ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Molecular dynamics of fully biobased poly(butylene 2,5-furanoate) as revealed by broadband dielectric
spectroscopy

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Soccio, M., Martinez-Tong, D.E., Alegria, A., Munari, A., Lotti, N. (2017). Molecular dynamics of fully
biobased poly(butylene 2,5-furanoate) as revealed by broadband dielectric spectroscopy. POLYMER, 128,
24-30[10.1016/j.polymer.2017.09.0071.

Availability:
This version is available at: https://hdl.handle.net/11585/621126 since: 2018-02-11

Published:
DOI: http://doi.org/10.1016/j.polymer.2017.09.007

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

06 May 2026


http://doi.org/10.1016/j.polymer.2017.09.007
https://hdl.handle.net/11585/621126

This is the final peer-reviewed accepted manuscript of:

Michelina Soccio, Daniel E. Martinez-Tong, Angel Alegria, Andrea Munari, Nadia Lotti,
Molecular dynamics of fully biobased poly(butylene 2,5-furanoate) as revealed by
broadband dielectric spectroscopy, Polymer, Volume 128, 2017, Pages 24-30, ISSN
0032-3861

The final published version is available online at:
https://doi.org/10.1016/j.polymer.2017.09.007

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1016/j.polymer.2017.09.007

Accepted Manuscript
polymer

Molecular dynamics of fully biobased poly(butylene 2,5-furanoate) as revealed by
broadband dielectric spectroscopy

Michelina Soccio, Daniel E. Martinez-Tong, Angel Alegria, Andrea Munari, Nadia Lotti

PII: S0032-3861(17)30869-8
DOI: 10.1016/j.polymer.2017.09.007
Reference: JPOL 19976

To appearin:  Polymer

Received Date: 14 June 2017
Revised Date: 24 August 2017
Accepted Date: 3 September 2017

Please cite this article as: Soccio M, Martinez-Tong DE, Alegria A, Munari A, Lotti N, Molecular
dynamics of fully biobased poly(butylene 2,5-furanoate) as revealed by broadband dielectric
spectroscopy, Polymer (2017), doi: 10.1016/j.polymer.2017.09.007.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.polymer.2017.09.007

Graphical Abstract

Molecular dynamics of fully biobased poly(butylene 2,5-
furanoate) as revealed by broadband dielectric spectroscopy

Michelina Soccio®, Daniel E. Martinez-Tong"°, Angel Alegria®, Andrea Munari®,
Nadia Lotti®

#Civil, Chemical, Environmental and Materials Engineering Dept., University of Bologna, Via Terracini 28, 40131, Bologna, Italy
®Donostia International Physics Center. P. Manuel Lardizabal 4. 20018, Donostia, Spain.

“Centro de Fisica de Materiales (CSIC-UPV/EHU). P. Manuel Lardizabal 5. 20018, Donostia, Spain.

YDepartamento de Fisica de Materiales. Basque Country University (UPV/EHU). Apdo 1072. 20080, Donostia, Spain.

12 12
e 323K

0.9 ‘“"g‘ PR—— Y -
x4

06 B 06

03 . 03

0.0 - 00 asll

107 100 10° 107107

f(Hz) \
=}

10" 10’ 10; 10‘5 10"
f(Hz)
' / |
0 T
0.0 0.2 0.4
Ac) (J/g K)

AH_ (J/g)



Molecular dynamics of fully biobased poly(butylene 2,5-
furanoate) asrevealed by broadband dielectric spectr oscopy

Michelina Soccid’, Daniel E. Martinez-Torf§”", Angel Alegri&®, Andrea Munaf
Nadia Lottf

Civil, Chemical, Environmental and Materials Engiriag Dept., University of Bologna, Via Terracir8,210131, Bologna, Italy
®Donostia International Physics Center. P. Manuetlizabal 4. 20018, Donostia, Spain.

‘Centro de Fisica de Materiales (CSIC-UPV/EHU). RnMel Lardizabal 5. 20018, Donostia, Spain.

“Departamento de Fisica de Materiales. Basque Gouniversity (UPV/EHU). Apdo 1072. 20080, Donostnain.

*corresponding authors: m.soccio@unibo.it
danielemrég martineztong001@ehu.eus

Abstract

This work presents the molecular dynamics of batly amorphous and semicrystalline
poly(butylene 2,5-furanoate) (PBF). Broadband diele spectroscopy experiments
were combined with temperature modulated diffeeéntscanning calorimetry
measurements. The results showed that the subglasiecular dynamics is
characterized by the existence of two dielectriexa&tion processes, being the faster
one associated to the glycolic subunit, whereasltheer relaxation was assigned to the
link in between the ester group and the furan ribgstallization affected differently
the contribution of these two components. Additlpnarystallization had a stronger
effect on then relaxation process, related to the segmental digsaaf the amorphous
phase. In the semicrystalline state, the PBF anouplphase was described as being
composed by different fractions, including a congdlerigid one, with distinctly slower
mobilities and reduced contributions to the dieileatelaxation, compared to the fully
amorphous polymer.

Keywords:. poly(butylene 2,5-furanoate), broadband dielectrepectroscopy,
semicrystalline polymers, rigid amorphous fractiomlecular dynamics.



1. Introduction

The increasing awareness concerning the use af fasts and human impact on the
environment has led to a renewed strong interetaruse of sustainable resources for
energy and materials.[1-3] Among the different vealele raw materials that have been
used for the preparation of bioplastics, furan-daseonomers have attracted
considerable attention; the most important exampé&ng represented by 2,5-
furandicarboxylic acid (2,5-FDCA). This monomermminly used for the synthesis of
poly(ethylene-2,5-furanoate) (PEF), consideredntiost credible biobased alternative to
poly(ethylene terephthalate) (PET).In fact, PEF displays more attractive thermal and
mechanical response and improved barrier propetes PET: higher glass transition
temperature (J) (358 Kvs 349 K) and lower melting temperature,j1{484 Kvs 520
K),[4,5] a 1.6 times higher Young's modulus,[6] 1lfimes Ilower oxygen
permeability,[7] 19 times lower carbon dioxide peahility[8] and a 5 times lower
water diffusion coefficient.[9] Last but not leadite production of PEF would decrease
the non-renewable energy use of about 40-50% andréenhouse gas emissions of 45-
55% ca. with respect to PET.[10] Furthermore, otBgr-furan dicarboxylate-based
polymers have been synthesized using aliphaticsdieith different lengths, for
example, sugar diols like isosorbide, benzylic &tites like 1,4-bishydroxymethyl
benzene, and bisphenols like hydroquinone.[6]this framework, it has been recently
reported the synthesis of the poly(butylene 2,a4foate) (PBF) and its copolymers:
these reports showed that PBF had good thermalhaneal[6,11-18] and barrier
properties,[11] in line with those expected for gibke industrial applications such as
food packaging.

As reported in the literature[5,11,17] several bkge furan-based polymers can
crystallize under the appropriate conditions, legdito the development of a
semicrystalline material,e. a polymer composed by phase-separated amorphous and
crystalline areas. This fact is very interestingnirthe applications point of view since
semicrystalline polymers have enhanced thermalnaachanical properties, and better
chemical resistance. However, polymer crystallaatis a complicated process that
might significantly alter the properties of the m@@ning amorphous phase.[19] A
powerful way of investigating the semicrystallinelymer amorphous phase is by
probing its molecular dynamics; particularly, thegsental relaxation is directly
connected with the characteristics of the glassstt@n process, and polymer crystals
impose structural constrains affecting these segmhenotions.[19-22] However, the
details of these effects can be hardly anticipakecently, Dimitriadis et al. showed
that in PEF polymer segments could be located widm amorphous fraction with
restricted mobility, different from that in the Ralamorphous polymer, leading to
possible implications in the mechanical and gasidraproperties.[5] This result was
obtained using broadband dielectric spectroscopysamples prepared by following
different protocols that resulted in various degreé crystallinity. In this same work
authors also identified the so-called rigid amonghéraction (RAF)[19-23}o account
for the reduced contributions to the dielectri@xaltion and the specific heat capacity



jump at the glass transition temperaturg).(The RAF is considered as the result of
extreme constrains on the amorphous phase whetaltinity is well developed.[19-23]

In this work we report a detailed study on the eliric relaxation behavior of fully
amorphous and cold crystallized PBF, using broadldialectric spectroscopy. First,
we have evaluated the low temperature regime, wherestudied the role of glycol
length, acid structure and crystallization on theal molecular dynamics, described by
the simultaneous presence of two relaxation preses$hen, we have studied the
segmental relaxation of this polymer, making sdesmphasis on how the amorphous
phase in the semicrystalline state was affectethéysurrounding crystals. In this way,
we have interpreted our data using different amaugltfractions, not necessarily phase-
separated, that compose the amorphous phase séitfierystalline material.

2. Experimental section

Poly(butylene 2,5-furanoate) (PBF) was synthesiaad characterized as described
elsewhere.[11] The PBF chemical structure is piteseim Figure 1.
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Figure 1. Poly(butylene 2,5-furanoate) (PBF) molecular gtieee Red and blue highlighted bonds are
those related to tH& andp; movements respectively, as discussed in section 3.

Broadband Dielectric Spectroscopy (BDS) measuresnemeére carried out in a
Novocontrol broadband dielectric spectrometer. Tachnique allows the study of the
complex dielectric permittivity£ () = £€(a) — i€'(), where €(a) is the dielectric
constant ands'(«) the dielectric losses, as a function of the appkéettric field
frequency ( = 274, f being the frequency) and temperatufg¢. BDS measurements
were performed over a broad frequency window;* ¥0 f (Hz) <10’, using a
Novocontrol Alpha S dielectric interface. The temgtere was controlled by a nitrogen
jet (Quatro from Novocontrol), with a temperatureoe during every single frequency
sweep of 0.1 K. Samples for dielectric studies evprepared by melt-pressing,
allowing to obtain homogeneous films. These samplese pressed between two
circular gold electrodes of 40 mm diameter (lowkrceode) and 20 mm diameter
(upper electrode). In order to avoid any possiblertscircuits, Teflon spacers (1Q0n
thick) were used.

The dielectric studies were conducted as statd@bdrfollowing lines. The as-prepared
PBF film was placed inside the spectrometer cryastd heated up to 453 K{{PBF)

= 437 K [11]), while continuously monitoring its aectric signal. This final
temperature was maintained for 3 minutes and, ineelgt afterwards, the sample cell
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was submerged into a liquid nitrogen reservoirpwailhg the sample to reach a
temperature of 77 K within a few minutes, and kapthis temperature for 10 min. This
procedure permitted to prepare a melt-quenched $Bfple, labeled from now on as
mqg-PBF. For this sample BDS measurements were carriedmiteating from 213 K
to 393 K. Once the final temperature was reachetisample cell was again submerged
into a liquid nitrogen reservoir and a second mgatun was performed, in the range
213 K to 353 K. In this last case, as detailedectisn 3 and going in line with recent
reports,[11] the PBF it's found in its semi-cry$ited state. Then, this sample will be
denoted from now on as-PBF.

In general, BDS data analysis was carried out imgeof the Havriliak-Negami (HN)
formalism, where the dielectric function followsettrelation:[24]

£'(w) = & + Z A, [1 + (inHNx)bx]_Cx + ( x ) (1)

oW

whereA¢ is the dielectric strength of the relaxation apmg a characteristic relaxation
time; b andc (0 <b,bc < 1) are shape parameters related to the symmetdc an
asymmetric broadening, respectively. The summatoequation (1) extends over all
the processes present in the experimental windos specific temperature. Also, the
last term in this equation accounts for the contrdn of charge carriers to the dielectric
signal, wheregpc is the DC conductivity ang, the vacuum permittivity.

From 1, the peak relaxation timeq(ay was calculated using the equation:[24-26]
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where fhax IS the frequency of maximum loss, and the rest thee HN-function
parameters.

Differential Scanning Calorimetry (DSC) measuremsewere carried out using a TA
Instruments Q2000 with a liquid nitrogen coolingstgm. Temperature-modulated
experiments were conducted at a mean rate of 3rK/using a 60 s period and +0.5 K
amplitude. Samples for DSC experiments were prejayesncapsulating about 5 mg of
PBF in aluminum pans. For the DSC analysis the iBpeleat increment Ac)
associated with the glass transition of the amarphghase, was calculated from the
area under the curve of the heat flow derivativehwespect to the temperature, in the
region 278< T (K) < 333. The glass transition temperatufg) (vas determined from
the maximum of the peak. The crystal phase heaisidn (AH,,) was calculated from
the difference between the enthalpy associatedtivétimelting endotherm and the cold-
crystallization exotherm whenever present.



3. Resaults

Figure 2 shows the PBF dielectric loss as a functd the applied electric field
frequency, for three representative temperaturg®:k2 323 K and 353 K. Specifically,
left column in Figure 1 shows the mg-PBF sampleijlevthe right one the sc-PBF.
Also, besides the experimental data points, in feig2l we present the total fit and
independent contributions from the different retéo@aprocesses.
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Figure 2. PBF dielectric loss as a function of frequency, flaree representative temperatures. Left
column represents the mg-PBF sample while rightrool sc-PBF. Dashed lines refer to the contributions
from the different relaxation processes following (@); black continuous lines correspond to thaltot
fits. Inset in (c) highlights the power-law tailstbe HN relaxation components.

In general, both mg-PBF and sc-PBF samples showa&dhigar broad distribution of
relaxation times at low temperaturéls € PBF glass transition temperatuiig) (= 309
K)[11]. As shown in Figures 2a and 2b, we descritiesl local response by the sum of
two Cole-Cole (CC) functions: a specific case obiawmpn (1) wherec = 1.[24] We
chose this approach considering the strong asymnmitrards low frequencies of the
experimental data, not allowing the use of only diedectric function. Specifically, we
labeled the faster peakg the one located at higher frequenciesalue dashed line
in Figures 2a and 2b) and the slower on@aged dashed line in Figures 2a and 2b).
The temperature dependence of the CC function paeamis presented in Figure 3.
Figure 3a shows the PBF relaxation plot, whereha lbw temperature regime, these
local processes follow an Arrhenius law, describgdhe equation:[24]

E
Tmax = To€XP [ﬁ] (3)



where 1y is a time constanfl the temperatureR the gas constant arifithe activation
energy. Using eq (3) we fitted both local procegbise and red lines in Figure 3a) and
found their activation energies, namely, Bnd B, as reported in Table 1. Figure 3b
shows the evolution of the dielectric strength atumction of the temperature. In
general A values were higher in the mg-PBF sample thanersthhPBF one; however,
both cases follow the same trend, being the valdm®st constant with temperature.
Finally, Figure 3c shows that the shape paramétdreoCC functions slightly increased
with temperature, as expected for local procesaés. |
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Figure 3. Temperature dependence of dielectric functionsrpaters of PBF relaxation processes. For all
graphs filled symbols refer to mg-PBF and empty lsgis to sc-PBF, and specificall§; (red squares),

B, (blue circles)qa (violet triangles) .. (green hexagons). (a) Relaxation plot where Inepsesent fits to

the data. (b) Relaxation strength of the local psses. (c) Shape parametefshe local processes. (d)
Relaxation strength of the high temperature prassg) Shape parameters of the high temperature
relaxations. Please notice that in panel (e) thePB§ c-parameter is represented by stars, while for sc-
PBF c = 1, characteristic of a Cole-Cole function, wasirfd. Vertical dotted lines mark the cold-
crystallization temperature of PBF.




Table 1. Activation energies (f of PBF, PBT and PBN

Sample 1 (kJ/mol) &> (kJ/mol)
PBF 50+ 2 89+1

PBT[27] 43 62

PBN[28] 42 76

As temperature increased and reached values josedbe calorimetricly, the PBF
segmental relaxation (also calledelaxation) appeared as a peakeif ). Figure 2c
shows the dielectric loss at 323 K, where the marmof the mg-PBFx relaxation is
located at about 20 Hz, accompanied by@haocess in the high frequency side. For
the description of this segmental relaxation wedus@IN function, eq (1). In Figure 3,
we present the temperature dependence of its ptesnepecifically, in the PBF
relaxation plot (Figure 3a) the relaxation is depicted by solid triangles. The
continuous line passing through them, describesithetrend and was fitted following
a Vogel-Fulcher-Tammann (VFT) relation:[24]

DT, ] @)

Tmax = 7'—Oexp [T —T
0

wherer, is a time constant fixed to the value of'4®,[29] D a constant related to the
fragility of the material and, the Vogel temperature.[24] We highlight that thETV
fitting was performed taken into consideration otilg data points below < 343 K,
since from this temperature up cold-crystallizatmecurs (see below) and the data
values lost the lower temperature trend (Figure Blag fitting parameters found for this
VFT law, as well as the dynamic glass transitiomgerature of mg-PBFT{gps),
defined as the temperature at which the segmeelatation time equates 100 s, are
reported in Table 2.

Table 2. VFT parameters for PEF, mg-PBF and sc-PBF

Sample D To (K) Tg,BDS(K)

mq-PBF 7.2+0.2 254 + 1 303+2

sc-PBF 7.4+0.2 260 +1 312 +2
PEP 7.7+0.2 297 + 1 359+ 1

Figure 3d, shows the temperature dependence omti®BF a relaxation dielectric
strength (solid triangles). We observed that fongeratures below 343 K\e decreases
monotonically with temperature, as expected forsgbgmental relaxation of amorphous
polymers;[24] however, at 343 K there is a dramatiarop, being the value, from this
point on, almost constant. Also, from this tempamaton, the HN function shape
parameters changed (Figure 3e). Specifically, thanaetric broadening of the HN



function -parameter) suddenly increased to 1, indicating #fmive 343 K the HN
process became a CC function, while the symmetoadening lf-parameter) strongly
decreased (broader peak). We associate the obsaraades to the cold crystallization
of PBF, according to literature reports on polynceystallization followed by BDS
experiments.[30-33] Moreover, the results obtaibpgds on the sc-PBF sample confirm
this interpretation. The empty triangles in theaxation plot (Figure 3a) represent the
sc-PBF7__ values, while the line passing through them isaberesponding VFT fit.

This fitting was performed taken into consideratexclusively the empty triangles in
the plot; thus, it is coincidental that the mg-PBfHfues, afl > 343 K, lie just above the
found VFT trend. This put into evidence that in first BDS scan, PBF reached a
semicrystalline state at T > 343 K. This resulfuikhermore confirmed by the sc-PBF
Cole-Cole function parameterAg andb), which values are close to the ones observed
in mg-PBF atT > 343 K. Finally, from the VFT analysis we found fragility
comparable to that of the amorphous PBF, but arease oflTo and Ty, in sc-PBF

with respect to mg-PBF (Table 2).

The interfaces developed during polymer crystdilima might not only affect the
polymer segmental dynamics, as the slowing-dowrwshby thea relaxation (from
now on calledac), but also could give rise to the development tifeo relaxation
processes. In fact, in the mg-PBF sampl€ at353 K, and temperatures above, we had
to consider an extra power-law contribution in tlev frequency side of the
experimental window superimpose on the DC-conditgtigontribution (Figure 2e,
dotted line). We attribute this relaxation to theuge trapping process occurring at the
amorphous-crystalline interfaces, also called M&Ww&gner-Sillars (MWS) relaxation.
Figure 2f shows the sc-PBF sample at the same tatope. Here, the conductivity is
lower and the MWS relaxation would lie outside frequency window; however, a
new relaxation process, named needed to be considered. Going into details,rEigu
shows that even at the temperatures just abqvénd sc-PBF dielectric loss data,
corresponding to the segmental dynamics, depignastry towards low frequencies.
Then, as far as we follow the general rule of impgdhe HNc-parameter values to be
greater than 1, in order to properly describe thes Idata, we included the neslv
process in the fitting, being also described by @ inction. The temperature
dependence af, is summarized in Figure 3 (open hexagons).
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Figure 4. sc-PBF dielectric loss at (a) 328 K, (b) 338 K 4iuil 348 K. Dashed lines represent the
different fit contributions, solid lines refer the total relaxation process.

Calorimetric measurements were carried out in or@eharacterize the thermodynamic
state of the PBF samples considered so far. Figaghows the DSC heat flow for mg-
PBF @) and sc-PBFIQ). All DSC analysis results are summarized in Tahleogether
with the DSC crystalline fractionyd), estimated a#\H,,/AH? , where the PBF
equilibrium melting enthalpy was obtained from therature AH? = 129 J/g [34]).
We highlight that the crystallinity value obtaingd PBF in our present work is much
lower than those reported for PEF by Dimitriadigle{5]
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Figure 5. (a) DSC heat flow for mg-PBF (greem) and sc-PBF (yellowd). (b) Corresponding plot of
the heat of fusiomH, as a function of the specific heat increment gt Ac,. The solid line was
calculated on the basis of a simple two-phase model

Table 3. DSC analysis results.

Sample T (K) Ac, (J/g K) AH, Jlg)? Xe
mq-PBF @) 3081 0.35 + 0.01 1+1 0.01 = 0.01
sc-PBF [O) 316 +£3 0.14 +0.03 371 0.28+ 0.01

"The value corresponds to the difference betweefuslien and the cold crystallization enthalpies.

In Figure 5b, we present the heat of fusiaid) as a function of the specific heat
increment Ac,) of the corresponding sample. The solid line is flgure corresponds to

the trend expected for a simple two-phase mddelwhere solely the crystalline and
amorphous phases are present in the volume ofthpls. For this calculation, we have
considered the PBF equilibrium melting enthalpy #respecific heat increment of the

completely amorphous mg-PBF sample.

4. Discussion

So far, we have presented a broad description @fPfBF molecular dynamics using
broadband dielectric spectroscopy. Both mg-PBF ssmBBF showed local relaxations
that were analyzed using two CC functions. The #sneous presence of twg

processes in polymers has been previously obsdoveskveral aromatic polyesters, in
which the polymer segments present a comparabléitgatmmparable to that of PBF,
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and explained as due to a contribution of differesrtformationally flexible bonds of
the repeating unft’?3333538 while dielectric studies of fully aliphatic polytess,
revealed the presence of a single-mgdegrocess.[30] Considering the chemical
structure of PBF (Figure 1) the presence of a tvemensub-glass relaxation can be
ascribed to the different flexibility of the alipi@glycol subunit and the aromatic acid
moiety. Specifically for PBFp; relates to the dielectrically active O-C bond loé t
ester oxygen to the aliphatic carbon (highlightedcbiue in Figure 1), while the low
frequency modé, is associated to the C-CA link between the esteam carbon and
the aromatic ring (highlighted in red in Figure 1)Taking into account these
considerations, the lower value of;EEan be explained considering its relation to the
most flexible part of the repeating unit and conseqly it is expected to overcome a
smaller energy barrier as compared g Bssociated to the less flexible segment (Table
1). It is worth highlighting that in a recent wobly Dimitriadis et al[5] on a similar
furanoate-based polymer, authors only observediared relaxation process. In their
work, the3 process of poly(ethylene-2,5-furanoate) (PEF) drasctivation energy of
~58 kJ/mol, value fairly comparable to that of @umprocess. The presence of just one
low temperature process in PEF can be due to theltsineous presence of a very rigid
acid unit and a very short aliphatic segment (just —CH-—) in the glycolic segment.
Both these features make that, at low temperattinesrepeating unit relaxes as one
segment. In our case, the detection of two-mdd@ocess can be ascribed to the longer
aliphatic subunit (four —CH) that makes the glycol segment relaxes at diftetiene
values with respect to the furanic acid moiety.

Two-mode sub-glass relaxations have been previowddyected by BDS for
poly(butylene terephthalate) (PBT),[27] that difdrom PBF for the presence of a
terephthalic ring instead of a furanic one in tepeating unit, and poly(butylene
naphthalate) (PBN)[28], whose repeating unit carstaa naphthalene ring. In these
works authors showed that, as for PBl; Bad a lower value thangE(Table 1);
however, quantitatively the PBF local relaxatiomgqasses present higher activation
energies with respect to those of PBT and PBN,exdohg the higher stiffness of the
PBF polymer chains. This effect is particularlydant for the, component associated
to C-CA bond between the aromatic ring and theregteup. A possible explanation
may be found in the inhibition of the ring flippimg PBF, due to the lower bond angles
and the higher polarity of the furanic acid[39] hitespect to the terephthalic and
naphthalenic ones. So, the hindering of the C-CAdbootation in PBF could be
responsible for the highenR, value.

The PBF local relaxations did not show changesh@ tynamics characteristics
(relaxation times and relaxation shape) when comgamorphous and semicrystalline
samples; however, we recall th#te values turned out to be lower for the
semicrystalline material (sc-PBF). It is well edistted[19,40,41] that the more local
relaxations in semicrystalline polymers are onlyeeted by crystallinity on the
relaxation strength. Moreover, the effect is diyegtroportional to the crystalline
fraction (x). To check this expectation, in figure 6 we shoW1-x.) as a function of

11



the frequency at 228 K, for both investigated saspWe observe a good agreement
between both set of data points in the high frequeagion,i.e. for the most local (fast)
relaxation processes. However, clear differencessaen in the low frequency part.
According to these results, the relaxation comptalescribed af; superimpose
within uncertainties, whereas those describefl,ahow higheAe values for the fully
amorphous polymer sample, but with a time-scale slragpe quite close in both cases.
This result proves that intermolecular interactiomsve a stronger effect on the
molecular motions responsible @, i.e. the local relaxation that involves the ring
motions, while they do not affect so much the mmiovolving the aliphatic glyco[3¢
relaxation). This behavior also would explain thiéedent temperature dependences of
Agg, shown in Figure 3b. These findings can be comptreéhose reported on PEF,[5]

where authors found that semicrystalline samplesved aAe decrease (in the singe
process of PEF), in comparison to the fully amogshmaterial; nonetheless, authors
also observed slightly faster relaxation times amples of higher crystallinity. The
whole secondary relaxation of sc-PBF also showssa maximum at slightly higher
frequencies than in mg-PBF (Figure 6), but theatsal components are not much
shifted, indicating that the major effect of cryimaty is the uneven impact in the
relaxation strengths of the tvflarelaxations.

0.00 sttt
10" 10° 10" 10° 10° 10" 10° 10° 10’
S Hz)

Figure6. €”/(1- X as a function of the frequency, at 228 K, for RBF (O) and sc-PBFA).

Considering the segmental relaxation of the totaltyorphous mqg-PBF sample, if we
compare our results with those found for the anadogolymer PEF, we see how
changing the glycol length, passing from two methgl groups in PEF to four
methylenes in PBF, affect$y and consequentlyfy .., but not theD value. In

particular,To andTg, . decrease by increasing the number of >Ehhile the fragility

strength parameteld remains almost constant (Table 2). InvarianceDofvith the
number of —CH- has been reported in previous studies on aroj@aj5,42] and
aliphatic[30] polyesters.[19,23,43] For examplen&at al.,[27,44] demonstrated that
the fragility of a polymer mainly depends on thé&daubunit and it is independent with
respect to the glycol. Specifically, they foundaof 4.9 and 8.1 for poly(butylene
terephthalate) PBT and poly(butylene isophthalB®l), respectively. Interestingly, the
D value obtained for furane-based polyesters tutrista be in between these values,
suggesting that the furanic ring confers an inteliate dynamic fragility to the
polyester chain with respect to the terephthalatigophthalic rings.
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The amorphous phase of semicrystalline polymersisunique but depends, to some
extent, on the way crystallization is developed483 This fact is evidenced in our
results by the differences found in the dielectetaxation experiments at 353 K
between the sample crystallized on heating fromfulilg amorphous state (Figure 2e)
and that crystallized further up to 393 K (Figufe Zhe segmental relaxation observed
for the more crystallized material (sc-PBF), shoveb@dnges in relaxation time and
shape with respect to the one of the initial fllmorphous mqg-PBF crystallized during
the first dielectric scan, indicating different dynical properties. Furthermore, the
dielectric strength is reduced more than expectgdthe dipole blocking in the

P e 2 2.0 < (1- x)Ae; ™™ ~ 2.8). In addition,

the thermodynamic characteristics of sc-PBF eviddhat a simple two-phase model is
not adequate to describe this semicrystalline nst@figure 5b). These facts are all in
line with previous works in other semicrystallinelymers,[19,21,23,46], as well as
with the results found for the analogous polymeFPH In general, these results have
been interpreted in the framework of two major \8ew

crystalline phas{Ae

A two-phase approach can be maintained if one dersia framework where the
amorphous phase in the semicrystalline materiacaasidered to have different
properties (both statically and dynamically) thae fully amorphous polymer. In this
view, the main characteristics of the amorphoussehaould be the following two: i)
lower configurational degrees of freedom than thly famorphous one (86 % for PBF,

determined asAcy™ ™"/ [(1 — XA

heterogeneities with a distribution of relaxatiomds more extended towards lower
frequencies without a clear limiting value. Thix@ed characteristic implies a typical
segmental relaxation time, in the semicrystalliogymers, slower than that in the fully
amorphous one and a concomitant higher glass ti@msiemperature. However, it
should be noted that the extension of the relarapimcess towards extremely low
frequencies, precludes a trustable determinatiorthef relaxation strength, making
unclear if the orientational polarizability remainsaffected in the amorphous phase of
semicrystalline polymers or not.

] = 0.86); ii) dramatically larger dynamic

A more conventional approach consists in considetitat the amorphous phase of
semicrystalline polymers is composed by fractionth wlifferent characteristics, not
necessarily phase-separated. A primary distinagsomade between mobile and rigid
amorphous fractions,[19,21,23] where it is consgdehatAc, of the mobile fraction in

semicrystalline polymers remains unchanged witpaesto that of the fully amorphous
phase. Under this approach, one can estimate thHaglemamorphous fraction as

Xam = Ay /Acy ™ that, from our DSC results, is equal to 0.59. Themce xam

+ Xc = 0.87 for sc-PBF, there would be a rigid amorghfraction of PBEy, = 0.13.
These values are different than those found for[®]HE, .,~ 0.28, xa,~ 0.35), which
could be related with the significantly lower ciléhity of PBF.
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Concerning the dynamics of the mobile amorphoudifva, our dielectric spectroscopy
analysis approach is based on using two distinginsatal dynamics, which would
correspond to two distinguishable mobile amorphivastions. This arises due to our
choice of using Cole-Cole functions in the desaiptof the dielectric loss peak
components, avoiding a larger extension of the |mszks towards low frequencies.
Following our approach, if the orientational patatility of the amorphous phase
remains unaffected after crystallization, the whaielectric relaxation strength of the

sc-PBF sc-PBF mq-PBF

crystallized sample, defined as, "~ +Ae_, —, should be equal tg,,Ae, ,

wherey, ., is the amorphous fraction in sc-PBF (obtained frd®C analysis) and

Ae;“q'PBF is the dielectric strength of the fully amorphasmmple. Nevertheless, the

value obtained,AsZCC'PBF+AeZ‘i’PBF: 2.0, is significantly smaller than the value

calcuIatecb(a,mAef;q'PBF = 2.4. This difference is beyond uncertainties emasequently

implies that, in the assumed approach, a changeiorientational polarizability of the
amorphous phase occurs. When comparing thesesestlit those reported for PEF in
ref[5] clear differences appear, that can be du¢héodifferent approaches used for
describing thex-dielectric relaxation of the semicrystalline polgmnamely the shape
parameterc of the HN function was not restricted to be< 1. Using two Cole-Cole

components, we obtained a whole dielectric relaxastrength AeZCC'PBF +A£ZC,'PBF)

~20 % lower than that expected by combining DSQltesvith the dielectric relaxation

strength of the fully amorphous PBE'a,(mAe;nq'PBF). Contrary, the same calculation

with the PEF reported results[5] yields a valuetled expected dielectric relaxation
strength similar (although slightly lower) to thdetermined for the fitting of the
dielectric data. This could be due to the highezleditric relaxation strength value
resulting from a very low frequency extended téilhee HN loss peak.[19] For instance,
usingb = 0.2 anct = 3 in eq. 1, the low frequency tail of the HN étion located out of
the accessible experimental frequency window adsotor about 20% of the whole
dielectric relaxation strength. These somehow ealttory results evidence the
important uncertainties in determining the dielieatelaxation strength of the extremely
broad segmental relaxation in semicrystalline paggnThe critical role of the different
approaches involved in the dielectric analysis s a conclusive answer to the
question if the polarizability of the amorphous ghabecomes affected by polymer
crystallization.

Conclusions

We have reported a detailed investigation on tigeneatal dynamics of amorphous and
semicrystalline PBF by means of the combinationD&C and BDS. The obtained

results showed some similarities and importaneds#ifices with respect to a polymer of
the same family with a shorter glycol linking beemethe furan groups. The longer
glycol in the PBF plays an important role in théglass dynamics, leading to a broad
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relaxation that must be described using two pra&sgssamedp; and B,. These
components were related to the more mobile suband to the stiffer moiety,
respectively. Unexpectedly, the relaxation strergtthe slower proceg® was reduced
by crystallization more than expected accordinghe sample crystallinity, contrary to
B1. On the other hand, our results indicated thatam®rphous phase mobility also
depends on the glycol subunit length, but the litggs comparable to PEF, the only
furan-based polymer previously investigated by BD&e PBF cold crystallization led
to a slowdown of the segmental dynamics, to a famgent than for PEF, and a
corresponding shift of the glass transition tempegea Cold crystallization also reduces
the segmental dielectric relaxation strength, afecefthat was characterized as
originated by an amorphous phase containing a figiction. The longer glycol subunit
reduced the rigid fraction in PBF, as compared &F[Pin line with the lower
crystallinity degree.
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Molecular dynamics of fully biobased poly(butylene 2,5-
furanoate) as revealed by broadband dielectric spectroscopy
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e Local and segmental dynamics of poly(butylene 2,5-furanoate) (PBF) were
studied.

e Local dynamics showed a broad relaxation, described by two processes
respectively related to the more mobile subunit and to the stiffer moiety.

e Amorphous phase mobility depended on the glycol subunit length, while the
fragility was mainly correlated to the acid moiety.

e Cold crystallization led to a slowdown of the segmental dynamics and
concomitant reduced dielectric relaxation strength.

e The amorphous phase of semicrystalline PBF was described using different
fractions, including a completely rigid fraction.



