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Abstract

Plastic materials are massively present in technological, industrial, and everyday applications,
with increasing concern in toxicological aspects for health and environment. Characterization
becomes an important issue as the structural, size and textural properties of plastics are
needed to identify and track their life, from their production to their eventual degradation.
Raman spectroscopy appears as a key tool for characterizing a wide variety of materials
including plastics. It is fast, robust, sensitive to nanosized and amorphous particles. In order to
be properly used for plastics, the Raman response of reference materials needs to be carefully
assessed, the literature on such assessments being scarce. In this work, we attempt to fill this
gap by employing theoretical calculations to generate ab initio spectra on the reference
material polystyrene. The goal is to explain the origin of the peaks and their robustness to map
the Raman response on controlled composition and structure, using linear ordered polymeric
and finite amorphous models. The CRYSTAL package has been used to obtain full Raman
spectra (vibrations, intensity) based on a careful benchmark of computational settings of
functional and basis set. Whereas some peaks are found to be present in all the spectra and
could be used for calibration purposes, other peaks are structure dependent and could be used
to identify the type of polymer. We conclude that Raman spectroscopy is a technique well
suited for the study of plastics, provided that a careful analysis of the origin of signal is done
to fully interpret the spectra and deploy applications.

I. INTRODUCTION

Production of plastic has been continuously increasing since the 1950s, with common
types like polystyrene, polypropylene, polyethylene terephthalate, and polyvinyl chloride,
being widely used in mass production 2. Unfortunately, this massive global plastic
production has led to a significant pollution problem in recent years and due to its slow
degradation rate plastic contributes to the accumulation of large amounts of plastic waste in
the natural environment 3. As a consequence, plastics are involved in a cycle that affects the
atmosphere, terrestrial system, and aquatic system, with all these systems being
interconnected ®°. The smallest plastic particles, such as microplastics (<5 mm in diameter '°)
and nanoplastics (I pm—1 nm !!), are the ones that cycle through these systems the most.
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These tiny plastic particles pose contamination risks throughout the trophic chain, affecting all
levels of the food chain, and there are growing concerns about its impacts on marine life and
human health 2716, Spectroscopic techniques, particularly Raman and Fourier transform
infrared (FTIR) spectroscopy, are widely used in microplastic studies to characterize plastic
particles 2!, In fact, Raman spectroscopy is becoming a key technology used in research and
development for characterization of nanomaterials, widely used for diverse applications like
heterogeneous catalysis, plastic detection, cellular investigation or medicine 7?7, It is a non-
destructive technique that provides information on the structure of a material, type of species
and chemical bonds, and it is particularly well suited to study nanosized materials, for which
common characterization techniques based on microscopy or diffraction cannot be applied.
Raman spectroscopy has been successfully applied to characterize microplastics 287, and
offers some advantages over FTIR. Among others, Raman techniques show higher spatial
resolution, wider spectral coverage, higher sensitivity to non-polar functional groups, lower
water interference and narrower spectral band 38,

In order to be properly applied, Raman spectrometers need a first calibration step where
the signal is aligned with reference materials. Polystyrene (PST) is one of the common
calibration samples due to its low cost and signal behavior #°. Its polymeric nature implies a
large number of compositional parameters that can affect its Raman response: phenyl group
orientation, chains length, branching, density, impurities, chain termination... A detailed
understanding of the role that each of these factors have on the Raman spectrum is necessary
to assess the use of PST as calibration material and the characterization of plastics
composition and structure. Whereas it is experimentally difficult to prepare samples with full
control on those parameters, modelling provides a rich playground to analyze structural
effects in the Raman response, among others. In this work we will perform an ab initio
theoretical investigation of the Raman spectra of PST selected models to elucidate the
structural factors affecting the corresponding Raman spectrum, and will discuss the validity of
PST as reference material in the calibration of Raman equipment.

Polystyrene can be synthesized in different tactic forms, that differ in the arrangement of
phenyl rings with respect to the carbon chain, that affect its properties and potential
applications *!. Among these forms, syndiotactic polystyrene (sPST), with phenyl groups
positioned on alternating sides of the hydrocarbon backbone, poses valuable physical and
mechanical properties such as high melting point, excellent chemical stability and fast
crystallization rate, that make it well suited to be used as calibration material 3, In a
crystalline form sPST shows various polymorphic structures and depending on the preparation
conditions, the crystal type, morphology and associated physical properties of sPST can be
modified '-#’. Consequently, four main crystalline forms of sPST can be identified and
denoted as a, B, y and §. The most stable a (hexagonal) and 3 (orthorhombic) forms of sPST
show a frans-planar (zigzag) [TTTT] conformation of carbon chain, with an identity period of
¢(B) = 5.06 A and c(0)) = 5.1 A 4243, On the other hand, the y and & forms, that can be induced
by solvents during crystallization, have monoclinic structure and exhibit the s(2/1)2 helical
chain conformation [TTGG], with an identity period of ¢(8) = 7.71 A 4243 The trans-planar
and helical conformations of sPST chains are schematically shown in Figure 1.

The Raman spectra of syndiotactic polystyrene have been widely measured and
interpreted to date ¥-3, but a limited number of theoretical studies exist, and only a few
examples of calculated vibrational spectra of polystyrene can be found °%3!* Vibrational
modes and full IR spectra were evaluated for single infinite chains of trans-planar and s(1/2)
helical forms of PST, and detailed analysis of vibrational modes was performed allowing to
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assign each mode to corresponding vibrating groups of atoms. Yet, the calculation of Raman
intensities was not computationally affordable until recently, and full theoretical Raman
spectra of polystyrene is missing. Moreover, the available studies considered infinite
polystyrene chains with well-defined rod group symmetries °%3!. These works provide
valuable information about the vibrational properties of polystyrene; in particular the use of
symmetries and character tables allows for detailed vibrational mode analysis. However, those
ideal models can be improved to mimic more realistic conditions.

In the presented paper, we aim to partially fill this gap by producing Raman spectra of
more complex structural models that would be closer to real samples, focusing mainly on the
polystyrene conformation. In particular, we will consider infinite trans-planar and helical
chains of sPST, together with short polystyrene oligomers of finite chain lengths with linear
and bent carbon backbone structure. Our selection will account therefore for relative phenyl
distribution along PST chains, chain termination and disorder, and will provide rich
information about both the position and the intensity of Raman peaks. It is important to
highlight that our calculations do not include the crystalline polymorph structures of sPST.
Instead, our primary focus is to understand the impact of the polymer configuration itself.
Therefore, we concentrate on isolated chains of trans-planar and helical sPST that should
include the most relevant vibrational modes of the o/f and y/d phases of sPST, respectively.

Raman spectra are calculated by means of density functional theory (DFT) as
implemented in the Crystal17 code. We report the effect of the computational parameters, i.e.,
the basis sets and exchange-correlation functional, on a selection of structures and show the
robustness of the presented results. Next, we analyze the vibrational modes and intensities
associated with the Raman peaks by distinguishing among pure phenyl, chain vibrations and
mixed modes with ring and chain coupled motions. Finally, we discuss how the structural
features could be used, or not, to calibrate Raman equipment, by comparison with available
experimental data.

Our results are in good agreement with experimental data and we show that regardless the
structural models used for polystyrene the main peaks in the spectra are reproduced and are
due to phenyl ring vibrations. As expected, conformationally sensitive peaks are associated
with pure chain or mixed ring and chain modes. Moreover, we find that finite length chains of
polystyrene are essential to reproduce correctly the experimental spectra. In the following we
described the methodology used in the calculations, then we discuss results for infinite PST
chains and then we move to short oligomers. We finish the paper with discussion and
conclusions.

II1. Theoretical Methods

Calculations were performed using all-electron Gaussian-type basis set and Kohn-Sham
Hamiltonian as implemented in the CRYSTAL17 code. Several exchange-correlation
functional were used: PBE, PBE-D3 (with semi-classical corrections as proposed by Grimme
to take into account dispersive interactions) and hybrid B3LYP. Split-valence basis sets of
different quality available from Crystal database were adopted.

The numerical accuracy parameters in calculating the Coulomb and Hartree-Fock exchange
series, defined by the truncation tolerances for bioelectronic integrals of Coulomb and
exchange series, were set to 8 8 8 8 and 16, respectively. The threshold for the total energy
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convergence of the self-consisted cycle was set to 107! Hartree. The exchange-correlation
contribution was evaluated by numerical integration over the cell volume. The default
integration grid (XLGRID) was adopted with 75 radial points and with a maximum number of
974 angular points in the regions relevant for chemical bonding.

Atom positions were fully relaxed by adopting default optimization algorithms with
convergence criteria for atomic gradients recommended for vibrational calculations. For
optimized structures, vibrational frequencies at the Gamma point were calculated using the
harmonic approximation. The frequencies are evaluated as the eigenvectors of the mass-
weighted Hessian matrix.

Raman intensities are computed by means of fully analytical approach that is based on a
Coupled-Perturbed Hartree-Fock/Kohn-Sham (CPHF/KS) 3¢ approach for the response of
the electronic density with respect to the external electric field. In this approach the Raman
scattering intensity due to a (; vibrational mode of frequency w;, associated with an xy
component of a polarizability tensor of an oriented single crystal is given by

. a
I« (ﬂ)
* 90;
The powder (polycrystalline) Raman spectrum is obtained by averaging over the possible
orientations of the single crystal 7. The integrated intensities are normalized to the highest
peak that is arbitrarily set to 1000. The convolution of the spectra is done automatically by

Crystall7 with default parameters. Visualization of vibrational modes is done with
CRYSPLOT %8, Experimental spectra from refs. 3%>! are used to compare with.

STRUCTURAL MODELS OF POLYSTYRENE
Infinite trans-planar and helical chains

Figure 1 illustrates two structural models of infinite syndiotactic polystyrene (sPST)
chains with trans-planar and helical configurations. These chains extend along the c-direction
and in the trans-planar form the polymer chain has a regular trans (T)-planar (zigzag)
conformation while in the helical form a regular repetition of trans (T) and gauche (G)
conformations of the skeleton C-C bonds is present. Differences in the conformation of the
carbon backbone result in the different orientations and relative positions of attached phenyl
groups.

The sPST structural models employed in this study are based on the works of Torres
et al.>*>!, However, unlike previously, we do not impose any rod group symmetry constrains
on atoms within the unit cell. Only the translational symmetry along the chain periodic
direction is preserved. As a result, each unit cell is constructed such that it contains four
phenyl rings and consists of a total 64 atoms.
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Figure 1. Structures of trans-planar and helical syndiotactic polystyrenes chains used in the calculations. C
atoms in brown, H in pink. Trans-planar conformation is present in the o and B crystalline sSPST phases and
helical in the y and & phases.

Finite oligomers
Figure 2 depicts several sPTS-based oligomer structures that were considered:

1. the first structure was obtained by cutting a segment from the “infinite” trans-planar sPST.
It contains four phenyl groups within the simulation cell and a “linear” carbon backbone
chain, but the periodicity along the chain axis is no longer preserved.

2. the other two finite structures are based on models available at *°. The first one is based on
syndiotactic PST and consists of six phenyl rings with a bent carbon chain, while the
second one exhibits a spiral-like arrangement of six phenyl rings with a distinct carbon
chain geometry.

The dangling bonds at the ends of the carbon chains have been saturated by either adding a
CH3 group or an H atom to create a CHz group at the ends. All of the structures are either
isolated polymers or oligomer in the vacuum. There are no periodic images to interact with.
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Figure 2. Oligomer finite structures.

III. RESULTS
Computational benchmark

The choice of basis set in Crystall7, which relies on Gaussian-type atomic orbitals, is
crucial as it can affect the accuracy of calculated vibrational spectra. Therefore, a
comprehensive investigation was conducted to assess the impact of the basis set and
exchange-correlation functional on the Raman spectra of an isolated benzene molecule, which
serves as the fundamental unit of a polystyrene structure. The obtained results were then
compared with available experimental data. Next, selected computational settings were used
to calculate the Raman spectra of infinite trans-planar and helical polystyrene chains. While
the complete details of the benchmark study can be found in the Supplementary Information
(SI), we will focus here on discussing the most significant findings.

The results obtained for benzene demonstrate an important dependence of the calculated

Raman frequencies on both the basis set and the exchange-correlation functional (as visible in
Tables S1 and S2 in the SI). When employing the hybrid B3LYP functional, the calculated
frequencies tend to be shifted towards higher values (blue-shifted) compared to the results
obtained with the PBE functional. Furthermore, the frequencies calculated using the B3LYP
functional are generally overestimated with respect to the experimental data. In contrast, the
PBE functional exhibits a better agreement with the experimental results, particularly for
frequencies below 1700 cm™!. These lower frequency vibrations primarily correspond to ring
deformations, C-C stretching, and C-C-H bending motions. It is worth noting that the
frequencies in the higher frequency region (above 3000 cm™), associated with C-H stretching
vibrations, are significantly overestimated by both functionals when compared to
experimental data. This overestimation can be attributed to the strong anharmonic nature of
these vibrations, which was not accounted in the adopted level of theory. The seemingly
better performance of the PBE functional in reproducing the experimental data can actually be
misleading due to the lack of anharmonic effects.
Regarding the accuracy of frequency estimation, the introduced error varies depending on the
computational setting as well as the atoms involved in the vibration and type of motion.
Nonetheless, when examining the full computed Raman spectra, the overall spectral
characteristics and the peaks relative intensities are alike, indicating a robustness with respect
to the computational parameters (see Figure S1).



In the case of an infinite trans-planar polystyrene chain, we used selected basis sets
and we included a PBE-D3 functional to account for the interactions between phenyl rings
and the carbon backbone. For each computational configuration, the structure of polystyrene
chain was fully optimized, and the relevant geometric parameters, such as bond angles and
distances, are summarized in Table S3. The calculated repetition length along the c-axis falls
within the range of 5.07 to 5.14 A, which agrees well with experimental data for crystalline
o/P sPST, where the repetition length is found to be in a range 5.06-5.1 A%,

Figure 3 illustrates the Raman spectra of trans-planar infinite polystyrene chain,
obtained using different basis sets and functionals, divided into lower and higher frequency
regions. Notably, the main spectral features are consistently reproduced across various
computational settings. When employing the B3LYP functional, the calculated frequencies
exhibit a blue shift compared to the PBE and PBE-D3 values, similar to what was observed
for benzene molecule. The frequency differences between the PBE and PBE-D3 functionals,
with respect to a specific basis set, are minimal. In the lower frequency region below
1700 cm™!, slight shifts in peak positions can be observed among different basis sets (for a
given functional), yet these shifts are small (up to 5-6 cm™) and can be partially attributed to
variations in optimized bond distances and angles resulting from different computational
settings.

The choice of basis set has a more significant impact on the relative intensities, with
an overall increase in intensity observed for all functionals when Basis 5 is employed.
However, the computed intensities must be treated with caution as they are highly sensitive to
the choice of computational parameters. Furthermore, measured intensities are also subject to
variations caused by factors such as the optical path, laser wavelength, and other experimental
conditions. Consequently, due to inherent fluctuations in both computed and measured
intensities, only a semi-quantitative comparison can be made between the two.

The higher frequency region of the spectra (2800-3300 cm™), corresponding to C-H
stretching vibrations, exhibits a significantly higher sensitivity to the choice of computational
parameters. For each of the employed functionals, the frequency shifts between the two basis
sets used can reach up to 30 cm™! and are accompanied by variations in the relative intensities.
As already mentioned, the calculated intensities are subjected to some inaccuracies.
Moreover, the C-H vibrations are influenced by strong anharmonic effects which were not
included in the calculations. Therefore, the interpretation of the C-H region should be treated
with caution.
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Figure 3. Raman spectra of trans-planar infinite polystyrene chain obtained with different functionals (PBE,
PBE-D3 and B3LYP) and two different basis sets: Basis 5 in dotted lines and Basis 7 in solid lines (details of the
basis sets can be found in the SI).
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A similar benchmark was carried out as well for helical sPST, however, the B3LYP
functional was not included. The calculated repetition length along the ¢ direction for helical
sPST is within the range of 7.7-7.9 A (see Table S3), which is in excellent agreement with
available experimental data for crystalline 5-sPST, where the ¢ axis is equal to 7.7 A%,
Similarly, to the trans-planar infinite sPST, the Raman spectra of helical phase below
1700 cm™ exhibits consistent behaviour regardless of the chosen basis set and functional,
while more noticeable changes are observed in the C-H region (see Figure S2).

Irrespective of the computational settings employed, the main Raman spectral features
for both infinite polymers are captured, ensuring the generality of the obtained results and
conclusions. Therefore, our focus will be exclusively on the combination of the PBE-D3
functional with the Basis set 7. This particular combination not only yields geometrical
parameters for infinite polystyrene chains that align perfectly with experimental data but also
exhibits the smallest error in C-H stretch frequency when compared to experimental
values>%!,

In the following subsections, we will discuss the sensitivity of Raman spectra to
different polystyrene configurations. Firstly, we will present a comparison between infinite
trans-planar and helical polystyrene chains. Then, we will analyse the influence of finite chain
length and oligomer structure. It is important to note that due to the frequency offset between
calculated and experimental values, as well as the large number of calculated modes,
comparison of Raman spectra is not straightforward, both within theoretical models and when
comparing them to experimental data. To address this challenge, the visualization of vibrating
atoms using CRYSPLOT was done. This allowed for distinguishing modes associated with
the movement of phenyl rings, carbon chains, or mixed modes involving both, and enabling
the assignment of the most intense peaks in the spectra to specific atoms. The mode
description follows nomenclature used in ref.>’, where the superscript "ch" indicates carbon or
hydrogen atoms belonging to the carbon chain, and "ph" indicates atoms of the phenyl group.

INFINITE POLYMER CHAINS: Trans-planar and helix PST

Figure 4 shows the Raman spectra for trans-planar and helix PST structures. To
simplify the analysis, we divide the spectra in three regions: high frequency range above
2900 cm™!, middle frequency region between 1650-1040 cm™ and a low frequency region
below 1040 cm!. We discuss these regions separately, and we decompose vibrational modes
into 3 groups that are either pure phenyl vibrations (“ph”), pure chain vibrations (’ch”) or a
mixed modes coupling phenyl ring motion with carbon backbone. Tables S5 and S6 in the SI
collect all the calculated frequencies with a given assignment, here we focus on the most
important features. Figures S3 and S4 present visualization of chosen modes for trans-planar
and helical sPTS, with arrows indicating atoms that are mostly contributing to the vibration.
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Figure 4. Calculated Raman spectra for infinite trans-planar and helical forms of syndiotactic polystyrene.

High frequency region above 2900 cm™': As previously mentioned, this part of the spectrum
is related to the C-H stretching vibrations, which are strongly anharmonic in nature and are
not well described by our calculations. As a result, the calculated frequencies are
overestimated by approximately 50-60 cm™! compared to experimental values.

The C-H vibrations can be separated into two groups based on C and H positions in the
polystyrene:
e 2900-3000 cm™! : C-H stretching vibrations in CHz and CH groups in the carbon chain
e 3050-3150 cm™ : C-H stretching vibrations in the phenyl ring

It is important to highlight that these two groups of C-H vibrations are indeed well separated,
with a noticeable gap in the range of 3000-3050 cm™' where no peaks are found. However,
this finding is inconsistent with experimental observations, as peaks in this region are
typically observed in the experimental data. It should be noted that, the calculations do not
reproduce the overtones and combination modes that can be present in the experimental
spectra.

Middle frequency region 1650-1040 cm™': This particular region exhibits numerous distinct
features, making the comparison between the trans-planar and helix PST structures quite
complex. To simplify the analysis, we have subdivided the mid-frequency region into smaller
zones where the spectra of the two PST polymorphs overlap or display clear differences.
These zones, depicted in Figure 5, provide a focused view of the vibrational modes within
each specific frequency range.
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Figure 5. Comparison of Raman spectra of trans-planar and helical PST in the mid-frequency range. Helix PST
in blue and trans-planar in orange

In the frequency range of 1650-1470 cm™!, a good match of the spectra of the trans-planar
and helical configurations is observed. While the peak positions are in good agreement, some
differences in the relative peaks intensities are present. Peaks in this range primarily
correspond to vibrations of the phenyl rings and are not expected to be sensitive to the chain
configuration. A strong peak around 1603 cm’' is mainly characterized by the CPh-CPh
stretching, and the in-plane bending motion of the HPP-CP'-CP" atoms. The modes below
1600 cm™ up to 1550 cm™ couple in-plane motion of phenyl groups, i.e., CP'-CP" stretching
and HPP-CP'-CPP bending, with HP-C"-CP! bending motion of the CH group from carbon
chain and associated carbon atom from the phenyl ring. The modes found in the proximity of
the small overlapping peak around 1485 cm' are due to in-plane motions of atoms in the
phenyl ring, in particular HPP-CPh-CP" bending, CP'-CP" and the CPM-C°" stretching. Selected
modes from this range are schematically shown in Figures S3 and S4.

In the region 1400-1470 cm! half of modes involves pure chain vibrations and the rest are
complex modes that couple chain and phenyl ring motions. In the case of trans-planar PST,
the most intense peak at 1441.30 cm™ is dominated by H®*-C-H" bending motion in the CH»
groups, that are vibrating in phase, with a minor contribution of the in-plane ring motion (see
Figure S3). Below the 1441.30 cm™! peak, the modes are mainly due to H'-C"-H" bending in
CH, groups being in opposite phase. Above the 1441.30 cm™' peak, the movements of
CH/CHz: groups and phenyl rings are strongly coupled. However, the intensities of the peaks
around 1441.30 cm™ are significantly lower.

In the case of the helix sPST, there is a clear peak splitting with lower peak composed of two
intense modes at 1427.87 and 1430.80 cm™!, and with higher peak including two intense
vibrations at 1437.71 and 1444.42 cm™. The modes at 1427.87 cm’, 1430.80 cm and
1437.71 cm’! are due to bending motion in the CH> groups, while mode at 1444.42 cm!
results from mixing of in-plane ring motion with CH group bending from the carbon
backbone. In previous studies, it was shown that in the experimental Raman spectra of a
helical crystalline phase a well-resolved doublet with maxima at 1451 and 1440 cm™ is
present and the splitting was attributed to bending of the so called external and internal CH>
groups of the s(2/1)2 helix’!. Indeed, visualization of the 1427.87 cm™, 1430.80 cm™! and
1437.71 cm’! vibrations has shown that lower frequency modes are due to bending motion in
external CH> groups while higher frequency mode is associated with internal CH2 groups. The
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atoms involved in the vibrations are presented in the Figure S4. This proves that the peak
splitting originates from the helical conformation of the PST chain.

The spectra in range from 1400 cm! to 1040 cm™! clearly depends on the sPST
configuration and is dominated by complex modes that account for about 64% of modes in
this zone for the trans-planar PST and for about 82% for helix PST (based on Tables S5 and
S6). Nonetheless, pure phenyl ring or pure chain modes can be as well identified. The main
features that can be distinguished are:

* 1400-1300 cm! : the most intense peaks for the helix PST (1329.95 cm™) and the trans-
planar PST (1309.88 cm™) result from a similar type of atomic motions, i.e., wagging of
the CH and CHa> groups along the carbon chain with some contribution from C-H wagging
in the phenyl ring. The frequency offset for similar types of motion is probably due to the
different orientations of the carbon chain for the two structures — the carbon backbone is
linear for trans-planar PST, while for helix the backbone is bent, creating two orthogonal
branches. Experimentally>’>!, in a similar frequency range, broad peaks of maximum
intensity at 1319 cm™! for the trans-planar and at 1339 cm™ for the helical sPTS were
found, which seem to be reproduced here.

e 1300-1225 cm’!: this region is dominated by CH/CH, wagging modes that can be coupled
with ring vibrations. For trans-planar PST half of the modes in this region are pure chain
modes; for helix PST only one pure chain mode is found, remaining modes are mixed
vibrations. Most of the peaks in this region are of very low intensities, with the exception
of the peak at 1249.21 cm! present for the helix PST. This mode is a mixture of CH/CH»
wagging, Ch-Ch-Ch bending and phenyl ring motion, i.e. HP*-CP'-CP" bending, CPh-CPh
stretching and CPP-CM stretching. Similar features can be found as well in the
experimental spectra®’>!, where peak at 1250 cm™ appears only for a helical sPST.

e 1225-1180 cm™! : the most intense peaks for trans-planar PST (1199.61 cm™') and for helix
PST (1202.77 cm™) are due to phenyl ring motions (HP"-CPP-CPh bending and CPh-CPR
stretching) coupled with chain motion (C"-CP" stretching, CPh-C"-H" bending, and small
contribution from CHz wagging).

e 1180-1130 cm! : for trans-planar PST, pure phenyl ring vibrations dominate in this region
and are concentrated around 1146 cm™ and 1168 cm!, but these modes have relatively
small intensities and are suppressed by peak at 1173.67 cm™ that couples chain CHa
torsion-like motion along the carbon chain and CH group bending (H*-C¢I-CPP) with HPh-
CP'-HPP bending from phenyl ring. The mode at 1152.18 cm™ is a pure chain vibration
with atoms from CH: group (less CH) moving along the carbon backbone. For helix PST
pure phenyl ring modes are present around 1147 cm™ and at 1166.60 cm!, the remaining
modes are complex.

e 1130-1040 cm!: In this part of the spectra only complex modes are found and there are
too many of them to be discussed in detail.

Low frequency region below 1040 cm: In this region, shown in the Figure 6, the
majority of modes are complex. However, specific types of phenyl ring deformations can be
still identified and these modes will be analyzed in more detail. The motion of phenyl groups
can be categorized as an in-plane and out-of-plan ring deformations, which are schematically
depicted in the Figure 7, and follow nomenclature from ref.>°,
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Figure 6. Comparison of Raman spectra of trans-planar and helical PST in the low-frequency range. Helix
PST in blue and trans-planar in orange.

The peak observed around 1030 cm™!, which overlaps in both trans-planar and helix PST
configurations, is associated with breathing-like movement of the phenyl rings, labeled as the
D, deformation. The calculated frequencies for this peak are precisely 1027.28 cm™! for the
trans-planar PST while for the helix PST, two closely spaced peaks with similar intensity are
found at 1030.21 cm™ and 1031.22 cm!. Following that, the next intense peak overlapping in
both polymorphs occurs around 995 cm™ and is characterized by in plane deformations of the
phenyl ring, referred to as a D> deformation. Furthermore, the presence of peaks around
618 cm™ in both PST configurations can be attributed to D3-type deformations of the phenyl
ring.

The out-of-plane ring deformations, denoted as D4, Ds or Ds deformations, are found for
trans-planar PST around frequencies 965-942 cm™!, 827 cm™' and 695 cm™!. These type of
deformations occur in similar frequency regions for helix PST, namely around frequencies
961 cm!, 945 cm!, 897 cm!, 833-823 cm! and 697-687 cm!'. However, it is important to
note that the intensities associated with the out-of-plane deformations (D4, Ds, or Ds modes)
are much lower compared to the in-plane deformations of the phenyl ring.

The two prominent peaks observed at 768.33 cm’! for trans-planar PST and at 805.70 cm™!
for helix PST align well with experimental observations in the 700-800 cm™ region*34°.
Experimentally, it was established that a strong, sharp peak at 773 cm™! is associated with all-
trans conformation of the carbon chain, while the peak at 798 cm™' was attributed to the
helical (mixed trans/gauche) conformation. These peaks were described as originating from
symmetric breathing-like motion of phenyl groups. However, our analysis shows that these
modes are rather attributed to the coupling of in-plane deformations of the phenyl rings
(though not symmetric) with the chain motion. The involvement of the carbon skeleton in the
vibration explains why the corresponding frequency is sensitive to the polystyrene chain
configuration. The discussed modes are presented in the Figures S3 and S4. Overall, the
theoretical results demonstrate that the trans-planar and helical configurations should produce
distinct signal in the 700-800 cm! frequency range but rather due to involvement of carbon
chain in the vibration.

The remaining modes in the frequency range 1040-600 cm™' are dominated by complex
vibrations that involve deformations of the phenyl ring and chain motions. These modes
generally exhibit much lower intensities compared to the earlier discussed ones. Below
600 cm’!, the vibrations are mostly due to collective motion of the entire polymer, although
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some individual phenyl ring deformations can be identified. Nonetheless this part of the
spectra won’t be analyzed in more detail.

In summary, the vibrational modes that are sensitive to the configuration of PST primarily
involve the carbon backbone or the coupling of motion between the carbon chain and phenyl
rings. These modes are located in two main regions: 1040-1400 cm™ and below 995 cm.
Notably, pure carbon chain modes are predominantly present within the range of 1135-
1445 cm™. On the other hand, the modes associated with the vibrations of phenyl rings are
relatively insensitive to the PST configuration. These modes can be found in the regions of
1485-1605 cm!, 995-1030 cm’!, and around 618 cm’!.

- |+ | - —

Figure 7. Schematical representation of the phenyl ring deformations. (+/-) indicate displacements perpendicular
to the phenyl ring plane.

FINITE PST OLIGOMERS

Subsequently, the impact of the finite length of the polystyrene chain was investigated.
Three models that were employed to represent sPST oligomers are depicted in the Figure 2,
and include: i) Linear trans-planar PST, ii) Trans-planar PST with a bent carbon chain and iii)
Spiral-like PST with different carbon chain geometry.

The Raman spectra of the oligomers are compared to that of the infinite trans-planar sPST
in Figure 8. Regardless the PST model used, the overall shape of the Raman spectra is
preserved, and the main features are reproduced. While the transition from infinite to finite
linear trans-planar sPST introduces variations in the relative peak intensities and slight
frequency shifts in conformationally sensitive regions (3200-2900 cm™!, 1400-1040 cm™!, and
below 950 cm™), more significant changes occur when the oligomer structure becomes bent
and the relative orientation of the phenyl groups is altered. Particularly, in the regions of
1400-1040 cm! and below 950 cm™!, the reorientation of the rings and modifications in the
oligomer shape lead to increased intensity of certain modes. Moreover, as the system’s
symmetry decreases from infinite to finite, a greater number of mixed modes emerge, leading
to reduction of the pure chain vibrations (compare Tables S5-S8). The remaining pure chain
modes are predominantly observed in the range of 1480-1420 cm’!, although mixed modes are
also present in this region.
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Figure 8. Calculated Raman spectra for short oligomers compared to the spectra of infinite trans-planar
polystyrene chain. Yellow and red shades indicate main modes used as a reference peaks, where yellow color
indicates pure phenyl ring vibrations while red corresponds to mixed or chain modes.

In contrast, variations in the sPST structure have a minimal impact on the pure vibrations
of the phenyl rings, as the corresponding modes in the Raman spectra overlap across all PST
configurations. These modes can be observed in the regions of 1625-1480 cm, 1040-
950 cm™!, and around 618 cm™!. Additionally, pure phenyl ring vibrations are also present in
the region of 1480 cm™ to 1490 cm’!, although their intensity is relatively weaker compared to
other phenyl ring vibrations. It is important to note that the relative intensities of the peaks
associated with the phenyl groups vary depending on the specific configuration of the sPST,
as they are clearly influenced by ring and chain orientations and changes in their interactions.
For instance, the difference in intensity between peaks ~1585 cm™ and ~1603 cm™! increases
when going from infinite PST to bent oligomers. In general, the intensity of these peaks
increases across the structures and approaches the intense peak ~995 cm™! while the intensity
of the conformationally sensitive peaks in the region 1400-1040 cm™ decreases.

In fact, a correction that includes temperature and laser wavelength can be applied for
intensities to mimic the experimental conditions. It is important to highlight that the
correction, as it is implemented in the Crystall7 code, only affects the intensities, not the
vibrational frequencies. Figure S5 shows comparison of Raman spectra for infinite trans-
planar sPST, both with and without intensity correction, alongside a bent oligomer with
intensity correction. Clearly, the application of temperature correction has a significant impact
on the relative intensities and seem to improve the agreement with the experimental spectra,
particularly in terms of relative intensities of lower and higher frequency regions. Figure S6
highlights changes in the lower frequency region for various sPST models due to the intensity
correction. Indeed, the relative intensities undergo modifications, with low-frequency modes
(below 300 cm™) being magnified. The results also demonstrate that relative peak intensities
within the range 400-1700 cm™ match closer experimental data when finite oligomers are
used instead of infinite sSPST model. However, it should be kept in mind that calculated peak
intensities are subject to inaccuracies and depend on the computational parameters, in
particular on the basis set. Nonetheless, the general conclusions and comparisons made
among all considered sPST models used should remain unaffected.

Figure 8 shows as well that the C-H stretching region is sensitive to changes in the local
environment due to conformation of the polystyrene chain. Interestingly, in the frequency
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range of 2990 cm™ to 3050 cm™', new peaks emerge in the Raman spectra of oligomer
structures, which were not observed in the infinite PST chains. Further analysis revealed that
these new peaks correspond to the vibrations of the CHz and CH»(Ph) terminating groups
located at the ends of the oligomers. The contribution from end groups is also present in the
2900-2990 cm! region and in the lower frequency part, where carbon chain vibrations are
expected. In the range between 3050 cm™ and 2900 cm!, the CH2/CH3 end groups give rise to
new peaks and contribute to significant changes in the relative peaks intensities. Above
3050 cm™!, where C-H vibrations from the phenyl groups occur, the relative intensities are as
well modified, but the general shape of the spectra and the overall spectral range remain
relatively similar. However, it should be noted that the C-H region is not adequately described
in the calculations, as mentioned previously. The calculated frequencies and relative
intensities in this region are highly dependent on the chosen basis set and functional. As a
result, a reliable qualitative analysis of the C-H region cannot be conducted.

IV.  DISCUSSION

The Raman spectra of various model structures of syndiotactic polystyrene were
compared, and it was observed that the essential characteristics of the spectra can be
accurately reproduced regardless of the model used. This is because polymers, including
polystyrene, are composed of numerous chemically identical units, each containing a
relatively small number of atoms. As a result, the complexity of the infrared or Raman
spectrum is significantly reduced. Furthermore, the modes associated with phenyl rings are
unaffected by the conformation of the polymer chain, meaning that the stretching and bending
modes of the rings remain independent of the chain structure.

Our results show that the geometry of the carbon backbone and the relative
orientations of the phenyl rings primarily impact modes associated with chain or mixed
vibrations. Reduction of polystyrene symmetry from infinite to finite chains and the presence
of end groups lead to the appearance of new peaks in the spectra. Furthermore, the
configuration of polystyrene also influences the relative intensities of peaks, including those
associated with phenyl group vibrations.

A comprehensive comparison between trans-planar and helical forms of PTS revealed
distinct regions in the Raman spectra where differences between the two structures are
expected, in line with experimental findings. For instance, the experimentally observed peak
splitting in the helical structure with maxima at 1440 and 1451 cm was theoretically
predicted to be around 1430 cm™ and 1444 cm™. In the case of the trans-planar configuration,
a broad peak at 1450 cm™' was measured, and our calculations reproduced this single peak at
1441 cm!. The origin of the peak splitting in the helical phase was attributed to the different
frequencies of bending motion in external and internal CH2 groups. Experimentally, the
presence of such a double peak has been used as an indicator of the of helical phase with
mixed trans and gauche arrangements of the carbon chain, and our calculations support this
assumption. However, it is important to take caution when interpreting theoretical predictions,
as a similar splitting of the peak around 1444 cm™' was also observed for a linear trans-planar
oligomer when a different basis set was used (results not included).

Another interesting example is a sharp, intense peak calculated only for the helical sPST at
1249 cm!. This corresponds to the peak detected experimentally at 1250 cm™!, which was also
exclusively observed for the helical structure.

Indeed, the alignment between calculations and experimental data provides further evidence
of the distinct Raman characteristics of the helical and trans-planar sPST configurations. It is
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worth noting that the differences between the Raman spectra of the two phases are more
pronounced in theory than in experiment. This observation underscores the importance of
combining both theoretical and experimental approaches to gain a comprehensive
understanding of the distinct behaviours exhibited by different sPST configurations.

Moving to short oligomers introduces additional features in the Raman spectra that
were absent for infinite chains. Reducing the system's symmetry leads to the emergence of
more mixed modes involving both carbon chain and phenyl ring motions, as well as changes
due to chain end groups. This effect is particularly evident when comparing linear and bent
oligomers. Altering the oligomer's geometry modifies the distances between the phenyl rings
and the carbon chain, thereby affecting their interactions and polarizability. Consequently,
peak intensities change, and more low-intensity peaks emerge in the spectra. Furthermore, the
relative intensities of double peaks associated with phenyl ring vibrations in the regions of
1625-1550 cm™! and 1040-995 cm! vary and for oligomer structures show better agreement
with experimental spectra (particularly when the temperature correction is included for
intensities, see Figure S5). However, it is important to note that the calculated relative
intensities may not precisely match the experimental data and can be influenced by the chosen
basis set and functional used in the calculations, as well as the temperature correction.
Therefore, these intensities should be interpreted only at a semi-quantitative level. Similarly,
experimental intensities are also prone to inaccuracies, as they can be affected by factors such
as the laser used for measurements or the optical path.

The general shape of the calculated Raman spectra agrees well with experimental data,
particularly in the lower frequency region, which is accurately reproduced by the theory. In
the Table 1, we compare available experimental data for Raman active vibrations in
polystyrene with calculated values. The experimental frequencies are taken from ASTM
E1840-96 standard® and serve as a calibration reference for the Raman spectrometer . The
theoretical values correspond to various trans-planar sPST structures, including infinite chains
as well as linear and bent oligomers. It is important to note that the absence of symmetry
constraints in the calculations results in many computed frequencies, making direct
comparisons challenging. To address this, the frequencies listed in the table were selected
based on the overall agreement in the shape of the theoretical and experimental Raman
spectra. For the theoretical values, a frequency range is provided that contains all computed
values. The complete list of all frequencies can be found in the supplementary information
(Table S9). The differences between the theoretical and experimental values range from 1 cm’
! to nearly 30 cm’!, depending on the specific mode and type of atomic motion being
considered.

The aim is to compare qualitatively experimental data with theory in order to investigate
the nature of associated vibrations and access their stability with respect to structural
modifications in polystyrene. Each frequency in the Raman spectra was assigned to the
corresponding group of atoms responsible for the vibration, as indicated in the Table 1. The
analysis revealed that the majority of modes used for calibration are associated with pure
phenyl ring vibrations, which makes them relatively insensitive to changes in the polystyrene
configuration. Importantly, the assignment of vibrating atoms remains consistent across all
trans-planar PST structures, including infinite chain and finite oligomers, in the vicinity of the
listed frequencies. Furthermore, two modes observed experimentally at 795.8 c¢m™' and
1450.5 cm’!, have corresponding theoretical vibrations that are either mixed modes or
mixed/pure chain vibrations. It is possible then that these modes may experience frequency
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shifts between different polystyrene samples/structures used in experiments, suggesting they
may not be suited for calibration purposes.

Table 1. Experimental and theoretical (trans-planar model) frequencies for polystyrene. Experimental values are
taken from ASTM E1840-96 standard and are used for the calibration. The group of atoms that are associated
with a given mode are also indicated.

Theo. Trans-planar PST (cm™)
. . "linear" "bent" Assignment
Exp. (cm™) Infinite oligomer oligomer
620.9 616.9-618.5 616.6-618.1 616.3-618.6 ring
795.8 768.0 772.5 769.4 mixed
1001.4 994.9-995.6 994.7-995.5 992.8-995.3 ring
1031.8 1027.3-1032.1 1026.2-1031.9 1027.3-1030.0 ring
1155.3 1145.0-1147.2 1145.6-1147.6 1145.1-1147.2 ring
1450.5 1420.8-1446.6 1424.0-1449.5 1426.1-1457.3 chain or mixed
1583.1 1584.1-1585.5 1583.3-1585.3 1581.1-1583.9 ring
1602.3 1602.7-1604.3 1602.4-1604.6 1601.2-1604.4 ring
28504 9 9 9 C-H-chain or end
group
2904.5 ? ? ? C-H chain
3054.3 3105.9-3110.4 3106.1-3111.3 3101.6-3114.1 C-H ring

The error in the calculated C-H stretching vibration is more significant compared to
the experimental data. This discrepancy is expected as the calculations did not include the
anharmonic corrections required for this type of vibration. Furthermore, the C-H region of the
spectra is highly sensitive to the calculation parameters and the specific configuration of
polystyrene. As a result, the calculated spectra in the C-H region did not precisely match the
experimental findings, making it difficult to accurately assign calculated values to each
experimental peak.

An important observation is that the additional peaks appearing between the C-H
stretching from the chain and C-H stretching from the ring regions are present in the
theoretical spectra only when finite length oligomers are considered. Interestingly, these peaks
are consistently present in the experimental spectra as well. This suggests that the
experimental samples contain polystyrene chains of varying lengths, which contribute to the
observed spectral features and these additional peaks can serve as indicators of finite chain
lengths in polystyrene samples.
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V. CONCLUSIONS

In this study, the Raman spectra of various polystyrene models were calculated chosen
after assessment, the PBE-D3 exchange-correlation functional and a Gaussian-type basis set
implemented in the Crystall7 code. An extensive benchmark of the computational parameters
confirmed the general applicability and robustness of the results with respect to the choice of
basis set and functional.

The comparison between trans-planar and helical forms of PST, revealed
conformationally sensitive regions in good agreement with experimental observations. It was
found that Raman spectra can exhibit sensitivity to the conformation of sPST and to either all-
trans or mixed trans-gauche chains. However, the differences between trans-planar and helical
sPST forms observed experimentally were more subtle compared to theoretical predictions
and changes observed with infrared spectroscopy.

As complexity was gradually introduced into the models and the carbon backbone
transitioned from infinite chain to finite-length oligomers, a mixing of chain and phenyl ring
movements was observed. As a result additional peaks of relatively low intensity below
1700 cm™ has emerged. On the other hand, the primary peaks associated with phenyl ring
vibrations were present across all PST structures and only their relative intensities were
modified. This indicates that further increase in the size of the oligomer models would not
lead to significant changes in the spectra but rather we should expect appearance of mixed
modes with low intensities in conformationally sensitive regions and modifications in relative
peak’s intensities.

Our calculations show that the peaks measured in the middle and low frequency region at
1602.3 cm™, 1583.1 cm’l, 1155.3 cm™, 1031.8 cm’!, 1001.4 cm™, 620.9 cm™, are robust as
they come from phenyl ring vibrations and they could be used for calibration purposes. On the
other hand, peaks at 1450.5 cm™ and 795.8 cm™ are dependent on the conformation of
polystyrene as they correspond to chain or mixed modes.

Peaks in the higher frequency region, associated to C-H stretching vibrations, are
overestimated as anharmonic effects are not included. Nonetheless, the investigation of
polystyrene oligomers revealed that the finite-length chains of PST have to be considered to
properly describe features in the C-H stretching region observed experimentally. The presence
of end groups in polystyrene introduces changes in the stretching region of C-H atoms from
the carbon backbone and leads to appearance of new peaks in the region between stretching of
C-H from the chain and from the phenyl groups. These additional peaks are consistently
visible in the experimental spectra, making our findings a valuable indicator of finite lengths
of polystyrene chains.

In future studies, it would be worthwhile to explore the impact of tacticity or crystallinity
on Raman spectra. The presence of crystallinity and intermolecular interactions among
polystyrene chains may influence the configurationally sensitive regions in the Raman
spectra, potentially leading to peak splitting or alterations in relative intensities. Investigating
these effects could further enhance our understanding of the vibrational behaviour of
polystyrene and its various configurations.

18



SUPPORTING INFORMATION: Supplementary materials include additional information
about computational benchmark, visual representation of chosen vibrational modes for infinite
polymers, tables with calculated vibrational frequencies.

The input and output files of the calculations for discussed polymer structures are available by
NOMAD repository. The published calculations include PBE-D3 functional with Basis set 7,
as defined in the SI. The data can be found either by dataset name (CHARISMA-PST-2023) or
the dataset id number (XXXXXXXXXX). Additional data are available from the corresponding
author, M.C., upon request. THIS HAVE TO BE MODIFIED AFTER PUBLISHING DATA
ON NOMAD
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