oligomeric model can still be considered satisfactory for investigating the spectroscopic properties
of the polymer, provided that the limitations of the molecular model are carefully taken into account—namely, by
disregarding modes mainly involving terminal groups and those activated by the relaxation of translational
symmetry. Moreover, the systematic underestimation of vibrational intensities provided by the molecular model
should be carefully considered. In this respect, we cannot overlook the well-known issues related to the calculation
of absolute intensities of conjugated systems: DFT methods are believed to overemphasize delocalization effects
[75,76], which could explain why the CH-stretching region dominates the experimental IR spectrum of the
polymer (Figure S4) while the calculation for the ideally infinite chain indicates that the ECC band is the strongest
one. Interestingly, the prediction for 3HT8 shows an intensity pattern that more closely matches the experiment,
possibly due to electron confinement arising from its finite size.

5. Conclusions

We critically compared the intrachain structural and spectroscopic properties obtained by DFT calculations on
thiophene oligomers (TN and 3HTS) and polymers (PT, P3HT) described as ideal one-dimensional (1D) crystals.
This analysis confirmed that vibrational modes involving CC stretching of the ring and of the inter-ring bond are
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sensitive to the conjugation length. Such an effect is due to electron-phonon coupling, and is particularly pronounced
for vibrations whose atomic displacements have a non-zero projection along the effective conjugation coordinate.

The results for the TN oligomers show that the spectroscopic features of the infinite model (vibrational
frequencies and relative IR and Raman intensities) are already well approximated starting at N = 8, and are
excellently reproduced by T12. Notably, the frequency of the most intense Raman-active mode (ECC mode)
converges to the limiting value of the 1D-crystal polymer for increasing oligomer length.

The behaviour of the vibrational intensities with increasing molecular size is peculiar. In fact, for the range
of molecular sizes explored in this work, the intensity of the strong vibrational transitions—particularly the most
intense Raman-active modes—varies in a more-than-linear fashion with N. It is well known that the presence of
an extended, delocalized n-electron system can strongly affect both IR transition dipoles and Raman polarizability
tensors [75]. These aspects must therefore be considered when discussing transition intensities calculated with
oligomeric models.

The relationships established here between the spectroscopic response of the 1D-crystal model and that of
oligomers enable the critical use of both types of models in the interpretation of experimental data. The infinite-
chain model, thanks to translational symmetry, drastically reduces computational cost and can be extremely
advantageous for describing the solid-state properties of thiophene polymers with more complex structural units,
such as polythiophenes with grafted side chains (P3HT) or doped polythiophenes in the crystalline phase. Besides,
the description of disordered systems, such as polythiophenes in solution or in the amorphous phase, can be
addressed using sufficiently extended molecular models.

The main critical issue highlighted by this study is that the computed absolute Raman and IR intensities do
not converge even for large oligomers (up to T22), suggesting that finite-size models are inherently limited in their
ability to predict the absolute spectroscopic response of the polymer. Anyway, a limitation of the 1D model is the
absence of three-dimensional interchain interactions (packing effects), which warrants further investigation in
future work.

The present work focuses exclusively on the pristine (neutral) states of PT and P3HT, but it provides a solid
foundation for investigating their doped states. We believe that this detailed investigation offers a useful starting
point for developing theoretical models that enable increasingly refined and well-grounded interpretations of the
many spectroscopic signatures of polythiophenes, across different phases (solution, crystalline/amorphous solid)
and doping-induced states. The spectroscopy of these systems—and, more generally, of polymeric semiconductors and
conductors—has long been an essential tool for establishing structure—property relationships; a rigorous theoretical
approach can significantly support empirical evidence and correlations that remain only partially understood.

In this context, this study illustrates a methodology that can be readily extended to new m-conjugated
materials arising from state-of-the-art chemical synthesis approaches, specifically designed for technologically
relevant applications [19-25]. In this scenario, the comparison between the properties calculated for small
oligomers and for the 1D crystal is expected to clarify the advantages and limitations of the two approaches.
Notably, at least for ordered phases, calculations performed using periodic boundary conditions allow the
investigation of systems with large and potentially complex monomeric units, including copolymers and
chemically doped polymers, such as the ones used in organic photovoltaic or thermoelectric devices. Moreover, if
the unit cell of the 1D crystal is of moderate size, the transition to 3D crystal calculations is straightforward and
enables the study of packing effects or specific interchain interactions on the geometric and electronic structure of
the material.

In conclusion, the modelling strategies presented in this work pave the way for the rationalization of the
structure-properties relationship of new-generation conducting polymers through their vibrational response, even
when they possess a more complicated chemical structure than P3HT.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/26040716
55225503/PS-25120076-Sl.pdf. Table S1: Wavenumbers and intensities of the most prominent IR and Raman
bands of TN oligomers of polythiophene (PT). Figure S1: Comparison of the ¢ = 0 vibrational eigenvectors
associated with the strongest IR and Raman bands of PT as 1D crystal—with those of the corresponding modes of
T12 (DFT B3LYP-V/POB-TZVP calculations, CRYSTAL CODE). Figure S2: Examples of end modes and modes
associated with ¢ # 0 phonons of the 1D crystal, illustrated through vibrational eigenvectors of T6 and T4,
calculated at the DFT B3LYP-V/POB-TZVP level (CRYSTAL code). For each selected mode, the calculated
wavenumber and IR or Raman intensity are reported. Table S2: Wavenumbers and intensities of the most
prominent IR and Raman bands of P3HT (1D crystal) and its 3HT8 oligomer. The values are obtained from DFT
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calculations (B3LYP-V/POB-TZVP) with the CRYSTAL code. Figure S3: Raman modes of PT showing features
shared with multiple P3HT modes (see manuscript). Sketches of the vibrational eigenvectors of PT and P3HT
treated as 1D crystals. Figure S4: Calculated IR and Raman spectra for the 1D crystal model of P3HT (panels
(a,b)) and for the 3HTS8 molecule (panels (¢,d)). Calculations were performed using the CRYSTAL code at DFT
B3LYP-V/POB-TZVP level. Panels (e,f) report the experimental IR and Raman spectra of a solid sample of P3HT.
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