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A B S T R A C T   

Infrared spectroscopy (IR) and Broadband Dielectric Spectroscopy (BDS) experiments have been performed in 
poly(trimethylene 2,5-furanoate)(PTF) and poly(trimethylene terephthalate)(PTT) below their glass transition 
temperatures. The BDS experiments reveal a richer inter-molecular dynamic for PTT as characterized by a 
multimodal β relaxation in contrast with the monomodal one exhibited by PTF. The evolution with temperature 
of comparable IR absorption bands is very similar for PTF and PTT and shows small shifts in wavenumbers 
towards lower values, with exception of the band related to the stretching mode of the carbonyl group. In 
addition, a significant difference appears in the shape of the bands associated with the –C––O stretching. While 
for PTT the absorption feature is comprised of a single component, that for PTF exhibits several components 
suggesting the presence of hydrogen bonds. This effect may be responsible for the monomodal shape of the β 
relaxation of PTF since a higher degree of intramolecular coupling between the furan ring and the rest of the 
monomer is expected. Density Functional Theory (DFT) calculations support the experimental results revealing 
that as temperature increases an increment of the syn conformations of the 2,5-furandicarboxylic acid (FDCA) 
moiety is likely to occur in the amorphous state. The energy gain from more stable anti to less stable syn isomers 
can be compensated by the formation of hydrogen bonds between interchain FDCA moieties in syn conforma
tions. This effect may cause additional hindrance to the intermolecular dynamics of the dielectric β relaxation. It 
is conceivable that the hindrance exhibited by PTF in both intra and inter-molecular dynamics may play a role in 
the reduction of gas diffusion and permeability of PTF in comparison with PTT.   

1. Introduction 

The interest in the development of environmentally benign polymers 
is a long-time endeavor. Biodegradable and eventually biocompatible 
polymer materials have many potential applications in packaging and 
biomedicine among others. Pioneering research in bacterially produced 
polymers based in poly(3-hydroxybutyrate) (PHB) paved the way, time 
ago, for an industrial scale production of eco-friendly polymers [1–3]. 
More recently, fully biobased polyesters Poly(alkylene 2,5-furanoate)s, 
(PAF)s, based on 2,5-furandicarboxylic acid, have emerged as prom
ising alternative to petroleum based poly(alkylene terephthalate)s [4,5]. 

Poly(ethylene 2,5-furandicarboxylate) (PEF) and poly(trimethylene 2, 
5-furandicarboxylate)(PTF) are typical counterparts of poly(ethylene 
terephthalate) (PET) and poly(trimethylene terephthalate)(PTT) 
respectively, widely used in packaging and fiber applications [4,6–8]. In 
addition to a lower production carbon footprint poly(alkylene 2,5-fura
noate)s have received significant attention due to their outstanding gas 
barrier properties in comparison to traditional polyaromatic esters [8, 
9]. Systematic studies in PEF have been accomplished in order to un
derstand the reason for the enhanced gas permeability of PAFs. Molec
ular modeling shows that π-π interactions of the furan rings favor the 
formation of compact helical conformations in the amorphous state of 
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PAFs being related to their improved barrier properties [5,10]. 
Depending on processing conditions the presence of either a crystalline 
phase or a mesophase stabilized by hydrogen bonding (HB) has been 
shown to affect significantly the barrier properties of PAFs [8,11]. 

The influence of chain dynamics on barrier properties has also 
devoted some attention. Recent computer simulations indicate that ring- 
flipping chain dynamics has a significant impact on oxygen diffusion 
[12]. Previous experimental studies suggested that the sub-glass tem
perature relaxation processes influence gas diffusion. In particular, furan 
moiety in PEF hinders ring-flipping motions in comparison to benzene 
moiety of PET [9,13]. These late studies highlight the possible impli
cation of chain dynamics in gas barrier properties. Although less 
investigated than PEF, PTF also exhibits significantly lower gas perme
ability values for O2 and CO2 than PET, PTT and its cycloaliphatic 
polymer counterparts [8,14,15]. PTF presents higher Young modulus 
and glass transition temperature than those of PTT while having a lower 
melting point. These properties make it attractive for commercial ap
plications and industrial production [16]. 

Dielectric Spectroscopy has been used to characterize the molecular 
dynamics of PAFs [5,17–22]. By analyzing the relaxation time and the 
dielectric strength of the dielectric relaxation valuable information 
about the inter-molecular dynamics can be obtained [19,23]. Broadband 
Dielectric Spectroscopy (BDS) experiments performed in poly(tri
methylene 2,5-furanoate)s revealed that the sub glass temperature 
relaxation (β), below its glass transition temperature [17] (Tg = 53 ◦C), 
exhibited inhibition of the mode corresponding to the ester oxygen 
linked to the aliphatic subunit which efficiently relaxes in the PTT (Tg =

47 ◦C) counterpart polymer [17,24]. It was proposed the single mode β 
relaxation to reflect restricted sub glass temperature dynamics in com
parison to that of PTT contributing to the superior barrier performance 
exhibited by PTF [17]. 

Infrared (IR) spectroscopy is a widely used technique providing 
precise information of intra-molecular motions at the molecular level 
[23,25]. In addition to its common use as an analytical tool, IR spec
troscopy has been used in polymers and in glass-forming liquids to 
investigate the glass transition, sub-glass dynamics and crystallization 
[26,27]. By evaluating the vibrational frequencies and the correspond
ing oscillator strength from the IR spectra, information about the 
intra-molecular dynamics can be available. It is worth mentioning that 
IR vibrational frequencies are orders of magnitude higher than the BDS 
ones, therefore, IR spectroscopy probes the local environment. The 
combination of IR spectroscopy and BDS can be an attractive approach 
to deal with molecular dynamics. 

In this article, we present a combined IR spectroscopy and BDS study 
focused on the sub-glass temperature molecular dynamics of poly(tri
methylene 2,5-furanoate) in comparison to that of poly(trimethylene 
terephthalate) in order to shed light on the potential influence of the 
dynamics on the barrier properties of Poly(alkylene 2,5-furanoate)s. 

2. Experimental 

2.1. Materials 

Poly(trimethylene 2,5-furanoate) (PTF) (Mn = 34.2 103 g mol− 1 and 
Mw = 69.61 103 g mol− 1) and poly(trimethylene terephthalate) (PTT) 
(Mn = 34.46 103 g mol− 1; Mw = 70. 72 103 g mol− 1) were prepared by 
following a procedure as previously described elsewhere [28–30]. The 
chemical structure is shown in Scheme 1. In brief, PTF can be synthe
sized in two steps. The first step involves the transesterification reaction 
of 2,5-dimethyl furandicarboxylate (DMFDCA, Matrix Fine Chemicals, 
Switzerland) with bio-1,3-propanenediol (PDO, Susterra Propanediol, 
DuPont Tate & Lyle, USA) (DMFDCA/PDO molar ratio of 1:2). The re
action was held in a steel reactor at atmospheric pressure and under N2 
for 1 h at 165 ◦C in the presence of a catalyst (tetrabutyl orthotitanate 
(TBT, Fluka), 0.25 wt % in relation to FDCADM). In a second step, a 
polycondensation reaction takes place, in the presence of the same 
catalyst, at 230 ◦C for 1.5 h under a reduced pressure of 18 Pa. In this 
step, a thermal stabilizer is used (Irganox 1010, Ciba-Geigy, 
Switzerland, 0.5 wt% in relation to the final polymer mass). 

Poly(trimethylene terephthalate)(PTT) was prepared by poly
condensation in the molten state in two steps: i) transesterification of 
DMT by PDO in the presence of catalyst, and ii) polycondensation in the 
presence of the catalyst and thermal stabilizer. The reaction was carried 
out in the 1 L high pressure reactor (autoclave Engineers Pennsylvania, 
Erie, PA, USA) as previously described [24]. PTF and PTT can be then 
obtained by extrusion from the reactor under nitrogen, and cooling to 
room temperature in a water bath. 

2.2. Sample preparation 

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy was 
performed in polymer thin films prepared by spin-coating on FTIR 
transparent silicon substrates (Si FZ 25.4 mm Ø x 1 mm polished win
dow). The polymers were solved in tri-fluoroacetic acid (SigmaAldrich, 
reagent grade ≥98%) with concentrations ranging from 20 g/L to 50 g/ 
L. A fixed amount of 0.25 mL of the polymer solution was deposited by a 
syringe on the circular silicon substrate. A rotation speed of 2400 rpm 
was kept for 120 s. Spin-coated polymer films with thicknesses from 
about 200 nm to 900 nm can be easily obtained, depending on polymer 
concentrations, with an extremely flat surface, as measured by AFM 
[31]. The thickness of the films was controlled in order to have an 
efficient absorbance by FTIR spectroscopy with no saturation of bands. 
An optimal situation was obtained for films of 500–900 nm. According 
to FTIR performed in the spin-coated films, PTF is amorphous while PTT 
presents some bands associated with the crystalline phase (Figures S1, 
S2 and S3 in Supplementary Information). This was further corroborated 
by Grazing Incidence Wide Angle X-ray Scattering measurements 
(Fig. S4 in Supplementary Information). PTT spin-coated films typically 
exhibit a crystallinity of around 15% as previously described [31]. 

For BDS experiments amorphous thin polymer films, of about 200 μm 
in thickness, were obtained by compression molding of pellets above the 
melting temperature by using a hydraulic press (Dr. Collin GmbH, 

Scheme 1. Chemical structure of poly(trimethylene 2,5-furanoate)(PTF) and poly(trimethylene terephthalate)(PTT).  
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Ebersberg, Germany) and subsequently cooled down in ice water. Pellets 
were dried for 24 h under vacuum at 60 ◦C before molding to eliminate 
water. This procedure typically produced amorphous films of PTT and 
PTF, as verified by Wide Angle X-ray Scattering, as previously published 
[17,24]. 

2.3. Ab initio calculation 

In order to support infrared band assignment and experimental re
sults, ab initio calculations were carried out for PTF and PTT monomers. 
Quantum mechanical calculations were performed with the Density 
Functional theory (DFT) method B3LYP which consists of Becke’s three- 
parameter hybrid exchange functional [32] plus the nonlocal correlation 
functional of Lee, Yang, and Parr [33]. In addition, M06–2X functional 
which includes the D3 version of Grimme’s dispersion has also been 
employed [34], mainly in the simulations of dimers of FDCA. We chose 
the aug-cc-pVTZ basis set as a reasonable compromise between size and 
reliability. A similar combination of the DFT method and basis set has 
been previously employed to evaluate the relative stability of PEF 
oligomers [5,10]. These calculations were computed using the Gaussian 
16 software [35]. To simulate solid structures, periodic quantum 
chemical calculations were performed in the framework of the DFT by 
using the PBE exchange-correlation functional [36–38]. A DZP (doble 
zeta with polarization) basis set was chosen to provide a satisfactory 
flexibility for this kind of systems. These calculations were computed 
using the SIESTA (Spanish Initiative for Electronic Simulations with 
Thousands of Atoms) package [39]. In these calculations, the real space 
grid is fixed to 300 Ry. 

2.4. Infrared spectroscopy and broadband Dielectric Spectroscopy 
experiments 

FTIR spectra were acquired in vacuum (background pressure of 10− 7 

mbar) with a PerkinElmer, Frontier spectrometer in a 4500-500 cm− 1 

range with a resolution in the wavenumber of 2 and 4 cm− 1. The tem
perature range was varied between 20 K and 324 K by using a closed 
cycle He cryostat (CTI cryogenics). A spectrum for the background was 
taken at every temperature. 

Complex dielectric permittivity (ε*) measurements (ε* = ε′ − iε’′) 
were performed over a frequency range of 10− 1 < F/Hz < 106 starting at 
T = 123 K up to room temperature by using a Novocontrol system 
integrating an ALPHA dielectric interface and QUATRO temperature 
control system (Novocontrol). Polymer films were sandwiched between 
two metallic electrodes of the spectrometer. The dielectric relaxations 
were empirically described in terms of the Havriliak-Negami (HN) 
equation [40]: 

ε∗ = ε′

− iε′′ = ε∞ +
Δε

[
1 + (iωτHN )

b
]c (1)  

where ε′ the dielectric constant and ε’’ the dielectric loss, Δε the 
dielectric strength, τНN is the central relaxation time of the relaxation 
time distribution function and ω is the angular frequency. The shape 
parameters b and c (0 < b, c < 1) describe the symmetric and the 
asymmetric broadening of the relaxation time distribution function, 
respectively. 

3. Results and discussion 

3.1. Fourier Transform Infrared Spectroscopy 

Fig. 1a and b shows the FTIR absorption spectra of PTF and PTT at 
300 K where absorption bands representative of significant molecular 
bonds have been highlighted. Tables S1 and S2 in the Supplementary 
Information collect the different bands and the assignment of the normal 
modes of vibration associated with them. According to FTIR, PTF film is 

amorphous while PTT presents some bands associated with the crys
talline phase (Figures S1, S2 and S3 in Supplementary Information). PTT 
spin-coated films typically exhibit a crystallinity of around 15% as 
previously described [31]. In this case, the comparative study has been 
restricted to the bands of the amorphous phase. The assignment was 
carried out based on our ab-initio calculations and on the previous 
literature [10,41,42]. The relative intensity of every band, calculated as 
the ratio between the absorbance of the respective band, to the absor
bance of the most intense band was also estimated. 

The temperature dependence of the FTIR spectra is rather weak in 
the investigated sub-glass temperature range in comparison with 
stronger variations observed upon crossing the glass transition temper
ature [23]. 

The temperature dependence of both, band positions and band areas, 
related to oscillator strength, of selected FTIR bands for PTF and PTT are 
shown in Figs. 2 and 3 respectively. Due to the sometimes subtle 
displacement with temperature of the bands, we have represented the 
magnitude Δ ν = νT − ν300 K (cm− 1), where ν T is the wavenumber of the 
selected band at a given temperature and ν 300 K at T = 300 K. Similarly 
for the band area, ΔA = ΔАT-ΔA300K. 

3.2. Broadband Dielectric Spectroscopy 

Fig. 4a and b shows dielectric loss (ε′ ′) data as a function of tem
perature and frequency for PTF and PTT respectively. The dielectric 
spectra are characterized by two main relaxations labelled as β and α. 

Fig. 1. FTIR absorption spectra of PTF (a) and PTT (b). The main chemical 
groups associated with the absorption features (ν stretching modes) are high
lighted in the chemical structure of the polymers using the same color code as 
the arrows indicating the absorption bands in the spectra. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

O. Gálvez et al.                                                                                                                                                                                                                                  



Polymer 268 (2023) 125699

4

The α relaxation appears at temperatures above the glass transition and 
is related to the segmental dynamics [43]. Above the glass transition the 
polymers crystallize as revealed by the appearance of a second α-pro
cess, αc, associated with segmental motions of the amorphous phase in 
the restricted environment induced by the crystalline phase as exten
sively described elsewhere [44–46]. Below the glass transition, in this 
case at sub-ambient temperatures, the most streaking fact is that while 
PTT exhibits two sub-glass temperature relaxation processes, β1 and β2, 
PTF exhibits a β relaxation of monomodal character as previously re
ported [5,17]. These differences in the β relaxation between PTF and 

PTT can be better visualized in the isothermal plots shown in Fig. 5. The 
β relaxation is related to the local dynamics of the different chemical 
bonds present in the polymer chain [24,47]. 

3.3. Inter and intra-molecular dynamics 

The multimodal character of the subglass β relaxation has been 
described in detail for several aromatic polyesters [17,47–49]. Molec
ular dynamics simulations based on HBB force field model [50,51] 
propose that ester oxygen to aliphatic carbon bonds contribute to the 
fastest dynamics, β1, while the relaxation of the aromatic ring carbon to 
ester carbon bond is related to the relaxation of the slower, β2. It was 
suggested the higher rigidity, higher polarity and hindering of 
ring-flipping of the furan ring in comparison to the terephthalic aro
matic ring [9,13] to have an impact on the local dynamics [17–19]. The 
wavenumbers and areas for FTIR bands for PTT (Fig. 3) exhibit a smooth 
non-linear temperature dependence. This type of weak temperature 
dependence has been observed in polystyrene [27] and other glass 
forming liquids [23] at temperatures below Tg. The shifts in wave
number can be attributed to three main effects [23]: i) bond expansion, 
ii) bulk expansion and iii) conformational changes. In the subglass 
regime, below Tg, bond expansion should be the most significant causing 
a reduction of frequency (red-shift) with increasing temperature due to 
an increment of vibrational anharmonicities. The quantitative inter
pretation of the results requires quantum mechanical modeling that will 
be discussed in the next section. A qualitative similar tendency 

Fig. 2. Δ ν = νT − ν300 K (cm− 1) (full symbols, left axis) and area band (ΔA) 
(hollow symbols, right axis) as a function of temperature for selected IR bands 
of PTF. Short-dashed line is the ν = 0 reference. PTF bands: (•,ο) 3127 cm− 1 

((C–H)ring asymmetric stretching); 1722 cm− 1 (-C––O stretching); 
1583 cm− 1 (C––C stretching); 1276 cm− 1 (C–O asymmetric stretching); 

1226 cm− 1 ((C–H)ring rocking, (C–O)ring stretching, C–O stretching); 
1142 cm− 1 ((C–H)ring rocking, stretching, (C–O)ring, C–O stretching), 1023 
cm− 1 ((C–H)ring rocking, (C–O)ring stretching, C–O stretching); 766 cm− 1 
(wagging (C–H)ring). 

Fig. 3. Δ ν = νT − ν300 K (cm− 1) (full symbols, left axis) and area band (ΔA) 
(hollow symbols, right axis) as a function of temperature for selected IR bands 
of PTT. Short-dashed line is the Δν = 0 reference. PTT bands: 1717 cm− 1 

(-C––O stretching); 1410 cm− 1 ((C–C)ring stretching, (CH)ring in-plane 
deformation); 1268 cm− 1 (C–O asymmetric stretching,(CH)ring rocking), 

1126 cm− 1 ((CH)ring rocking, C–O Asymmetric stretching); 728 
cm− 1 ((C–H)ring wagging). 
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(red-shifts with increasing temperature) is observed for the temperature 
dependence of the wavenumbers of FTIR bands of PTF (Fig. 2) with 
exception of those at 3127 cm− 1 ((C–H)ring asymmetric stretching) and 
at 1722 cm− 1 (-C––O stretching). 

Fig. 6 represents vibrational wavenumbers and band areas for 
selected comparable FTIR bands of PTF and PTT as a function of the 
temperature. In addition, Fig. 7 compares the shape of the bands asso
ciated with the stretching of the carbonyl group for both polymers. The 
evolution with increasing temperature of comparable FTIR bands 
(Fig. 6) shows that both, PTF and PTT FTIR bands exhibit small red-shifts 
with exception of the band related to the stretching of the carbonyl 
group. There are no significant differences upon comparing PTF and PTT 
although it is worth mentioning that the band associated with C–O 
stretchings, 1276 cm− 1 for PTF, exhibits around twice as much tem
perature dependence that the corresponding one for PTT at 1268 cm− 1. 
However, a significant difference appears in the shape of the bands 
associated with the C––O stretching (Fig. 7). While for PTT the band 
exhibits a single amorphous component for PTF is comprised of several 
ones. 

The carbonyl C––O band is known to be very sensitive to both 
intermolecular and intramolecular interactions. For poly(vinyl acetate) 
adsorbed on silica particles and for polyfuranoates reinforced with 
nanoadditives the analysis of this band was exploited to probe the 
polymer/additive interface [52–54]. In our case, a similar analysis has 
been accomplished for both, the C––O bands of PTT and PTF. As illus
trated in Fig. 7, the C––O band of PTT can be deconvoluted by two main 
contributions separated by only 6 cm− 1 (1721 and 1715 cm− 1), and a 
very small contribution at 1784 cm− 1 that could be assigned to 
non-bonded C––O. According to the previous literature, the main peaks 
can be ascribed to either amorphous (1721 cm− 1) or crystalline (1715 
cm− 1) phases [42,55]. Regarding this analysis, the fraction of the crys
talline PTT at 300 K could be estimated to be around 14%, a typical 
value for spin-coated films as mentioned above [31]. 

In the case of PTF, the C––O band reveals three main absorptions at 
1792, 1744 and 1721 cm− 1. The high-frequency peak could be assigned 
to non-bonded C––O (as in the case of PTT). According to our calcula
tions, that will be discussed in the next paragraph, the absorptions at 
1744 and 1721 cm− 1 can tentatively be ascribed to syn and anti con
formations, respectively. 

3.4. Quantum mechanical molecular simulation 

As aforementioned, to gain further insight into the intra-molecular 
dynamics of PTF and PTT we have performed quantum mechanical 
calculations (both in vacuum and solid structures). PTF repeating unit is 
composed of two elements, namely: 1,3-propanediol (PG) and 2,5-furan
dicarboxylic acid (FDCA), shown in Fig. 8 (first row). Likewise, PTT is 
composed of PG and terephthalic acid (TEREPH) (Fig. 8, second row). 

Previous studies for poly(ethylene 2,5-furanoate) (PEF) predict that, 
in the amorphous state, “gauche” structures of ethylene glycol (EG) and 
“anti” conformations of FDCA are energetically favoured [5,10]. The 
“syn” and “anti” conformations refer to the C––O group pointing to 
either the same or the opposite side than the oxygen atom of the furan 
ring, respectively. Fig. 8 shows “syn-syn”, “syn-anti” and “anti-anti” 
conformations of the FDCA moiety. 

In the case of propylene glycol (PG), several possibilities of gauche 
and trans configurations could be obtained (see two of them in Fig. 8). In 
PG, two C–C simple bonds are present, so firstly four combinations of 
gauche or trans configurations could be arranged, namely: TT, TG, GT 
and GG (G for gauche and T for trans). In addition, gauche conforma
tions are achieved by clockwise (G+) or anticlockwise (G− ) rotations 
around a simple C–C bond, even more, a simple O–C bond could also 
rotate to generate trans or gauche conformers (which can be labelled as: 
t, g+ or g− ). The combination of a significant number of PG conformers 

Fig. 4. Dielectric loss data, ε’’, versus temperature (T) and frequency (ν) for: 
(a) PTF and (b) PTT. 

Fig. 5. Isothermal (T = 203 K) dielectric loss data (ε’’) versus frequency (ν) for: 
(a) PTF and (b) PTT. The continuous lines represent the fit to the HN equation. 
Dashed lines correspond to the separate contribution of two components of the 
β relaxation for PTT. 
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with the four possible FDCA conformers (syn-syn, syn-anti, anti-syn and 
anti-anti), results in a large landscape of structures just for a simple 
FDCA-PG unit. For this reason, to explore the full conformational space 
of PTF in order to postulate possible structures to be present in the 
amorphous phase is out of the scope of this study. Table S3 (Supple
mentary Information) shows the relative energy, in kcal/mol, of 
different isomers of FDCA, TEREPH and PG. Energy calculations by the 
DFT method predict the FDCA syn-syn configuration to be < 1 kcal/mol 
less stable than the anti-anti configuration in agreement with previous 
studies [5,10,56]. In the case of PG, all trans structure, tTTt, is only at ca. 
1 kcal/mol from the tG− G-t conformation. Accordingly, syn-syn-trans 
isomers of PTF monomer are found to be only at a few kcal/mol from the 
most stable anti-anti-gauche configurations, according to our calcula
tions. It is worth to mention that, at 160 K, RT is around 0.32 kcal/mol 
suggesting that the internal conversion of anti-gauche to syn-trans 
conformations in PTF could occur even at low temperatures. In the 
temperature evolution of the FTIR spectra of PTF we observe a contin
uous shift (red or blue) of the band positions and a monotonic decrease 

of the band area with increasing temperature. The red-shift of the bands 
can be explained by a continuous bond expansion causing a reduction of 
the frequency with increasing temperature due to an increment of 
vibrational anharmonicities. In order to shed some light on this behav
iour, we focused on the following modes: i) –C––O stretching (around 
1722 cm− 1) and ii) C––C stretching (1583 cm− 1) because these bands are 
key infrared features with opposite tendencies in their temperature de
pendences (see Fig. 2). In addition, these bands present a major 
contribution of C––O or C––C bonds with the insignificant influence of 
other modes. Table 1 shows that calculated wavenumbers of C––O and 
C––C stretching modes of FDCA are in fair agreement with the observed 
IR absorption peaks. Moreover, the agreement is better for the case of 
anti-anti conformer especially for C––O stretching. This is the most 
favourable conformation in the amorphous phase [10]. Regarding the 
changes predicted for different conformers, the C––O stretching fre
quency is blue-shifted around 27 or 18 cm− 1 (for symmetric and 
asymmetric stretching mode, respectively) from anti-anti to syn-syn 
configuration in FDCA. In contrast, C––C stretching frequency is 
red-shifted 13 cm− 1 from anti-anti to syn-syn isomer. As mentioned 
previously and according to these calculations, the observed multimodal 
C––O band of PTF is suggested to be mainly formed by contributions 
from syn and anti conformations in the amorphous phase. 

Accordingly, we can hypothesize that as temperature increases, the 
observed blue-shift of the C––O stretching band and concurrent red-shift 
of the C––C stretching band would be expected if an increment of the 
syn-syn conformations takes place. The evolution from more stable anti- 
anti to less stable syn-syn isomers can be compensated by the occurrence 
of HB between interchain FDCA moieties in syn-syn conformations. In 
particular, FTIR bands corresponding to stretching modes of the 

Fig. 6. Temperature dependence of Δ ν = νT − ν300 K (cm− 1) (bold symbols) 
and ΔArea (%) (open symbols) for selected comparable FTIR bands of PTF 
(circles) and PTT (triangles). (a and b) 1276 cm− 1 (PTF C–O asymmetric 
stretching) 1268 cm− 1 (PTT C–O asymmetric stretching, (CH)ring 

rocking). (c and d): 1143 cm− 1 (PTF (C–H)ring rocking, (C–O)ring stretch
ing, C–O stretching), 1126 cm− 1 (PTT (C–H)ring rocking, C–O asymmetric 
stretching). (e and f): 1722 cm− 1 (PTF –C––O stretching), 1717 cm− 1 

(PTT –C––O stretching). Short-dashed line is the ν = 0 reference. 

Fig. 7. FTIR absorption spectra of PTF and PTT at 300 K in the spectral region 
of the C––O stretching band. 
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(C–H)ring and of the (-C––O) bonds are particularly sensitive to the for
mation of hydrogen bonds [10]. As mentioned above, these two bands 
exhibit a blue-shift with increasing temperature (Fig. 2). In order to 
evaluate the role of hydrogen bond interaction and π− π stacking, 
different configurations of FDCA dimers have been simulated as shown 
in Fig. 9. Relative energies and relevant structural parameters are 

collected in Table 2. In this case, calculations were performed at 
M06–2X/aug-cc-pVTZ. M06–2X functional including the D3 version of 
Grimme’s dispersion as it resulted more appropriate to account for the 
intermolecular interactions present in these systems [5]. 

As it is shown in Table 2, the formation of HB and π− π interactions 
provide an extra stabilization to the system. However, π− π interactions 
cause lower ΔE values than hydrogen bonding, even though larger 
intermolecular distances are obtained. The carbonyl stretching C––O 
mode is highly sensitive to both intermolecular and intramolecular 
changes, and according to our calculations, the formation of the inter
molecular C–H⋅⋅⋅O bonds promotes an additional red-shift of ca. 10 cm− 1 

Fig. 8. Molecular structure of FDCA, PG, PG2FDCA1 and TEREPH compounds. Optimized at B3LYP/aug-cc-pVTZ.  

Table 1 
Calculated band position (in cm− 1) for selected normal modes of FDCA, FDCA2 
and TEREPH (see Figs. 8 and 9) at M06–2X/aug-cc- pVTZ level. Calculated 
frequencies are scaled by a factor of 0.956 [57]. Bold is used to highlight the 
most intense band.   

C=O stretching sym C=O stretching asym C=C stretching 

FDCA (anti-anti) 1774 1765 1591 
FDCA (syn-anti) 1790 1768 1586 
FDCA (syn-syn) 1801 1783 1578 
FDCA2 (HB) 1798, 1791 1775, 1772 1579, 1574 
FDCA2 (π–π) 1813, 1805 1783, 1744 1576, 1574 
Observeda 1722 1583 
TEREPH (syn) 1773 1769  
TEREPH (anti) 1773 1767  
Observeda 1717   

a Observed band position for amorphous PTF or PTT at 300 K. 

Fig. 9. Molecular structures of two conformers of a dimer of FDCA. Optimized at M062X/aug-cc-pVTZ.  

Table 2 
ΔEdimer = Edimer − 2 × Emonomer in kcal/mol (zero-point vibrational energy and 
thermal corrections included) for dimers of FDCA shown in Fig. 9, calculated at 
M062X/aug-cc-pVDZ. Distances are given in Å.   

FDCA2 (HB) FDCA2 (π-π) 

ΔEdimer − 3.02 − 4.56 
d(C––O⋅⋅⋅H) 2.328  
d(π⋅⋅⋅π)  3.330 
Crystala 2.47 3.39  

a Observed values in Ref. [56] for PEF in which d(π⋅⋅⋅π) is the distance between 
planes. 
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(see Table 1) for the syn-syn conformation. In addition, a blue-shift is 
predicted for C––O stretching when π− π stacking interactions are 
formed. Thus, these competing effects could provoke that the additional 
changes in the C––O stretching band during anti-anti to syn-syn isom
erization as temperature increases are lower than those found for C––C 
band as observed in our spectra. For PEF, the multimodality of this band 
has been attributed to the presence of hydrogen bonding [10]. In our 
case for PTF, the X-ray diffractograms (Fig. S4, Supplementary Infor
mation) of the investigated spin-coated films reveals the presence of a 
bump in the amorphous halo, marked with an arrow. Previous studies 
have shown in thicker films of PTF and of poly(pentamethylene 2,5-fur
anoate)(PPeF) prepared by compression molding the presence of a sharp 
maximum, in a similar range, which has been interpreted as due to the 
existence of an HB network [8,11]. 

For the case of PTT, two structures of the element TEREPH are pre
dicted, namely “syn” and “anti”. Both configurations are isoenergetic, 
according to our DFT calculations (see Table S3). The calculated C––O 
stretching modes wavenumbers are also similar for both conformations 
(see Table 1). Although the different intensity values for the asymmetric 
and symmetric mode could arise in a multimodal C––O band, the 
observed amorphous peak (Fig. 7b) could indicate that only a type of 
conformer is formed, as occur for the crystalline structure which present 
only the “anti” conformation [58,59]. 

Finally, with the aim to also estimate the inter-chain interactions that 
take place in PTT, we have performed periodic quantum chemical cal
culations on the crystal structure of PTT [58] (see Fig. S5 and Table S4 in 
the supporting information). Our calculated unit cell parameters show a 
nice agreement with the experimental and previous studies (Table S4). 
In this crystalline structure, compared to the short H-bonds distances 
predicted between FDCA motifs of PTF (of ca. 2.33 Å in Table 2), much 
longer interchain contacts are formed (which implicate C––O groups and 
hydrogens from the aliphatic chain), ranging from 2.7 to 3.0 Å (see 
Fig. S5), which suggests that lower interactions energies occur in PTT 
than PTF. 

In this respect, putting into context the dielectric β relaxation of PTF 
and PTT and the FTIR observations the formation of hydrogen bonding 
in the amorphous state of PTF may cause an additional hindrance for the 
intermolecular motions of the monomer inducing a monomodal β 
relaxation. 

4. Conclusion 

In summary, the temperature dependence in the glassy state of 
comparable FTIR bands is very similar for PTF and PTT and shows small 
red shifts, with exception of the band related to the stretching of the 
carbonyl group. A significant difference appears in the shape of the 
bands associated with the C––O stretching suggesting the presence of 
hydrogen bonds in amorphous PTF. This effect may be behind the 
monomodal shape of the beta relaxation of PTF due to a higher degree of 
intramolecular coupling between the furan ring and the rest of the 
monomer. Quantum mechanical calculations and FTIR analysis suggest 
that, as temperature increases, an increment of the syn-syn conforma
tions of the 2,5-furandicarboxylic acid (FDCA) moiety is likely to occur 
in the amorphous state. The energetically unfavorable balance can be 
compensated by hydrogen bonding. This effect can provoke and addi
tional hindrance for the intermolecular motions of the monomer 
inducing a monomodal dielectric beta relaxation. It is conceivable that 
this hindrance exhibited by PTF in both intra- and inter-molecular dy
namics may play a role in the reduction of gas diffusion and permeability 
of PTF in comparison with PTT. 
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