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depends from its degree of
polymerization.
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� Fully polymerized PFA does not
contain conjugated blocks.
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a b s t r a c t

The actual chemical structure of polyfurfuryl alcohol (PFA) is still uncertain in spite of several studies on
the topic, variations during the polymerization processes being one reason that must be addressed. The
use of a limited set of analytical techniques is often insufficient to provide an exhaustive chemical char-
acterization. Moreover, it is still not possible to exactly determine presence and amount of each specific
functional group in the polymeric structure. We employed both Fourier Transform Infrared Spectroscopy
(FTIR) and Resonant Raman spectroscopy (RR), corroborated by quantum mechanically aided analysis of
the experimental spectra, to infer about the chemical structure of two samples of PFAs, synthetized in
different ways and appearing macroscopically different, the first one being a liquid and viscous commer-
cial sample, the second one being a self-prepared solid and rigid sample produced following a thermoset-
ting procedure. The vibrational spectroscopic analysis confirms the presence of differences in their
chemical structures. The viscous form of PFA is mainly composed by short polymeric chains, and is char-
acterized by the presence of isolated furfuryl alcohol and furfural residues similar to 5-
hydroxymethylfurfural; the thermosetted PFA is formed by more cross-linked structures, characterized
by several ketones and alkene double bonds, as well as a significant presence of Diels-Alder structures.
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In summary, the present study evidences how the use of both FTIR and RR spectroscopy, the latter carried
out at several laser excitation wavelengths, indicates an accurate way to spectroscopically investigate
complex polymers enabling to satisfactorily infer about their peculiar chemical structure.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In a world seeking for bio-based materials, polyfurfuryl alcohol
(PFA) is one attractive solution because of its natural origin, com-
ing from renewable resources [1,2], and due to its good mechanical
and thermal properties [3]. Despite the facile polymerization, its
chemical structure has not been investigated up to 1953, year of
the first publication by Dunlop and Peters [4]. The monomer, fur-
furyl alcohol (F-OH), can be obtained from catalytic reduction of
furfural, which in turn is obtained from hydrolysis and dehydration
of carbohydrates, such as hemicellulose residues from sugarcane,
rice or corncobs [5–7]. Due to its high dimensional stability, PFA
is used as binder in foundry for sand moulding [8,9]. About its
physicochemical properties, we can mention a very good thermal
stability and a great resistance to acidic conditions [10]. In addi-
tion, when PFA is used in composite materials, its presence
increases the mechanical properties of such materials, such as ten-
sile, flexural, impact strength and storage modulus [11,12]

Recently, attractive bio-copolymers based on PFA, with excel-
lent scientific and industrial interest, have been proposed. Among
these we can mention: (a) Epoxidized linseed oil, Tung-oil and lac-
tic acid copolymers, which have shown the possibility to syn-
thetize bio-based plastics [13–15]; (b) Tannin-furanic foams,
based on tannin-F-OH copolymers, which have shown outstanding
features for the insulation of green building and have been also
synthetized on industrial scale [16–18]; (c) lignin-furanic poly-
mers, with good adhesive properties [10,19,20]; (d) the use of
PFA in the preparation of corrosion-resistant glass fibre-
reinforced composites and of carbon-based nanocomposites for
applications into molecular sieve adsorbents and electrodes [21–
24]; and (e) finally, the F-OH employment to produce innovative
materials with enhanced stability, suitable for outdoor application
in construction [25]. Overall, these products are attractive bio-
based solutions to replace thermoset petrol-products such as poly-
urethanes, phenolic or amino-plastic adhesives and foams.

To understand the interaction of the various copolymers cou-
pled with F-OH, a deeper insight to clarify its mechanism of poly-
merization is necessary. PFA is the product of the polycondensation
of F-OH. This product is obtained by acid catalysis of liquid pale-
yellow furfuryl alcohol, which turns quickly into a black rigid solid
in a sort of explosion due to the high exothermicity of the process.
This fascinating reaction has attracted the interest of many scien-
tists to unscramble its complex chemistry. Most of the studies
agreed with the presence of linear chains, originally presented by
Dunlop & Peters [4], but then also other interesting adducts were
hypnotized to justify the spectroscopic information collected over
the years.

In particular, Conley & Metil introduced the possibility of ring-
opening [26], Wewerka suggested the termination of the chain
through a,b unsaturated c lactones [27], Chuang et al. [28] pro-
posed the methylene bridge between linear furanic chains, and
finally Choura et al. proposed the crosslinking through Diels -
Alder reaction [21].

More recent observations through 13C NMR, FTIR and Raman
spectroscopy have allowed to partly understand the proportion
of the different structures when the polymer is completely poly-
merized [29–33]. Our study [29] was however considering exclu-
sively the fully cured PFA polymer, i.e. a PFA thermoset in which
a crosslinking reaction has occurred promoting chemical bonding
2

between macromolecular chains and creating a three-
dimensional network.

In this article we aim to extend the knowledge on the chemical
constitution of PFA, by comparing a standard, commercially avail-
able, viscous PFA (visc-PFA) [34] and a self-prepared PFA that
underwent a thermosetting procedure during its synthesis (ThS-
PFA) [29]. The liquid and viscous character of visc-PFA suggests
that it could be in an intermediate state, where the polymerization
process has not been already completed, while in a previous study
[29] we demonstrated that in ThS-PFA the thermosetting proce-
dure completes the polymerization process, since residual F-OH
was not present in the final solid and rigid polymer sample.

With the aim of discovering differences in the chemical consti-
tutions of visc-PFA and ThS-PFA, we performed an extensive vibra-
tional spectroscopic study of these two materials. We employed
both FTIR spectroscopy and Raman spectroscopy at the excitation
wavelengths of 1064 nm, 532 nm, 455 nm and Resonant Raman
(RR) spectroscopy at the excitation wavelengths of 355 nm,
266 nm and 244 nm, in order to cover the whole RR landscape
potentially exploited by PFA. Due to the complex chemical confor-
mation characterizing both PFA samples, the spectral interpreta-
tion is supported by quantum mechanical simulations providing
the vibrational profiles of the specific functional groups which
are supposed to constitute the building blocks of the polymeric
structures.

The work is organized as follows: Section 2 describes the sam-
ple preparation procedure, the experimental details adopted to get
the final FTIR and Raman and RR spectra, as well as the description
of the computational models adopted to generate the simulated
spectra. Section 3 reports the experimental FTIR, Raman and RR
spectra of visc-PFA and ThS-PFA, and Section 4 provides a detailed
comparison between the theoretical and experimental results
obtained.

2. Experimental section

2.1. PFA sample preparation

Thermosetted PFA (ThS-PFA) was prepared as described in Ref.
[29]. Briefly: 0.1 mL of sulfuric acid (Merck) 32% was added in an
open test tube containing 2 mL F-OH (Transfuran chemicals, Geel,
Belgium). After 60–80 s the polycondensation reaction was com-
pleted and the PFA obtained was further kept in an oven at
103 �C for 1 h to complete the curing before grinding it into fine
powder. This powder was leached with water to remove the cata-
lyst and the unreacted F-OH, and then dried again at 103 �C until
constant weight. The material resulted almost completely insol-
uble (only 2% was leached out) and the resulting dried black pow-
der was the subject of this study.

Viscous PFA (visc-PFA) was purchased from Polyscience [34]
and used as it is. The supplier declares that its product is composed
by 90–95 % of 2-furanmethanol homopolymer and by a 5–10% of
furfuryl alcohol. The sample appears as a black viscous liquid.
The supplier declares a viscosity of (14500 ± 2500) cP.

2.2. FTIR

Attenuated Total Reflectance (ATR) Fourier Transform InfraRed
(FTIR) spectra were acquired to characterize both PFA samples in
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the MIR-FIR spectral range. To do so, the ThS-PFA (crushed into
powder) and the visc-PFA were put onto the diamond internal
reflection element of the Platinum ATR setup (Bruker Optics)
housed in the in-vacuum Vertex 70v interferometer (Bruker
Optics). Then the chamber was evacuated in order to limit the
atmospheric water contribution. For each formulation, five differ-
ent spectra were collected in the 6000–50 cm�1 spectral range,
with 256 scans (both for the background and the sample), a spatial
resolution of 2 cm�1 and at a frequency of 5 Hz. The five recorded
spectra were averaged and cut in the 4000–400 cm�1 range, base-
line corrected with the concave rubberband method (number of
iterations = 5, and number of baseline points = 64) and both vector
normalized and offset corrected in the whole range.

2.3. Raman

Raman measurements with laser excitation at 1064 nm,
532 nm, 455, nm, and 355 nm were carried out with the Raman
instrumentation available at the Core Facility Spectroscopy of the
University of Salzburg, collecting all the Raman spectra in
backscattering configuration. A Bruker FTIR IF66 spectrometer
equipped with a Raman module FRA106 was used for the Raman
measurements at 1064 nm, with a laser power of 100 mW and a
laser spot diameter of 100 mm. For the Raman measurements at
532 nm and 455 nm a Thermo Fisher Scientific DXR2 Raman
microscope was used, recording the Raman spectra with a laser
power of 1 mW, and using a 10 � objective delivering a laser spot
diameter of approximately 2 mm. To avoid photodegradation dur-
ing a prolonged measurement on a single sample spot, a Raman
mapping with a step size of 10 mm was utilized, averaging approx-
imately 300 spectra to a resulting spectrum. For the Raman mea-
surements at 355 nm a Raman spectrometer MonoVista
CRS + from the company S&I (Acton SP2750 spectrometer with
LN2 cooled Princeton Instruments CCD camera) equipped with an
Olympus BX51WI microscope and a 10 � UV objective was used,
recording the Raman spectra with a laser power of 1 mW on a laser
spot with approximately 2 mm in diameter. To avoid photodegrada-
tion during a prolonged measurement on a single sample spot, the
sample was continuously oscillated with approximately 1–2 Hz
and a path length of approximately 10 mm.

2.4. UV resonant Raman

UV resonant Raman measurements with laser excitation at
266 nm and 244 nm were carried out at the IUVS beamline of
the Elettra Sincrotrone Trieste synchrotron radiation facility. A
detailed description of the experimental apparatus can be found
in Ref. [35]. The Raman scattered signal was collected in backscat-
tering configuration, sending the scattered light to a single stage
Czerny-Turner spectrometer (Princeton Instruments), with focal
length of 750 mm, equipped with a 1800 lines/mm holographic
grating and a Peltier-cooled back thinned CCD (Princeton Instru-
ments). To avoid photodegradation during the measurements,
the samples were continuously oscillated with 1 Hz frequency
and a path length of 5 mm.

2.5. Theoretical spectra modelling

UV–visible absorption spectra of furfuryl alcohol (F-OH) have
been calculated by means of the time dependent DFT calculations
[36,37] carried out with the Orca software package [38,39] exploit-
ing the hybrid density functional theory (DFT) model of Becke and
co-authors [40–42] and the Lee–Yang–Parr exchange–correlation
function [43,44]. The simulated molar extinction coefficient spec-
trum has been obtained by
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and can be considered as the oscillator strength (dimensionless)
of each excited state induced by the electronic transitions, while D
is the induced dipole strength in esu2cm2 and h is the Planck con-
stant [45].

The computation of FTIR, Raman and RR spectra has been car-
ried out using the Turbomole program package [46]. To get a good
compromise between computational accuracy and computational
costs, the BP-86 local density functional together with the Karl-
sruhe def2-SVP basis sets was used. The simulated FTIR spectral
lineshapes were calculated through the sum of several Voigt pro-
files centred at the wavenumbers obtained by the simulations
(one Voigt profile for each normal mode). Each Voigt profile has
its area proportional to T2, i.e. to the square of the change of the
dipole moment along a given vibrational mode [38]. Otherwise dif-
ferently indicated, we chose a Gaussian Full Width at Half Maxi-
mum (FWHM) = 10 cm�1 and a Lorentzian FWHM = 5 cm�1.

As done for the FTIR, the simulated Raman spectral lineshapes
were calculated by using Voigt profiles centred at the wavenum-
bers obtained by the simulations and with areas proportional to

Ai ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT;T þ RII;IIð Þ2

q

where RT,T and RII,II are the differential Raman scattering cross
sections calculated considering the electric field vectors polarized
orthogonal (T,T) and parallel (II,II) to scattering plane [47,48]. Such
cross sections refer to an absolute temperature T = 298.15 K and to
exciting radiations corresponding to the employed experimental
Raman excitation wavelengths (i.e. 1064 nm, 532 nm, 455 nm,
355 nm, 266 nm and 244 nm).

To verify if the adopted models are appropriate to obtain a reli-
able description of PFA electronic transitions, we have compared
the simulated FTIR, Raman and UV–vis absorption spectra of F-
OH with the experimental ones, this comparison being illustrated
in detail in the Supplementary materials. Comparisons of the sim-
ulated RR spectra of F-OH with the experimental ones indicate that
the proposed model is able to predict with good accuracy the peak
positions and the spectral intensity of the normal modes regarding
C = C stretching inside the furan rings in the wavenumber region
between 1300 and 1700 cm�1. Conversely, between 800 and
1300 cm�1 the accuracy in the calculated peak position is reduced,
being underestimated by 20 to 40 cm�1, depending on the anal-
ysed normal mode, while the order of magnitude of the simulated
peak intensities is preserved.

2.6. Model structures for computations

Because of the PFA chemical structure complexity, an accurate
interpretation of the vibrational spectra carried out both with FTIR,
Raman and RR requires the identification of which functional
groups can origin the vibrational peaks experimentally observed.
To avoid misinterpretation in the peak assignation, the way we fol-
lowed was to compare the outcome of the experimental spectra
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with targeted simulation of FTIR, Raman and RR vibrational spectra
carried out on specific building blocks of PFA. In particular, for the
interpretation of the RR spectra, it is fundamental to understand at
which energies the main functional groups present in PFA have
electronic transitions, thus leading to an enhancement of the
Raman cross section. However, the impossibility to get experimen-
tal UV–vis absorption spectra of PFAs, because of the macroscopic
characteristic of the samples, made the simulated UV–vis absorp-
tion spectra the only possible way to infer about electronic transi-
tions in PFA. Following the indications of Refs. [29,30,49] we
identified few chemical structures which reasonably are mostly
present in the PFA polymers, i.e. the ‘‘building blocks” of the PFA
themselves.

These chemical structures considered in the present work, and
for which we performed quantum mechanical computations of
UV–vis and vibrational spectra, are shown in Fig. 1, identifying
the internal section of the structural units in red and the external
ones in green, since in the comparison between experimental
and simulated spectra we have to take care to disentangle the nor-
mal modes involving vibration in the central part of the simulated
structural units (red) with respect to the lateral ones (green). By
this way it will be possible to distinguish the vibrations associated
to possible central structural units of PFA from the ones of terminal
building blocks or artifacts of the model.

In the following we refer to these structures shown in Fig. 1 as
Lin, RingOp, StructFFL, Struct5HMF, DielsAlder, and Conj.

3. Results

3.1. Experimental FTIR spectra

The experimental FTIR spectra of Ths-PFA and of visc-PFA are
shown in Fig. 2. A qualitative comparison evidences several simi-
larities between the two curves, in particular in the wavenumber
range of 1500–1800 cm�1, as well as similarities with the PFA FTIR
spectra found in literature [29,31,32,49]. It is important to high-
light the presence of a shoulder at 1690–1670 cm�1 in the ThS-
PFA, missing in visc-PFA, while, on the contrary, visc-PFA shows a
shoulder at around 1750 cm�1, missing in ThS-PFA. It is also note-
worthy the presence, at around 1012 cm�1 in the ThS-PFA FTIR
spectrum and at around 1013 cm�1 in the visc-PFA FTIR spectrum,
of a common sharp peak (i.e. FWHM � 25 cm�1). Relevant spectral
profiles differences can be otherwise observed in the spectral range
650–850 cm�1 (blue square in Fig. 2), 1050–1250 cm�1 (red square
Lin (Linear not conugated) RingOp (Ring ope

DielsAlder
(Ring-Opening + Die

Struct5HMF 
(5-hydroxymethylfurfural)

Fig. 1. Graphical representation of the simulated chemical structure, namely Lin (Line
derivative structure), Struct5HMF (5-hydroxymethylfurfural), DielsAlder (Ring opening + D
structures in red and any lateral one in green. The 3D layout is the result of the geomet
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in Fig. 2), and 3200–3700 cm�1 (green square in Fig. 2), where a
broad OH-stretching band appears near 3400 cm�1 in the visc-
PFA FTIR spectrum, but not in the ThS-PFA one. Other differences
between the spectra are the presence in the visc-PFA FTIR spectrum
of very sharp peaks (FWHM 12 cm�1) centred at around 885, 1149
and 1505 cm�1, these peaks being still present also in ThS-PFA, but
with strongly reduced intensities (see also [29,31,32,49]).
3.2. Experimental Raman and resonant Raman spectra

In Fig. 3 the Raman spectra of both visc-PFA and ThS-PFA are
compared in the spectral ranges 800–1350 cm�1 (panel a) and
1350–1800 cm�1 (panel b), collected at different laser excitation
wavelengths spanning from 1064 nm to 244 nm. The spectra col-
lected exploiting laser excitation sources in the near-IR and visible
evidence clear differences between visc-PFA and ThS-PFA. In the
near-IR region (excitation wavelength of 1064 nm) a clear Raman
spectrum of visc-PFA was obtained, characterized by well-defined
peaks centred at around 1385, 1425, 1506, 1528, 1563, 1597 and
1650 cm�1, and free of any fluorescence contribution. On the con-
trary, for visc-PFA it was not possible to collect Raman spectra
exploiting excitation sources in the visible at 532 nm and
455 nm, because both Raman profiles were hidden by an intense
fluorescence background that overwhelmed any spectral features.

Differently to what occurs with visc-PFA, laser light absorption
at the excitation wavelength of 1064 nm and related thermal dam-
ning C=O)

Conj (Linear Conjugated)
ls-Alder) 

StructFFL (Furfuryl levulinate)

ar not conjugated), RingOp (Ring opening + C = O), StructFFL (furfuryl levulinate
iels-Alder), and Conj (Conjugated), identifying any internal portion of the chemical
ry optimization carried out by the simulations.
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age impeded getting any Raman spectrum of ThS-PFA at this laser
wavelength, while reliable ThS-PFA Raman spectra were obtained
employing excitation wavelengths of 532 nm and 455 nm, after
the application of a careful background subtraction procedure as
done by Reyer et al. in Ref [18].

The Raman spectra of ThS-PFA recorded with 532 nm and
455 nm laser excitation differ greatly from the one of visc-PFA
recorded with 1064 nm laser excitation, the visc-PFA spectrum
being characterized by well-defined and sharp peaks, while the
532 nm and 455 nm ThS-PFA spectra being dominated by broad-
ened spectral features centred near 1480 cm�1 and 1610 cm�1 in
absence of any well-defined sharp peak.

At the excitation wavelength of 355 nm, the Raman spectra of
both visc-PFA and ThS-PFA change their spectral profiles compared
to the ones recorded at longer excitations wavelengths. The visc-
PFA spectrum contains two well defined peaks: the most intense
is centred at around 1650 cm�1 while a smaller one is centred at
around 1526 cm�1. On the contrary, the ThS-PFA spectrum is dom-
inated by a broad feature at around 1614 cm�1 and a smaller one at
around 1495 cm�1. It is important to remark how our visc-PFA
Raman spectrum with laser excitation at 355 nm strongly resem-
bles the one obtained by Kim et al. from their self-prepared PFA
with laser excitation at 325 nm [30], while the spectral profile of
ThS-PFA behaves in a completely different way. The reason of such
strong variations in the spectral lineshape will be discussed in
detail in the following and is related to the different degree of poly-
merization of the two PFAs, and consequently to their different
chemical composition.

Moving to 266 nm excitation wavelength, the spectral profiles
continue to change, both for the visc-PFA and for the ThS-PFA.
The spectra resemble the ones obtained at 355 nm, but with the
appearance of two additional peaks at around 1506 cm�1 and
1562 cm�1 for visc-PFA, and of an additional spectral feature at
around 1550 cm�1 for the ThS-PFA, these peaks becoming domi-
nant in the spectra obtained at an excitation wavelength of
244 nm. It is important to note how, at this excitation wavelength,
the visc-PFA and ThS-PFA Raman spectra result to be quite similar
to each other, although with slight differences in peak positions.

In the wavenumber region of the Raman spectra between 800
and 1350 cm�1, we note how the spectra at excitation wavelengths
5

of 266 nm and 244 nm for both visc-PFA and ThS-PFA result to be
very similar, being characterized by a doublet with peaks centred
at around 975 cm�1 and 1017 cm�1. Moving to visible excitations
the spectra become noisier, because of the presence of fluorescence
and the related background subtraction procedure, not allowing a
good accuracy in the peak intensities. Anyway, we can observe that
in both the PFAs a new peak seems to rise near 1075 cm�1 and a
bump at around 1032 cm�1 seems to emerge in the Raman spec-
trum of ThS-PFA at 532 nm excitation wavelength. The peak at
around 1075 cm�1 becomes clearly evident in the Raman spectrum
of visc-PFA at 1064 nm excitation wavelength, where the fluores-
cence is strongly damped.
4. Discussion

4.1. UV–visible absorption spectra computations

As described in the experimental section, we have simulated
the UV–vis absorption spectra of the model structure described
above. The simulated spectra are reported in Fig. 4. The simulations
evidence the presence of electronic transitions above 300 nm in
RingOp, Struct5HMF, DielsAlder and Conj. Apart from the peculiar
case of Struct5HMF, such transitions happen when an alkenes
C = C bond outside the furanic ring occurs. On the contrary, furan
rings alone, without the presence of alkenes in the backbone, seem
not to generate such transitions. This evidence suggests that the
differences between the Raman spectral profiles of visc-PFA and
ThS-PFA occurring with 355 nm laser excitation are induced by
these electronic transitions, that lead to resonance Raman effects.
Below 250 nm, the absorption spectra result in the overlapping
on many electronic transitions and the model adopted becomes
less accurate since the model building blocks are too small to real-
istically simulate the electronic levels inside a polymeric structure.
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However, within the strong limitations due to the extremely sim-
plified model, these simulations can be interpreted in a qualitative
way, indicating that the differences in the experimental Raman
spectra are reasonable and can be qualitatively assigned as follows:
the ones at 355 nm to resonance occurring with alkenes and in
general with p-type bonds in the polymer backbone, while the
ones at 266 nm and 244 nm to resonance occurring inside the
furan rings. Therefore, with a good degree of confidence we can
consider (see Fig. 3) the Raman peaks in resonance at 355 nm
addressed to inter furan rings normal modes (i.e. the cross-linked
structures) and the ones resonant at 244 nm to intra furan rings
normal modes. Concluding, the 1064 nm, 532 nm and 455 nm
Raman spectra in the spectral range between 1400 and
1800 cm�1 are constituted by an overlapping of all the normal
modes (non-resonant and resonant), while from 355 nm to
244 nm laser excitation the PFA Raman spectral profiles become
dominated by resonant vibrational modes, the Raman spectra with
266 nm laser excitation looking like a transition stage between the
resonant normal modes.
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4.2. Comparison between experimental and theoretical FTIR spectra

Fig. 5 presents a comparison between the FTIR spectra of visc-
PFA and of ThS-PFA, already shown in Fig. 2, and the simulated FTIR
spectra obtained from the chemical structures Lin, RingOp,
StructFFL, Struct5HMF, DielsAlder and Conj shown in Fig. 1. In red
the spectrum produced by the central portion of the chemical
structures is identified, while in green the spectrum produced by
the lateral moieties. This comparison evidences how the experi-
mental peak at around 1012 cm�1 in ThS-PFA and at around
1013 cm�1 in visc-PFA can be addressed to the normal modes of
the central part of the Lin structure, having the calculated
wavenumbers at around 999.7 cm�1 and 1003.5 cm�1 associated
to the C-H bending within the Lin-C furan rings.

As already mentioned above, the presence of some spectral dif-
ferences between visc-PFA and ThS-PFA indicates differences in the
two polymerized chemical structures. As seen in Fig. 5, the pres-
ence of a distinct peak at around 1000 cm�1 in the FTIR spectra
indicates how Lin-C is the prevalent structure in both the PFAs.
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To shed light about the other possible structures that could be pre-
sent, we tentatively calculated the spectral difference between
ThS-PFA and visc-PFA after a FTIR spectra normalization with the
peaks at around 1000 cm�1. Such spectral difference is shown in
the upper panel of Fig. 5. The comparison with the simulated spec-
tra allows to address the nature of the sharp peaks in visc-PFA
spectrum centred at 885, 1149 and 1505 cm�1. Basically, it must
be noted how these peaks coincide with the ones of F-OH (see
top panel of Fig. 5). Additionally, the top panel of Fig. 6 evidences
the presence of an OH stretching hydroxyl band which can be
easily addressed to the presence of F-OH, in accordance with the
PFA characteristics given by the supplier [34]. There are small dif-
ferences in the hydroxyls OH stretching band lineshapes between
visc-PFA and F-OH: the first one is peaked around 3430 cm�1,
resembling the signal observed by Ipakchi and co-workers [51],
the F-OH one instead at 3340 cm�1. Such differences can be
addressed to the different hydrogen bonding environment experi-
enced by the hydroxyls in visc-PFA and F-OH, respectively. Since
the 3430 cm�1 band disappears in the ThS-PFA spectrum, we can
deduce that the thermosetting process suppresses the hydroxy
groups as well as the residual water amount, if present.
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The peaks at 885, 1149 and 1505 cm�1 can be also assigned to
normal modes inside the furan ring linked on the lateral side of the
polymer structure, i.e. Lin-L, RingOp-L, StructFFL-L, Struct5HMF-L
and DielsAlder-L, or, alternatively, to residual F-OH. More specifi-
cally, the peak at 885 cm�1 could be assigned to an asymmetric
C-H stretching on the carbon forming the linkage with the poly-
meric structure (855.1 cm�1 in Lin-L), or to a combination between
the asymmetric C-H stretching on the carbon forming the linkage
and an asymmetric out-of-plane O-H bending inside the furan ring
(852.8 cm�1 in RingOp-L). Instead, the peak at around 1149 cm�1

may corresponds to in plane C-H bending normal modes (namely
1149.0, 1159.4, 1172.6 cm�1 in RingOp-C, 1172.4 cm�1 in
StructFFL-C), or, less probably, to a combination between C-H bend-
ing and C-O stretching in Lin-L (1160.4 cm�1).

At last, the peak at 1505 cm�1 may corresponds also to the C = C
symmetric stretching (1502.8 cm�1 and 1502.9 cm�1 in Lin-L,
1494.8 cm�1 and 1495.9 cm�1 in RingOp-L), see Table 1. Notewor-
thy, the negligible presence in the FTIR spectra of ThS-PFA of these
three described normal modes, compared to visc-PFA, endorses the
hypothesis that single-linked furans (e.g. Lin-L and RingOp-L) are
missing or marginally present in ThS-PFA, in favour of more
cross-linked furans (e.g. Lin-C and RingOp-C).

In the spectral range above 1500 cm�1, i.e. the one where the
FTIR curves are more similar, the presence of signals at �
1710 cm�1 indicates the presence of ketones both in the ThS-PFA
and visc-PFA chemical structures, as demonstrated in Ref. [29].
The presence of a bump at 1690–1670 cm�1 in ThS-PFA may indi-
cate that the latter is affected by the presence of a,b unsatured
ketones, which have the C = O stretching vibrational frequency
shifted down to 40–60 cm�1 with respect to the saturated ones
[52].

As expected, the DFT calculations confirm the presence of C = O
stretching normal modes, although with slightly overestimated
wavenumbers (1714.2 cm�1 and 1739.7 cm�1 for RingOp-C,
1737.6 cm�1 and 1751.9 cm�1 for DielsAlder-C, see Table 1). In fact
it must be considered that hydrogen bonding, probably present in
the polymeric structure, can reduce the frequency up to 40–
60 cm�1 [52]. As described in Refs. [29–33] both visc-PFA and
ThS-PFA contain a certain number of carbonyls deriving probably
by opening-ring processes, which may also lead to keto-enol tau-
tomerism and a consequent shift of the peaks of the functional
groups involved towards lower wavenumbers, as it can be
observed e.g. in acetylacetone [53], the enol and the keto form
being more stable depending on the surrounding molecular envi-
ronment [54]. This aspect will be subject of future research activi-
ties on PFA, in particular in connection with RingOp-C, StructFFL-C
and DielsAlder-C.

When focusing the attention on the 650–850 cm�1 spectral
range, we note that the experimental spectra of ThS-PFA and
visc-PFA look like large doublets with maxima position at
728 cm�1 and 784 cm�1 for ThS-PFA, 736 cm�1 and 793 cm�1 for
visc-PFA. The relative intensities between these two peaks change
passing from ThS-PFA to visc-PFA.

If we observe the simulated FTIR spectrum Lin, we note that the
lateral contribution (i.e. Lin-L) is characterized by an intense peak
at 705.0 cm�1, which is assigned to an out-of-plane symmetric C-
H bending inside a single-linked furan ring, as shown above. Such
a peak does not have a correspondent one relative to a double-
linked furan ring, or rather, the correspondent ones are up-
shifted at 760.2 and 778.6 cm�1 (both in structure Lin-C). On the
basis of these considerations, we can guess that the line-shape of
this doublet can act as fingerprint for the relative presence of
single-linked and double-linked furan rings inside the polymer
network. In other words, the more intense is the peak at �
730 cm�1 with respect to the one at � 790 cm�1, the more pro-
nounced is the presence of single-linked furan rings. This is roughly



Table 1
Comparison between FTIR and Raman experimental peaks positions and simulated normal modes of visc-PFA and ThS-PFA, in the wavenumber range of 1450–1800 cm�1. Legend:
mS, symmetric stretching; mA, asymmetric stretching.

Visc-PFA exp. peak positions (cm�1) ThS-PFA exp. peak positions (cm�1) Simulated
wavenumber (cm�1)

Normal mode description

FTIR Raman exc. wavelength (nm) FTIR Raman exc. wavelength (nm)

1064 355 266 244 532 455 355 266 244

1712 1711 1751.9
1737.6
1739.7
1714.2
1773.1
1776.2

DielsAlder-C mS(C = O)
DielsAlder-C mA(C = O)
RingOp-C mS(C = O)
RingOp-C mA(C = O)
StructFFL-C m (C = O) near O
StructFFL-C m (C = O) near CH3

1650 1650 1652 1650 1680 1742.1
1648.6
1637.7

Struct5HMF-C m (C = O)
Conj-C backbone-mA(C = C-C)
Conj-C backbone-mA(C = C-C)

1612 1611 1610 1610 1610 1610 1610 1612.1
1610.8

RingOp-C m(C = C)
Lin-C ring-mA(C = C)

1597 1597 1600 1600 1600 1595.1
1594.5
1588.9
1586.6
1602.1
1601.4
1592.9
1599.2
1600.2
1608.3
1602.9

Lin-L ring-mA(C = C)
Lin-L ring-mA(C = C)
RingOp-L ring-mA(C = C)
RingOp-L ring-mA(C = C)
StructFFL-L ring-mA(C = C)
S3HMF-L ring-mA(C = C)
DielsAlder-L ring-mA(C = C)
DielsAlder-L ring-mA(C = C)
DielsAlder-L ring-mA(C = C)
DielsAlder-L ring-mA(C = C)
Conj-L ring-mA(C = C)

1577 1576.3 S5HM-C ring-mA(C = C)
1562 1563 1558 1562 1559 1570 1570 1550 1557 1555.0

1547.8
1541.3

Lin-C ring-mS(C = C)
Conj-C Coll. ring-mS(C = C-C)
Conj-C Coll. ring-mS(C = C-C)

1528 1526 1517.6
1516.9

S5HM-C ring-mS(C = C)
Conj-C Coll. ring-mS(C = C-C)

1505 1506 1491 1506 1506 1503 1483 1500 1500 1502.9
1502.8
1495.9
1494.8
1496.6
1503.5
1497.2
1498.3
1500.7
1502.9

Lin-L ring-mS(C = C)
LinL ring-mS(C = C)
RingOp-L ring-mS(C = C)
RingOp-L ring-mS(C = C)
StructFFL-L ring-mS(C = C)
S3HMF-L ring-mS(C = C)
DielsAlder-L ring-mS(C = C)
DielsAlder-L ring-mS(C = C)
DielsAlder-L ring-mS(C = C)
DielsAlder-L ring-mS(C = C)
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consistent with those FTIR peaks observed in the wavenumber
range of 1050–1250 cm�1, where the spectral difference between
ThS-PFA and visc-PFA evidences the presence of a wide broad signal
centred near 1150 cm�1, this feature being consistent with the
simulated one obtained from the structures RingOp-C, confirming
that a greater cross linking occurs in the ThS-PFA with respect to
the visc-PFA one. It is important to also note a coarse resemblance
between the simulated RingOp-C and DielsAlder-C FTIR spectra. It
may confirm that a large presence of DielsAlder-C, as reported by
Tondi et al. [29] and by Falco et al. [31] in PFA prepared by a ther-
mosetting procedure, could be present in ThS-PFA, although the
FTIR is not able to discern the Diels-Alder structure from the others
like Lin-C and RingOp-C. The presence of Diels Alder will be further
discussed below, where Raman PFA spectra are compared with the
simulated ones.

The FTIR spectra seem to exclude the possibility of a wide pres-
ence of Conj-C, both in ThS-PFA and in visc-PFA. The reasons for this
assumption are two: firstly, the FTIR simulations of the Conj-C
structure are characterized by two intense peaks at 1292.8 cm�1

and 1331.3 cm�1, which are addressed to the C-H in-plane bending
relative to the carbon atoms involved in the conjugation. Such sim-
ulated peaks are missing in the experimental FTIR spectra of both
ThS-PFA and visc-PFA. Secondly, as shown in Fig. 6, the structure
Conj-C is totally missing of vibrational peaks between 2800 and
3050 cm�1. Since ThS-PFA and visc-PFA are characterized by an
8

intense peak near 2900 cm�1, we feel being able to exclude that
Conj-C may constitute the principal component in both PFAs.

This is in agreement with the findings of our recent work for the
ThS-PFA [29] and with the findings of Barsberg and co-authors [49],
who predicted in PFA the presence of oligomers composed by non-
conjugated aliphatic linked furan rings. More specifically, they
declare that the spectral profile of PFA does not allow a unique
assignment of the bands potentially ascribed to a conjugated struc-
ture. On the contrary, the works of Kim and co-authors [30,33],
performed exploiting 325 nm RR, consider PFA mainly constituted
of conjugated structures, where furan rings are linked each other in
a way similar to our Conj structure. The fingerprint of this assign-
ment, in their opinion, stands in the presence of an intense Raman
band at 1650 cm�1, which can be only addressed to the conjugated
C = C stretching. In order to shed light about this discrepancy, we
deepen in the following the peak assignment for the Raman spectra
of ThS-PFA and visc-PFA, previously shown in Fig. 3.

4.3. Comparison between experimental and simulated Raman spectra

As seen in Fig. 3, the spectral changes occurring in the Raman
spectra of both visc-PFA and ThS-PFA upon changes in the excita-
tion wavelength suggest that, by changing excitation wavelength,
different resonance conditions are encountered, in particular with
excitation at 355 nm and 244 nm.
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As done for the FTIR spectra, in Fig. 7 we compare the experi-
mental Raman spectra of visc-PFA and ThS-PFA, recorded respec-
tively at 1064 nm and at 532 nm, with the simulated Raman
spectra obtained from the Lin, RingOp, StructFFL, Struct5HMF, Diel-
sAlder and Conj chemical structures carried out with DFT(B-P86)/
def2-SVP. Before starting the comparison between experimental
and simulated Raman spectra, an important observation must be
done. Differently to what occurs with FTIR, the Raman scattering
cross section differs by orders of magnitude when passing through
different simulated structures. For example, as seen in Fig. 7, the
simulated Raman scattering cross section increases from 10-12

bohr2/sr for Lin to 10-6 bohr2/sr for OpRing. This is not a secondary
aspect: it implies that some vibrational features from certain func-
tional groups, which may be abundant in the PFA, may result to be
hidden by the vibrational features coming from different func-
tional groups that, taking advantage of their higher cross sections,
are dominant in the final spectrum even if less abundant. This
effect is exceedingly emphasized by resonance effects, making
the spectral interpretation strongly conditioned by these aspects.

Differently to what occurs with FTIR, the Raman spectral pro-
files of visc-PFA and ThS-PFA in the wavenumber region between
1350 cm�1 and 1800 cm�1, as seen on the top right of Fig. 7, are
9

characterized by strong differences. With 1064 nm excitation the
most intense Raman peak in visc-PFA is the one at 1506 cm�1,
which results to be also the sharpest one, with a FWHM bandwidth
near 10 cm�1. As already discussed for FTIR spectra, it is reasonable
to exclude the presence of F-OH in the ThS-PFA sample. Therefore,
in accordance with the FTIR results, we can deduce that the peaks
are assigned to the symmetric C = C stretching of a furan ring like
the ones of Lin-L and RingOp-L (simulated peaks at 1502.9 cm�1

and 1502.8 cm�1 for the Lin-L, 1495.9 cm�1 and 1494.8 cm�1 for
RingOp-L, see Table 1). To better evidence the different sharpness
of these peaks, we have simulated only the Lin-L employing a gaus-
sian FWHM of 5 cm�1 instead of 10 cm�1, as done throughout in
this work (see Experimental paragraph). Furthermore, the visc-
PFA contains a well-defined peak at around 1562 cm�1, which
can be easily addressed to the C = C symmetric stretching inside
the furan ring double-linked to the polymer structure (simulated
at 1555.0 cm�1 for the Lin-C structure, see Table 1). The predicted
Raman cross section of these Lin-C normal modes, in particular
�10-13 for 1555.0 cm�1 in Lin-C, is some order of magnitudes lower
than the other simulated ones. Since the corresponding experi-
mental peak at 1562 cm�1 is among the most intense in the visc-
PFA spectra, we can confirm that, as seen with FTIR, Lin-C consti-
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tute the main ‘‘building block” in the PFA structure. It is notewor-
thy that the analogue C = C symmetric stretching for the furanic
ring single-linked to the polymer structure (i.e. Lin-L, RingOp-L,
StructFFL-L and DielsAlder-L) is predicted to be between
1494 cm�1 and 1506 cm�1 (see Table 1 for more details).

Differently to what occurs in ThS-PFA, the visc-PFA 1064 nm
Raman spectrum evidences the presence of an intense isolated
peak at around 1650 cm�1. Such a peak is accompanied by an ana-
logue well defined peak at around 1528 cm�1, missing in ThS-PFA.
As reported further, Kim and co-workers [30,32,33,55] assigned
this peak to the asymmetric C = C-C stretching between two fura-
nic rings. Our simulations report for the Conj-C structure a peak
position for the normal modes centred at 1648.6 and
1637.7 cm�1 (addressed to the backbone C = C-C stretching, see
Table 1), as well as the peak at 1541.3 cm�1, which is a normal
mode that includes collective C-C stretching inside and outside
the furanic ring. Although the first is well close to 1650 cm�1,
the latter is approximately 15 cm�1 above the experimental one
at 1528 cm�1. In addition to the previous consideration carried
out during the interpretation of the FTIR spectra, which aims to
exclude the presence of Conj-C structures, it is noteworthy that
the peaks at 1650 cm�1 and 1528 cm�1 strongly resemble the ones
of 5HMF at 1655 cm�1 and 1524 cm�1. It is reasonable to suppose
that these peaks can be addressed to the Struct5HMF-C structure
shown in Fig. 1. Considering the simulation, the symmetric C = O
stretching of Struct5HMF-C is calculated to be at 1742.2 cm�1,
while the furan ring symmetric C = C stretching is at
1517.4 cm�1. The calculated C = O stretching peak is actually far
from the experimental one. However, such a discrepancy occurs
also for the predicted 5HMF C = O, while the other peaks are well
reproduced in wavenumbers, as evidenced by observing the com-
parison between simulated and experimental FTIR and Raman
spectra of 5HMF shown in the Supplementary Materials. Neverthe-
less, it is the agreement with the experimental 5HMF spectrum
which reinforces the attribution of the peaks at 1650 cm�1 and
1526 cm�1 to the Struct5HMF-C structure. According to all these
considerations, we can exclude the presence of conjugated struc-
tures for the visc-PFA and for the ThS-PFA.

To further confirm this interpretation of the spectra, in Fig. 8 we
compare the Raman spectra of visc-PFA and ThS-PFA, collected
employing 355 nm incident laser radiation, with the spectral sim-
ulations carried out at the same wavelength for Lin, RingOp,
StructFFL, Struct5HMF, DielsAlder and Conj. At this excitation wave-
length the two experimental peaks at 1650 cm�1 and 1526 cm�1 in
visc-PFA result to be strongly enhanced with respect to all the
other ones. Noteworthy, such peaks are completely missed in the
ThS-PFA spectrum, which instead has two broadened peaks at �
1610 cm�1 and �1500 cm�1. It confirms the absence of
Struct5HMF-C in the ThS-PFA, in addition to the absence of conjuga-
tion type Conj, as recently demonstrated [29].

In Fig. 8 it is also reported the experimental spectrum of 5HMF
collected at 355 nm. At this excitation wavelength the agreement
between the 5HMF and visc-PFA spectral lineshapes is more pre-
cise with respect to the one evidenced in Fig. 7 at 1064 nm. Apart
from the already mentioned matches of the peaks at 1650 cm�1

and 1528 cm�1, we also have a correspondence between the broad
signal of the visc-PFA at � 1575 cm�1 with the signal of 5HMF at
1580 cm�1, as well as the correspondence between the visc-PFA
peak at� 1020 cm�1 and the one of 5HMF at� 1023 cm�1. By com-
parison with the calculated spectra we assign the peak at
1575 cm�1 to asymmetric C = C stretching inside the Struct5HMF-
C furan ring, with the calculated one at 1576.3 cm�1 (note that
Lin-L ones were at 1594.5 cm�1 and 1595.1 cm�1 while Lin-C ones
at 1610.8 cm�1, see Table 1), while the experimental peak at
1020 cm�1 can be probably assigned to the simulated normal mode
at 1009.5 cm�1, assigned to Struct5HMF-C C-H bending, as further
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discussed below in the text. In is important to note how, although
Struct5HMF is not the most relevant component of visc-PFA, the
Resonance Raman effect at 355 nm enhances the Struct5HMF vibra-
tional peaks of the whole visc-PFA spectrum with respect to the
others component. On the contrary, the lack of Raman peaks at
1650 cm�1 and 1528 cm�1 in the ThS-PFA spectrum is indicative
of the Struct5HMF absence.

In contrast to what occurs for visc-PFA, the interpretation of the
spectrum of ThS-PFA is less straight forward, because of the intrin-
sic broadening of the Raman peaks. While the spectral interpreta-
tion results to be not unique in the visible range, because of the
overlapping on many normal modes, moving to 355 nm the Raman
resonance effect favours the enhancing of few vibrational features,
allowing a more accurate peak assignation when also employing
the complementary information contained in the FTIR spectra.
More specifically, the broad peak at �1610 cm�1 can be reasonably
assigned to the RingOp-C normal mode at 1612.1 cm�1, while the
left peak tail includes the Lin-C one at 1555.0 cm�1 (see Table 1).
The peak at around 1500 cm�1 can be instead assigned to Lin-L
and RingOp-L, as done for visc-PFA, and to DielsAlder-L. Particularly
interesting is the fact that at an excitation wavelength of 532 nm,
differently to what occurs in visc-PFA, the peak is down shifted by
20 cm�1 and results to be more broadened with respect to the ana-
logue one in visc-PFA (see Fig. 7). The signal broadening can be con-
sidered as a sign of the increased complexity of the polymeric
structure, caused by a more pronounced cross-linking. A similar
increase of cross linking was observed by Falco et al. [31] in ther-
mosetted PFA, which supposed also the formations of several func-
tional groups during the polymerization process besides the one
modelled in the present work, such as isopropyl and furfuryl
levulinate, as well as methylene linkages, easy to be detect with
NMR, but not so easy to be discerned from other structures by
means of vibrational spectroscopies.

It is also noteworthy to observe how the DielsAlder-L normal
modes relative to the furan rings symmetric C = C stretching are
distributed from 1497 to 1503 cm�1 (see details in Table 1). This
indicates that, as already guessed analysing the FTIR spectra, from
viscous to thermosetted PFA, the polymer passes from a structure
formed by short polymer chains composed by Lin, RingOp, Struc-
t5HMF and DielsAlder units, to a polymeric cross-linked structure
mainly formed by Lin-C, DielsAlder-C and RingOp-C units, where
few lateral structures (namely Lin-L, RingOp-L and DielsAlder-L)
are present and Struct5HMF completely disappears.

The Resonance Raman spectra with 266 nm laser excitation
(Fig. 9) further confirm the peaks attributions performed so far,
although the increased presence of electronic transitions close
to this excitation wavelength (see Fig. 4) probably leads to a
lower accuracy of the RR effect and consequently to a poorer
estimation of the peak’s intensities. The novelty in term of spec-
tral information at 266 nm is the possibility to get a good spec-
tral interpretation of the region below 1300 cm�1 because,
differently to what occurs in the visible range and at 355 nm,
the relative spectral intensity of the lower part of the spectrum
is almost comparable with the higher one. It is interesting to
observe how in the wavenumber range of 900–1100 cm�1 the
Raman spectral profile in both visc-PFA and ThS-PFA strongly
resembles the simulated Lin-C spectral profile, with two peaks
centred at around 970 cm�1 and 1018 cm�1, slightly underesti-
mated in wavenumber, as already found in the analogue simula-
tions carried out for F-OH to test the simulation’s reliability. It is
also interesting to note how the experimental peak at 1018 cm�1

found in the Raman spectra of visc-PFA and Ths-PFA is slightly
upshifted with respect to the analogue one found in F-OH
(1015 cm�1). Moreover, the F-OH Raman peaks at � 930 cm�1,
� 1080 cm�1 and 1155 cm�1 disappear in the PFA Raman spec-
tra at 266 nm, confirming that the experimental PFA Resonant
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Raman peaks at 970 cm�1 and 1018 cm�1 cannot be attributed
to residual F-OH.

At the laser excitation wavelength of 244 nm (Fig. 10), we
observe the disappearance of the peaks at around 1650 cm�1,
1610 cm�1 and 1526 cm�1, characterized by the Resonance Raman
enhancement at 355 nm. The two peaks at 970 cm�1 and
1018 cm�1 result to be still present in both PFAs, while the upper
part of the spectrum includes, as principal spectral features, a peak
at 1562 cm�1 for visc-PFA and at 1557 cm�1 for ThS-PFA. The sim-
ulation results show how the Raman spectral profiles in both PFAs
resemble the one of Lin-C, in perfect agreement with the findings
from the previous analysis done for the other wavelengths and
from FTIR. Small differences in the experimental Raman spectral
profiles can be found within visc-PFA and ThS-PFA, mainly differing
by the size of the structure centred at around 1610 cm�1. It is rea-
sonable to suppose that such feature comes from the aforemen-
tioned RingOp-C normal mode simulated at 1612.1 cm�1 or,
alternatively, to the analogue C = C stretching vibration occurring
in the Diels-Alder structure of DielsAlder-C (1608.3 cm�1), see
Table 1. In this case the higher calculated Raman cross section of
the DielsAlder-C normal mode with respect to the RingOp-C one
11
can justify why the analogue peak in the visc-PFA is strongly
reduced in intensity with respect to the one in ThS-PFA. This is
someway in agreement to what was found in Ref. [29] about the
relevant presence of DielsAlder-C in ThS-PFA.

4.4. Reliability of simulated Raman spectra

The spectral analysis process has evidenced how the nature of p
bonds outside the furan ring (in particular those of the C = C or con-
jugation in the cross-linked structure) is successfully investigated
by Resonant Raman spectroscopy. In particular, RR performed at
355 nm was able to detect the presence of C = C in the cross-
linked structures and, more important, to distinguish their chemi-
cal conformation. On the other side, FTIR has resulted to be funda-
mental to investigate the oxidation level of PFA samples as well as
to infer about residual F-OH present in PFA.

However, the comparison between the experimental and theo-
retical FTIR and Raman spectra evidences a moderate disagreement
for the signals arising from the C = C and C = O normal modes, espe-
cially in RR. We speculate that this disagreement might be
assigned, in decreasing order of importance, to



800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

visc-PFA (exp. 266 nm)
ThS-PFA (exp. 266 nm)

 F-OH (exp. 266 nm)
x6

 Lin-C
 Lin-L

0

1x10-8

2x10-8

 RingOp-C
 RingOp-L

0.0
1.0x10-9
2.0x10-9
3.0x10-9
4.0x10-9

 StructFFL-C
 StructFFL-L

R
am

an
 in

te
ns

ity
 (a

rb
. u

n.
)

0.0

6.0x10-8

1.2x10-7

R
am

an scattering cross section (bohr 2/sr)

 DielsAlder-C
 DielsAlder-L

0.0

2.0x10-6

4.0x10-6

6.0x10-6

Raman shift (cm-1)

 Conj-C
 Conj-L

0.0

5.0x10-8

1.0x10-7

 Struct5HMF-C
 Struct5HMF-L

0.0

5.0x10-6

1.0x10-5

Fig. 9. Comparison of the experimental Raman spectra of visc-PFA and of ThS-PFA in the wavenumber range of 800–1800 cm�1, recorded with the excitation wavelength of
266 nm, and shown on the top, with the calculated Raman spectra obtained from the chemical structures Lin, RingOp, StructFFL, Struct5HMF, DielsAlder and Conj shown in
Fig. 1, identifying in red the spectrum produced by the central (-C) portion of the chemical structures and in green the spectrum produced by the lateral (-L) one .

F. D’Amico, M.E. Musso, Raphael J.F. Berger et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 262 (2021) 120090
1. The coarse chemical mode, that does not take into account the
possible presence of other components

2. Conformational effects, solid state (periodic boundary) and
packing effects, which have not been considered in the study

3. The theoretical spectral intensity model that does not cover
electronic Raman resonance effects and consequently the theo-
retical predictions of RR cross sections are expected to deviate

4. The occurrence of multiple sites of hydrogen bonds could also
be a secondary source for quantitative disagreements between
experiment and theory.

However, a substantial improvement of the electronic structure
model (the local density functional BP-86) in order to provide a
more accurate description of the hydrogen bonds seems to be con-
traindicated, given the complexity of the polymer and the marginal
effect expected from this factor 4. with respect to factors 1., 2. and
3.

In summary, simulations are able to provide significative, but
only qualitative information about the origins of the electronic
transitions occurring between 300 and 350 nm, addressed to pres-
ence of C = C polymer moieties. It is fundamental to further high-
12
light the extreme sensitivity of C = C normal modes to RR excited
at around 350 nm, also confirmed by the theoretical results, pro-
viding cross sections one order of magnitude larger with respect
to the ones calculated for structure Lin, for example, which is prob-
ably the predominant one in both the PFA types. This aspect has to
be taken in serious consideration when performing spectral inter-
pretation. More specifically, if complementary measurements of
vibrational spectra (i.e. considering both FTIR and Raman) are not
performed, an overestimation of the presence of the resonant
structures could be wrongly deduced.

5. Conclusions

The comparison between simulated and experimental FTIR,
Raman and Resonance Raman spectra evidences how the linear
Lin-C structure is the dominant in PFA, in agreement with [29].
However, while visc-PFA is formed by small furan oligomers, with
a low degree of polymerization, ThS-PFA is characterized by a more
pronounced cross-linking. In addition, a certain amount of 5-
methylfurfural derived structures as well as unreacted F-OH is pre-
sent in visc-PFA, both disappearing in ThS-PFA.
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Furthermore, both visc-PFA and ThS-PFA contain an unspecified
number of carbonyls and C = C bonds (similar to that of RingOp-C),
deriving probably by opening-ring processes, as observed in Ref.
[29–33]. Most important, the presence of conjugated structures
can be excluded, both in visc-PFA and in ThS-PFA.

It is also reasonable to suppose that a certain amount of
DielsAlder-C structure is included in the cross-linked structure of
ThS-PFA. However, the information coming from FTIR and Raman
are not sufficient to disentangle the DielsAlder-C contribution from
the Lin-C and RingOp-C ones, since their simulations provide simi-
lar results in terms of normal mode frequency and intensity.

The spectral interpretation process, carried out comparing the
experimental spectra with the simulated ones, evidences how a
broad, complete and reliable characterization of such a complex
polymer structure, free from spectral misinterpretations, can be
only obtained by the complementary use of both FTIR, Raman
and Resonance Raman spectroscopy.
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