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a b s t r a c t

Thermoplastic elastomers (TPEs) based on segmented block-copolymers containing poly(-
tetrahydrofuran) (pTHF) and terephthalate-based diamide groups (T4T) were synthesized via poly-
condensation. While pTHF is known to be flexible and amorphous at rest, the more rigid T4T crystallized
in different ways depending on both chain composition and sample preparation conditions. Increasing
the content of hard-segments (HS) from 5 to 20% in weight leads to a substantial increase of the melting
point Tm by more than 60 �C. We have systematically investigated the multiscale (1 Å - 50 nm) orga-
nization of the HSs (of fractions from 5% to 20%) by means of DSC, WAXS and (ultra) small angle X-ray
scattering (U)SAXS. By increasing HS content, hence the rigidity of the chain, scattering experiments
unambiguously show the formation of bigger and better defined ribbon-like crystallites, as well as the
densification of the network they form. We propose a scenario for rationalizing the local T4T-HSs packing
and the crystallites anisotropy at the mesoscale (1e10 nm) for HS fraction above 5%. Moreover, following
in-situ the crystallization of TPEs with large HS fraction (20%), we highlight the presence of “persistent
aggregates” present at T > Tm and study the ribbon-like crystallites growth mechanism during cooling
from the melt state.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The name “thermoplastic elastomer” (TPE) refers to polymeric
materials exhibiting a dual rubber/melt rheological behavior as
opposed to classic vulcanized rubbers [1,2]. Their high elasticity and
flexibility at operating temperature (�50 to 50 �C) reflects thermo-
reversible phase separation [1], which gives rise to rubber-like
properties without involving chemical crosslinks. This revers-
ibility makes the TPEs good candidates for a more sustainable
rubber production (recycling of vulcanized rubber is difficult and
marginal [2]), in particular in terms of reshaping and recycling
NSA-Lyon, CNRS UMR5510, F-

aeza).
many daily consumer goods. Since the 1960's, a wide variety of
industrial relevant TPEs have been synthesized [3]. One of the most
popular examples is the PS-PB-PS tri-block copolymer [4] where
the segregation of the PS blocks forming rigid subdomains confers
rubber-like mechanical properties to the material. While the gen-
eral phase separation mechanism of these systems is understood, it
stays crucial for the industry to be able to control and tailor their
properties in order to use them in many different applications. This
requires being able to control the transition from their melt to their
gel state (and vice versa) in terms of both temperature and me-
chanical properties. In this direction, rather than letting the (in)
compatibility of the two blocks controlling phase separation ki-
netics and final morphology [5], researchers have developed new
generations of TPEs based on supramolecular interactions, which
involve new parameters to tailor the properties of such materials.
One of the most popular approaches is the synthesis of segmented

mailto:guilhem.baeza@insa-lyon.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2016.11.010&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2016.11.010
http://dx.doi.org/10.1016/j.polymer.2016.11.010
http://dx.doi.org/10.1016/j.polymer.2016.11.010


G.P. Baeza et al. / Polymer 107 (2016) 89e10190
(or multi-block) copolymers with flexible units made of poly(-
tetrahydrofuran) (pTHF) (also called poly-tetramethylene oxide,
pTMO) linear motifs (soft-segments “SS”) and rigid units (hard-
segments “HS”) based on urea [6], urethanes [7] or amide groups, as
thoroughly studied by Gaymans [8]. The latter segmented co-
polymers are of particular interest due to their ability to generate
multiple hydrogen bonds through the amide (i.e. NeH vs. C]O)
groups, enhancing the aggregation and/or crystallization of the
rigid segments in a similar way as in the well-known polyamides
PA6 and PA66 Nylons [9]. In this context, several studies have
shown the importance of monodisperse HSs which crystallize
[8,10] by forming a regular ribbon-like structure (elongated soft
objects), providing to the material tunable rheological properties as
well as enhanced thermal and chemical stability. Monodisperse
HSs also ensure a very fast crystallization upon cooling and a high
melting temperature. Furthermore, using short and monodisperse
hard segments allows reducing liquid-liquid demixing of the hard
and soft segments when reducing temperature, while keeping a
high rate of crystallization [11].

So far, a lot of effort has been put on the description of the
thermomechanical properties [12], the identification of the crys-
talline phases [13] as well as the synthesis of new SS/HS motifs [14]
with the key result being the systematic raise of both melting point
and plateau modulus with increasing the HS content. However,
many questions remain about the structure at the mesoscale level
(5e100 nm) of the crystalline hard phase, which is a difficult task
for semi-crystalline polymers. Nevertheless, this is of central
importance for understanding their mechanical and viscoelastic
behavior. The most frequently used techniques for determining the
structure of such TPEs at the mesoscale level are atomic force mi-
croscopy (AFM) [15] and transmission electronic microscopy (TEM)
[16] applied on solvent casted films. However, while they reveal
interesting structures [6b,16-17], one needs to account for the fact
that the observed organization strongly depends on the protocol
used to prepare the sample. Indeed, structure in solvent casted
films significantly differs from the one of the samples processed by
extrusion from the melt state (without solvent), i.e. the ones of
interest for studying viscoelastic and mechanical properties as well
as for developing possible applications (3D printing, fibers pro-
duction …). The latter, in fact, seem to be characterized by a more
complex organization, in which the crystallites are likely more
polydisperse and less aligned, hardly accessible with those tech-
niques [6a].

Small Angle X-ray (or Neutron) Scattering (SAX(N)S) is widely
employed [18] but often limited to the observation of the inter-
crystallite distance [17] except for the extensive and inspiring
work by Sijbrandi et al. [13] which provides a quantitative analysis
of the crystal lattice as well as the mesoscale (hexagonal) structure
of polyamide based ribbon crystallites. Moreover, the scattering
cross section per unit sample volume, or “scattering intensity” I(q),
is almost exclusively expressed in arbitrary units (rather than ab-
solute units) limiting de facto the structural analysis to the extrac-
tion of typical distances in the materials (along the q axis), i.e.
ignoring the mass of the scattering objects required to establish a
coherent model. Then, because of the very short (yet mono-
disperse) length of HSs, one cannot use the available molecular
theory for similar block-copolymers [19] where phase segregation
appears at high values of the Flory-Huggins parameter (Nc)z (Nc)c
(where (Nc)c is the critical value for spinodal decompositionwith N
the degree of polymerization). Indeed, it does not seem suitable for
quick crystallization processes generating phase separation on a
micrometer scale.

Going further in the employment of SAXS, one could model
ribbon-like objects by using the form factor of semi-flexible chains
with self-avoidance calculated by Pedersen et al. [20] This method,
which has been successfully used by Hamley et al. [21] for worm-
like micelles having a fractal dimension of Df z 1.7, allowed the
authors to determine directly the contour length, the persistence
length and the cross-sectional radius of such elongated structure.
However, this model lies on the fact that such objects do not
interact with each other, i.e. that their volume fractionmust be kept
smaller than 1 vol%, far from the type of samples investigated in
this work (ca. 5 to 20%v).

Thus, despite the above developments, many questions still
need to be addressed in order to understand and control the
structure of these TPEs, processed in the melt state. They concern,
in particular, (i) the local packing of the T4T units leading to poly-
morphic crystals, (ii) the crystallites shape and their orientation at
the mesoscale being of great interest for the rheology compre-
hension and (iii) the growth mechanism from the initial state (melt
or in solvent). In this context, the key goal is to develop criteria for
designing TPE materials with desired performances easily pro-
cessable at the industrial scale.

The objective of the present work is to combine DSC, WAXS and
(U)SAXS techniques in order to investigate the multiscale structure
of segmented copolymers with a monodisperse hard-segment
made of T4T diamide consisting mainly in two terephthalate “T”
groups separated by four “4” carbon atoms [22]. (Other “T-amides”
groups are reported in the literature) [23]. In particular, we would
like to study the influence of the HS density on the crystallization
and melting of such TPEs. The HS is characterized by a high melting
(or crystallization) temperature, e.g., close to Tm ¼ 158 �C (or
Tc ¼ 136 �C) [24] for 20%HS in the chains. On the other side, the SS is
made of a sequence of 3 and 8.6 pTHF motifs (respectively called
pTHF250 and pTHF650) between which a terephthalate group is
intercalated to limit their crystallization (see Fig. 1). Based on these
two elementary building blocks, we prepared four different co-
polymers (following a Flory-type statistic) by adjusting the HS
nominal mass fraction to 5, 10, 15 and 20%. The average molar mass
of the SSs is varied from 6840 g/mol (5%HS) to 3299 g/mol, (10%HS),
2078 g/mol (15%HS) and 1470 g/mol (20%HS) so that the total
molecular weight of the four TPEs remain comparable (see Table 1).

The outline of this article is as follows. After the materials and
methods description in section 2, the results are presented and
discussed in section 3. DSC thermograms of the four TPEs and the
neat pTHF are provided in section 3.1. The analysis of the crystal
lattice using WAXS is presented in section 3.2, where new argu-
ments to rationalize the T4T diffractograms are provided. Finally,
section 3.3 is devoted to the (U)SAXS experiments in which we
propose a method to determine the “micro-” (<10 nm) and “meso-”
(10e50 nm) scale structure of the ribbons-like crystallites. In this
last part, we also propose a growth mechanism based on time
resolved SAXS measurements performed between Tm and Tc.

2. Material and methods

2.1. Materials

1,4-Diaminobutane (DAB), acetone and acetonitrile were ob-
tained from Sigma Aldrich, USA, Dioctyl terephthalate (DOT) from
Eastman chemicals, pTHF (650 g/mol and 250 g/mol) from BASF
chemicals, Irganox 1330 from Ciba, Switzerland. Sodium ethoxide
(21 wt% in ethanol) with Acroseal© from Acros, Belgium. All
chemicals were used as received. Sodium ethoxide 21 wt% in
ethanol was used to prepare sodium ethyl hexoxide 1 molar solu-
tion by replacing ethanol by ethyl hexanol using a distillation setup.

2.2. Synthesis T4T-dioctyl

DAB (30 g, 0.34 mol) and DOT (574 g, 1.46 mol) were introduced



Fig. 1. Schematic of the pTHF-T4T segmented block copolymers. R stands for an Octyl group, and DOT for dioctyl-Terephtalate.

Table 1
Physico-chemical characterization related with the TPEs studied.

%HS
(%)

Mn

(g/mol)
Mw

(g/mol)
Mw/Mn

(Ø)
Mn(pTHF)a

(g/mol)
<N>b

(Ø)
TgSS

(�C)
Tm
(�C)

Tc
(�C)

Xc
c

(%)

5 25,200 48,900 2 6840 4 �59.1 91.8 64.5 2.6
10 22,800 44,300 2 3299 7 �58.8 122.3 100.1 6.3
15 22,500 43,300 2 2078 11 �57.9 148.6 119.8 9.3
20 19,300 37,600 2 1470 11 �57.9 157.8 136.4 15.8

a Average molar mass of the pTHF segments between two successive HS as calculated based on the synthesis.
b Average number of HS per chain calculated from %HS and Mn.
c Crystal weight fraction from DSC calculated via Xc ¼ (DHDSC/DHT4T)*100 where DHT4T ¼ 150 J g�1 from Ref. [25].
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in a round bottom flask equipped with stirrer and nitrogen inlet.
Then, 61 cm3 Sodium ethyl hexoxide solution (1 M) was added and
the reaction was carried out for 24 h at room temperature under a
nitrogen atmosphere. It was subsequently quenched using 10 cm
[3] water. The T4T-dioctyl was precipitated and filtered using 2 li-
ters of acetone. The crude T4T-dioctyl was recrystallized from hot
acetonitrile and washed with acetonitrile thrice. The purified T4T-
dioctyl was finally dried overnight in a vacuum oven at 65 �C. The
corresponding DSC and NMR measurements are provided respec-
tively in Figs. S1 and S2 of supplementary information.
2.3. Melt polycondensation of 5 wt% T4T-(PTMO650/DOT/PTMO250)

The reaction was carried out in a glass vessel reactor with ni-
trogen inlet, distillation set-up and mechanical stirrer. The reactor
was loaded with T4T-dioctyl (8.31 g, 0.0136 mol), pTHF650 (57.22 g,
0.880 mol), pTHF250 (22.04 g, 0.0220 mol), DOT (57.19 g,
0.05719 mol), Irganox 1330 antioxidant (0.25 g, 0.0003 mol) and
Titanium catalyst (0.57 g, 0.0037 mol) and heated to 240 �C under a
reduced pressure of 500 mbar. Subsequently, the pressure was
decreased to 10 mbar over a period of 2.5 h. With increasing the
viscosity of the melt, the stirring rate was gradually reduced from
400 rpm to 100 rpm. The pressure was further reduced to 1 mbar in
3 h and subsequently kept constant for 3 h while gradually
reducing the stirring rate to 12 rpm. The polymer was then
removed from the reactor, quenched in water and finally dried
overnight in a vacuum oven at 65 �C. A similar procedure was used
for 10 wt%, 15 wt% and 20 wt% hard-segment (T4T) copolymer
synthesis by adjusting the amounts of the ingredients accordingly.
The schematic procedure is depicted in Fig. 1.

2.4. Gel permeation chromatography

Gel permeation chromatography was performed on the full
sample set with a Viscotek GPC Max from Malvern (UK) equipped
with a Viscotek Triple Detector Array 302 including ultra-violet
(UV), refractive index (RI), differential viscometer (DV) and right-
angle light-scattering (RALS) detector so no column calibration
was necessary. The TPEs were dissolved in HFIP at a concentration
of 1.5 mg/mL, filtered with 0.2 mm Teflon filters, and injected at a
rate of 0.8 mL/min. The temperature of both the column and the
detector was kept constant at 35 �C. The results in terms of Mn and
Mw are presented in Table 1.

2.5. Samples preparation

The samples measured in DSC, WAXS and (U)SAXS were pre-
pared either by hot pressing or solvent casting. In the former case,
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ca. 0.5 g of TPE was molten in a vacuum hot press at Tm þ 10 �C
applying 0.5 tons weight for 30 min and subsequently quenched in
ice. In the latter case, the TPE was dissolved for 12 h in TetraHy-
droFuran (THF) or HexaFluoroIsoPropanol (HFIP) and subsequently
dried by evaporating the solvent at room temperature for 48 h
before to be dried one week under vacuum at room temperature.

2.6. Differential scanning calorimetry (DSC)

DSC thermograms for polymers were recorded on a Mettler
Toledo DSC821e with the STARe software using dried samples of
10e14 mg with a heating and cooling rate of 20 �C/min. The peak
positions of the second heating and first cooling scans were
assigned to the transition temperatures Tm and Tc, respectively, and
the area under the heating curve to the melting enthalpy DHm.
From the latter and the melting enthalpy of the T4T unit [25], the
degree of crystallinity was then calculated (see Table 1). Note that
the thermograms presented in Fig. 2 have been corrected in order
to have a flat baseline.

2.7. WAXS

Wide Angle X-ray Scattering experiments were performed on a
Rigaku DMAX 12 kW setup with l ¼ 1.54 Å. The beam size was
1 cm � 1 mm. We limited the angle range from 2q ¼ 1.5�e35�

(corresponding to q ¼ 1 nm�1 to 25 nm�1) where the signature of
all the crystalline phases and the amorphous broad peak were
observable.

2.8. USAXS and SAXS

We performed USAXS and SAXS measurements on the beam
line ID02 at the ESRF in Grenoble, France. The four samples made of
segmented block copolymers containing 5, 10, 15 and 20%HS have
been measured. Their respective thicknesses were 0.44, 0.81, 0.66
and 1.03 mm. We used two sample-detector distances, 1 m (SAXS)
and 30 m (USAXS) with l ¼ 1.1 Å allowing to obtain information
Fig. 2. Differential Scanning Calorimetry thermograms of the neat pTHF (0%HS) and
the four corresponding segmented block copolymers containing 5, 10, 15 and 20%HS.
The different TgSS, Tc (not shown here) and Tm are reported in Table 1. Data have been
vertically shifted for clarity.
over 4 decades in scattering vector q! (10�3 to 10 nm�1) corre-
sponding roughly in the real space to 1 mm to 1 Å. The beam was
rectangular with an approximate size of 0.1 � 0.2 mm2. The well-
defined configuration of this experiment, associated with the
measurement of the empty beam gave us the possibility to access
the true sample scattering in absolute units.

In order to complement this data, we also performed SAXS
measurements with temperature control on the beam line DUBBLE
at the ESRF by using a Haake rheometer equipped with Vespel®

parallel plates (no solicitationwas applied). The incident horizontal
X-ray beamwas 90� deviated in order to pass vertically through the
rheometer cell (two Vespel plates þ sample) and the emerging
scattering intensity was measured from the top of the setup, as in
Ref. [26] For the detection of anisotropic scattering patterns, the
novel LAMBDA detector, a 2D photon counting detector, developed
at DESY, Hamburg, Pennicard et al. [27] was used. The LAMBDA has
a high spatial resolution with a pixel size of 55 � 55 mm2, a high
quantum efficiency close to 100%, and a high speed acquisition of
up to 2000 frames/sec [27] at 1.6 m from the sample and using a
wavelength of 1.53 Å. Note that the data measured from DUBBLE
were then rescaled to the ID02 ones in order to access the absolute
units (see the procedure in Fig. S6 of supplementary information).

3. Results and discussion

3.1. Calorimetry

In Fig. 2 we present the thermograms corresponding to the four
hot-pressed TPEs containing 5, 10, 15 and 20%HS for which the
baseline has been forced to be horizontal (see. section 2). On one
hand, the lowest temperature part of the thermograms remains
essentially identical showing the glass transition of the pTHF
at �60 �C ðTSSg Þ and the melting of a small fraction of it close

to �15 �C ðTSSm Þ. One can note, here, the slight increase of this peak
with decreasing %HS likely due to larger pTHF domains [25]. On the
other hand, the highest temperature part reveals a clear increase of
the HS crystallites “terminal” melting point Tm from 91.8 to 122.3,
148.6 and 157.8 �C for 5,10,15 and 20%HS, respectively (see Table 1).

Moreover, the thermograms contain “secondary” melting peaks
at T z Tm-30 �C, which are clearly visible for 10, 15 and 20%HS,
suggesting a polymorphism of the T4T crystallites in agreement
with the complex diffractograms presented in Fig. 3a below. From
the broadening of this secondary peak at lower temperature with
increasing %HS, one could also speculate on the presence of the
glass transition temperature of a small fraction of residual amor-
phous T4T domains [28] (particularly for 20%HS around 20 �C),
satisfying the well-known ratio Tg/Tm z 2/3 [29]. This would thus
suggest that the HS crystallization is not fully complete for these
samples, in agreement with the enthalpy of melting (~area under
the curve) from which the degree of crystallinity can be extracted
(see Xc Table 1).

Interestingly, one can also observe in Fig. 2 that increasing the
HS density causes the shift of the “secondary” broad melting peak
toward higher temperature in a similar way than the sharper one
suggesting therefore that both melting processes are inter-
dependent.

3.2. Crystal structure e WAXS

3.2.1. Analysis of scattering intensity and the role of hard segments
As it has been already observed in literature, the WAXS pattern

related with the T4T crystal is rather complex and has not been
elucidated so far [25]. In order to gain further insight, we compare it
here to different samples, such as the pure HS sample or a solvent



Fig. 3. a) Scattering intensity measured in WAXS as a function of the transfer momentum q for pure pTHF chains and dioctyl-T4T powder as well as for the four segmented block
copolymers prepared by hot-pressing containing 5, 10, 15 and 20%HS. b) Diffractogram from the 20%HS sample prepared by solvent casting vs. the hot-pressed one reproduced from
a). The data are normalized in such a way that the intensity of the peak 5 match. Inset: corresponding DSC thermograms in the Tm region confirming the weakening of the
secondary melting peak when THF-casting is used.
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casted version, and follow the relative intensities of the different
peaks. In Fig. 3a, we present the diffractograms measured from the
materials synthesized in this work (see section 2) from q ¼ 1 to
25 nm�1 (i.e. 2q ¼ 1.6e35�). The main peaks observed through the
whole data set are numbered from 1 to 8 from lower to higher q and
reported in Table 2.

While these peaks are nearly absent in the sample containing 5%
HS, their respective intensities increase with the fraction of hard
segments, indicating unambiguously that they are coming from the
crystallization of the HSs. Furthermore, a good agreement is found
between the positions of most of the peaks in the TPEs chains and
the ones coming from the dioctyl-T4T precursor, suggesting that
the HS crystal lattice is qualitatively similar in all these materials
when hot-pressing at Tm þ 10 �C is used. The broad peak (4), pre-
sent in all TPEs (including 0%HS) at 14 nm�1 is attributed to the
amorphous part of the polymers and tell us about the typical dis-
tance between the pTHF segments (z0.45 nm). Overall, the WAXS
patterns look similar to the one obtained by van Hutten et al. on
similar materials [25].

Also, we observe in Fig. 3b, that the WAXS pattern of the 20%HS
sample is very sensitive to the sample preparation. Indeed, the
comparison between the normalized WAXS signals of sample
prepared in the melt state or by solvent casting reveals that 20%HS
sample exhibits a different crystal structure when prepared
through THF-casting. In particular, it shows that while peak 1 and 5
Table 2
Position of the diffraction peak as found in Fig. 3 and comparison with the literature abo
fundamental differences between the Nylon-4,T, Nylon-66 and the T4T respective archit

Peak 2q
(�)

Position in T4T crystallites (nm�1)a Position in the lit

1 6.48 4.6 4.75 [36] e 4.76 [
2 10.8 7.7 7.1 [35]
3 17.9 12.7 12.8 [36,37]
4 19.8 14 e

5 21.9 15.5 14.3 [35]
6 23.4 16.5 16.2 [31a]e17 [35
7 25.3 17.8 17.2 [35]

17.9 [36,37]
8 29.5 21.0 20.8e22.4 [31b]

a The peak positions come from the tentative of deconvolution of the 20%HS diffracto
b The characteristic distances correspond to 2p/“position in T4T crystallites”. In the las

(see Fig. 4).
are enhanced, peaks 3 and 7 are considerably weakened (see
Fig. S8a-b in supplementary information). Similar results were
found for 15%HS, (see Fig. S8c-d). DSC confirms qualitatively this
result by showing the fall of the broad melting peak originally
present around Tm-30 �C, evidencing the polymorphic nature of the
T4T crystallites. Additional evidence of polymorphism was also
found in Flash DSC experiments and will be reported in another
publication [30].
3.2.2. Emerging scenario: formation of ribbons
A way to interpret such WAXS patterns is to go back to the T4T

structure presented in Fig. 1. It suggests that the crystallization can
occur via the N-H and C]O groups in a similar fashion as in the
Nylon-4,T [31] or in the popular aliphatic Nylon-6 and -66 inwhich
the most stable phase is known as a and corresponds to the anti-
parallel stack of the polymer chains [9]. Interestingly, both aro-
matic and aliphatic Nylons seem to provide similar WAXS patterns
most likely due to their common H-bonds driven structure [31a].

Besides, the succession of the functional groups likely leading to
H-bonding in T4T is the following: [C]O - NeH -(Cx)- NeH - C]O]
by analogy with the Nylon- 66 [32] and in opposition with Nylon-6
in which the motif is [NeH - C]O -(Cx)- NeH - C]O] [33] (see also
Fig. S7 in the supplementary information). This excludes therefore
the presence of the g phase corresponding to the parallel config-
uration stack of the chains as described in the Nylon-6 [34].
ut Nylon's a-phase and p-p stacking. The slight discrepancies are likely due to the
ectures as well as the presence of the SSs.

erature (nm�1) Characteristic distance (nm)b Identification

35] 1.36 Inter T e a 001

0.81 a 002

0.49 Tr p - p
0.45 Amorphous halo
0.41 a 100

] 0.38 a 010

0.35 a 110

P p- p?
0.30 NeO

also seen in Ref. [25]

grams presented in supplementary information Fig. S8aed.
t column, the Miller indices refer to the crystallite axis in the following order: LWH
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Interestingly, Bunn and Garner [32] also reported that a so-called b-
phase, similar to the a one in terms of WAXS pattern, could rise
from the intermolecular H-bonds bending. Hence, starting from the
diffraction pattern of the (aromatic and aliphatic) Nylon's a-phase,
one can already identify several peaks obtained from our T4T
crystallites (see Table 2). It is notably the case for the peaks 1, 2, 4, 5
and 6 for which positions are found to be in good agreement with
the literature [31,35]. The peak 1, also visible in the high-q range of
the SAXS experiment in Fig. 4a, refers to the inter-T groups distance
belonging to a same Nylon 4-T chain [36], i.e. the distance between
the two aromatic rings within the T4T unit (noted a001). The peak 2
has the same origin. Since the peak 4 is not present in the HS
precursor but it appears in the pure SS, we assign it to the inter-
chain distance, i.e. to the usual amorphous halo present in poly-
mers. We then believe that the peak 5 stands for the HS stacking in
the H-bond direction (noted a100) and grows significantly when
THF casting is used (longer crystallites, see discussion in section
3.4). Finally the peak 6, greatly hidden by the previous one, must
correspond to the HS stacking in the perpendicular direction (noted
a010) and peak 8 is assigned to the NeO distance within one H-
bond.
Fig. 4. Cartoon representing the structure of a crystallite piece. The green polygons
represent the H-bonds while the red ones stand for the aromatic rings. a) 3D view, the
black arrows indicate the view direction in b) and c), b) top view, c) side view. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
Determining the origin of peaks 3 and 7 is more delicate. The
fact that they are strongly weakened in the THF-casted sample and
that this goes along with a large reduction of the first broadmelting
peak in DSC (see the inset of Fig. 3b) suggests that they correspond
to a weaker structure, which is apparently not favored when the
chains have a larger mobility, e.g. during the solvent casting pro-
cedure. Looking further at the T4T unit, it is interesting to investi-
gate, apart from the amide groups, the possible role of the two
aromatic rings. These groups make the HSs intrinsically very rigid
and can easily lead to associations via p-p stacking, as it has been
observed in a wide variety of systems in the literature (see below).
They can therefore increase the HSs coordination number (e.g.
allowing the crystal to grow in 2D) i.e. with the H-bonds aligned
along one given direction and the p-p interactions perpendicular to
it. In fact, the strong H-bonds (z10 kJ/mol each) could even pro-
mote this p-p stacking by bringing the HSs close to each other
obliging them to pack in a way that suits the excluded volume of
aromatic rings (see Fig. 4). The resulting probability to form p-p
stacking should consequently be larger in these particular TPEs
than in other H-bonds free ones like polybutylene terephthalate
[37]. To summarize, we believe that this second degree of freedom
is most likely at the origin of the complex HS lattice because it
induces a two-unidirectional crystallization from two distinct
molecular interactions.

In order to validate this scenario, one needs to look at the
possible configurations for neighboring aromatic rings and see if
they are consistent with the peaks 3 and 7 observed in the WAXS
pattern. Two possible configurations are reported in the literature
known as “Tr” (transverse) and “P” (parallel) with respective dis-
tances between the rings' centers of mass being approximately 5
and 3.5 Å and bonding energy close to 0.72 and 0.48 kJ/mol [38].
Interestingly, these particular distances have been reported from
WAXS experiments in both biological and synthetic polymers [39]
containing aromatic groups while they do not appear in “rings-
free” polyamide [35]. The latter observations seem therefore to
confirm the nature of the peak 3. The nature of the peak 7 remains
more uncertain since apart from the P rings configuration, it could
also very well fit with the a110 diffraction for which a decrease of
the ribbon thickness would also lead to a weaker intensity.

We provide in Fig. 4 a tentative cartoon summarizing our ideas
on the T4T crystal lattice. Within this picture, we finally conclude
that the length of the ribbons is governed by the “fast” and strong
H-bonds while their thickness is influenced by the “slower” and
weaker p-p stacking between the “1D-sheets” of associated HSs.
Beyond the structure, this last results allows to rationalize the
broad melting peak observed in DSC in terms of progressive
“unstacking” of the HS sheets before their final melting (H-bonds
rupture).

In order to investigate the shape of these ribbons at higher
lengthscale (>2 nm), SAXS measurements are then needed, as
discussed in section 3.3.

3.3. Multiscale structure e SAXS

3.3.1. Definition of the elementary HS building-block
The length of one elementary HS can easily be estimated by

considering the distances between the atoms and the angles be-
tween the bonds as well as the aromatic rings size (see Fig. 1), and
by accounting for the fact that the conformation induced by the two
H-bonds and possible p-p stacking in each segment is stretched.
This leads to a HS length of H ¼ 2.1 nm.

On the other hand, determining the exact cross-section of the
HS is not obvious. Indeed, the four carbon atoms between the two
amide groups are in principle able to slightly bend or rotate
inducing a degree of freedom in the crystallite leading to its ribbon-
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like shape. Consequently, it is a priori difficult to know, whether
two consecutive aromatic rings belong to the same plane or not.
Therefore, for simplicity, we regard the HS as a square based par-
allelepipedic object having square cross section with R ¼ 0.5 nm
being the side (equivalent to the diameter of the aromatic ring
accounting with the H atoms). As shown in Fig. 4, the angle be-
tween the H-bond plane (amide group) and the aromatic ring has
been reported being around 30� in Nylon-4,T [31b], it does not
however impact our analysis here.

From the previous assumptions, we extract the volume of the HS
building-block.

VHS ¼ HR2 ¼ 0.53 nm3, the corresponding scattering intensity

for q/0, IHSð0Þ ¼ I0HS ¼ Dr20VHS ¼ 0:49 cm�1 and the radius of

gyration Rg�HS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

h�
H
2

�2

þ 2
�
R
2

�2is
¼ 0:64 nm.

By further combining these expressions within the Guinier
approximation [40], we can determine the single HS scattering
intensity on awider q-range, PHS(q) being the form factor of a single
HS such as:

IHSðqÞ ¼ I0HS PHSðqÞzI0HS exp

 
R2
g�HSq

2

3

!
(1)

The result of the previous calculation is plotted in Fig. 5a
(black solid line). As expected, at high q, i.e. for q / q#, IHS(q) be-
comes comparable with the experimental reduced intensity. This
good agreement supports the approximations made on the T4T
structure and on the normalization procedure (see section 2 in
supplementary information).
Table 3
Morphology of the crystallites at themesoscale extracted from SAXS data for 5,10,15
and 20%HS. Their thickness is kept constant H ¼ 2.1 nm.

%HS F (%)a q* (nm�1) d* (nm) S W (nm)b Nw ¼ W/R

5 3.5 0.43 14.6 2.1 1.18 2
10 7.2 0.62 10.1 2.6 2.28 4
15 10.9 0.72 8.72 3.1 3.94 8
20 14.8 0.77 8.16 3.7 4.69 >9

a The values of F (volume fraction in HS) are calculated from equation (S2)
(supplementary information).

b The calculation of W is made from model A for 5%HS and from model B for 15%
3.3.2. Mesoscale organization (crystallites)
Once the single HS dimensions are well defined, we can analyze

the TPEs structure at a larger, mesoscopic length scale, i.e. inves-
tigating the crystallites morphology. Note that the latter can be
formed through the aggregation of HS units in the plane orthogonal
to the local chain axis with their thickness being defined by the
previously determined HS length H. The two other dimensions
(width and contour length) are called in the following W and L,
respectively. As explained in section 3.2, we believe that the H-

bonds are parallel to the long axis of the crystallite ( L
!
) [31b] while

the weaker p-p stacking (Tr or P) is responsible for their width (W).
Fig. 5. a) Normalized scattering intensity measured in SAXS as a function of the transfer mom
solid black line stands for the reconstruction of PHS(q) calculated in equation 1. b) Kratky rep
the crystallites is seen through q* while the presence of q** ¼ 2q* suggests a lamellar phase
The total number of HS per crystallites Nagg is defined from the

aggregation numbers (NH, Nw, NL) along each axis ðH!; W
�!

; L
!Þ,

respectively, such as Nagg ¼ NHNwNL ¼ NwNL since NH is fixed to 1
from the chemical structure (see Figs. 1 and 4).

The normalized scattering intensity measured by SAXS as a
function of the transfer momentum q are presented in Fig. 5a for all
the hot-pressed TPEs. The general trend of the spectra can be
analyzed, looking at the different q-ranges (see also sections. 2.1
and 2.2 in supplementary information for further details on the
data treatment, notably Feff):

For q> q#, the X-rays see thematter as a discrete phase, we refer
the reader to the WAXS experiments (see section 3.2) e a small
peak around 4 nm�1 (1.57 nm) is nevertheless visible for the 20%HS
and corresponds to the distance between the T units in the same
chain [36]. Here, one can note that q# z 3 nm�1, corresponding to
d# ¼ 2p/q# ¼ 2.1 nm, which is in good agreement with the smallest
dimension of a single HS defined above.

For qcs < q < q#, the intensity is described by a power law ~ q�S

giving information on the local structure of the crystallites. This
regime is known as the Porod regime. A value of S equal to 2 stands
for a flexible object such as a polymer coil in q-solvent [41], while a
value of S equal to 4 is understood as a sharp interface (equivalent
to a surface fractal dimension of 2, i.e. smooth objects like hard
colloids [42]). The S values found for the four samples are given in
Table 3. One can clearly see that these slopes evolve monotonically
with the HS content passing from z2.0 (for 5%HS) to 3.7 (for 20%
HS), i.e. from a flexible object to an object with a sharp interface.

At q ¼ q*, we observe a maximum, which can be attributed to
the most probable distance between the center of mass of the
entum q for the four segmented block copolymers containing 5, 10, 15 and 20%HS. The
resentation (I(q)q2 ¼ f(q/q*)) of the same data set. The characteristic distance between
. Note that qcs in a) and q** in b) have a similar value but different meanings (see text).

HS and 20%HS. The corresponding value for 10%HS is calculated by averaging the
results from model A and B (intermediate case).
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crystallites d*¼ 2p/q*, i.e. with the inter-crystallites structure factor
Sc(q). This distance between crystallites, d*, is reported in Table 3.
As expected, it decreases with increasing the HS volume fraction (or
number density), which reflects the network densification.

(For q < q* we refer the reader to the sub-section entitled
Considerations on the structural features above d* presented
later in the article.)

We can then plot this SAXS data using the Kratky representation
[40] (see Fig. 5b.). Interestingly, normalizing the scattering vector
by q* reveals a second structural feature in the 10, 15 and 20%HS
TPEs positioned at q/q*¼ 2. This is typical of a lamellar organization
[43], and suggests the presence of crystallites stacks, i.e. anisotropic
structure from the d* length scale, which becomes more pro-
nounced when increasing the volume fraction of HS.

By combining this result to the Porod exponent S, we propose
the following picture: The Porod exponent having a value close to
2.0 in the 5%HS sample suggests that the crystallites can be seen as
thick polymers in q-solvent, i.e. as objects having non-zero thick-
ness H and width W following a random walk that, by definition,
leads to an isotropic morphology. On the contrary, within the same
q-range, the Porod exponent for the 20%HS is 3.7 and the intensity
shows a shoulder at q ¼ q** ¼ 2q* suggesting the formation of a
lamellar structure in which the crystallites have thus the same
orientation (at the mesoscale), leading to an anisotropic
morphology. These two extreme cases are represented in Fig. 6 by
the morphology A and the morphology B. Between these two
samples, the intensity scattered by the 15%HS TPE is close to the
20%HS one (see. Fig. 5a) suggesting therefore that the morphology
B should stand. The situation is more ambiguous for the 10%HS
because it shows a distinct scattering pattern from both 5%HS and
15%HS with S ¼ 2.6 implying an intermediate structure.

3.3.3. Determination of the width of the crystallites (W) and 3D
arrangement

Because of these drastic changes in the TPEs structure with the
reduction of the pTHF soft-segments in the copolymer chains, we
propose to use these two simple albeit plausible geometrical
models in order to describe the average situation in a volume
element of the TPEs and to determine the corresponding width of
the crystallites, WA and WB:

A) The crystallites form a network based on a soft cubic cell for
which each edge is made of a free crystallite segments with
their length being in average d*. The decrease of d* with
increasing F is understood as the shrinkage of this 3D
“isotropic” soft cage (no preferential direction as seen in
Fig. 6. a) 3D isotropic model (denoted as A) and b) 2D locally anisotropic model (denote
evolutions of the inter-crystallites distance when %HS is changed. In both cases, dashed ar
Fig. 6a) when the number of crystallites increases in the
sample.

B) The crystallites are all aligned along the same axis L
!

and
separated by a distance d* corresponding to the cell param-
eter of a square lattice similarly to the hexagonal packing
used by Sijbrandi et al. [13]. In this case, the decrease of
d* with increasing F is understood as the shrinkage of a 2D
“locally” (z10 nm) anisotropic square lattice belonging to
the plane ðH!; W

�!Þ and therefore orthogonal to the crystallite
long axis. In this suggested model, the volume fraction F is
equivalent to a surface fraction Fs in the plane ðH!; W

�!Þ.

Considering that the HS volume fraction (or surface fraction in
model B) in one cell is equivalent to the HS volume fraction F in the
whole sample, one can easily express the HS volume fraction in one
cell for A and B morphologies as: F ¼ NnHW/d*2 with Nn being the
number of full objects to be considered per lattice giving
NA ¼ 12 � 1/4 ¼ 3 and NB ¼ 4 � 1/4 ¼ 1. Besides, assuming
H ¼ 2.1 nm as estimated in the precedent section, one can then
simply extract the width of the crystallites (reported in Table 3)
from each model, only differing by construction by a factor 3 such
as: WA ¼WB/3 ¼ Fd*2/3H.

While for the 15%HS and 20%HS samples, the morphology B is
used, we consider the morphology A for the 5%HS sample, and an
average of the two for the 10%HS sample, which lies between these
two extremes. It must be noted that the values ofW are found to be
in good agreement with the one reported by van Hutten et al. from
the analysis of the breadth's peaks from WAXS experiments [25].

From these values and from the estimated size of an elementary
HS building block, one can determine the corresponding number of

HS in the width direction W
�!

, Nw, as reported in Table 3. While the
lateral packing of the HS is rather limited at low volume fraction of
HS, it becomes quite important at larger density. This can be un-
derstood by considering the reduced mobility and enhanced
proximity of the crystallites at high volume fraction of HS, which
are forced to organize into a lamellar structure.
3.3.4. Evolution of ribbon-ribbon distance (d*) with the HS volume
fraction

The morphology of the crystallites is strongly influenced by the
HS volume fraction. It is therefore interesting to investigate how
d* evolves with F, and see if its evolution is well described by the
picture proposed above, according to which the morphology of the
ribbons evolves from the geometrical model A at low HS volume
fraction, to the model B at larger fraction. The evolution of d* with
d as B) describing two possible arrangements of the crystallites leading to different
rows stand for the (curvi)linear long axis of the crystallites.



Fig. 7. Log-log representation of the most probable distance between the crystallites
d* as a function of the volume fraction in HS (F). The blue solid line is a power law
fitted to the data with the exponent being fixed to 1/2. Red and green dashed lines are
power law with respective exponent 1/3 and 1/4 and serve as guide for the eyes, they
are related with the interpretation in the text. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the HS volume fraction F is shown in Fig. 7. From basic geometrical
arguments, we know that this function can be written as the
following: d* ¼ PF�1/h where P is related to the object size (see
below), and h is the spatial dimension of the “problem” satisfying
[h] ¼ mh. For instance, it is well known that for a homogeneous
colloidal suspension the distance between the particles centers of
mass evolves with F �1/3, i.e. h ¼ 3 [44].

In our case, as shown in Fig. 7, it appears that he2 between 5 and
15%HS. This suggests that the distance between the objects evolves
in a similar way as in a 2D space, which is in good agreement with
the proposed geometrical model B, and which confirms the
anisotropic nature of the crystallites network at high HS content.
Below 5%HS, we believe that the softness of the crystallites (S ¼ 2)
and the absence of peak at q/q* ¼ 2 in Fig. 5b should lead to a soft
isotropic network (i.e. h ¼ 3). In Fig. 7, we also observe that the
value of h between 15 and 20%HS is greater than 3 (close to 4)
indicating that most of the additional HS units (from 15 to 20%HS)
do not lead to the formation of new crystallites (which would make
the inter-crystallites average distance d* weaker) but rather
contribute to the growth of the already existing ones. This result is
further supported by the very similar patterns measured for the 15
and 20%HS in Fig. 5a where the slightly higher value of S (Table 3)
stands for an even sharper object with a probable enhanced
lamellar order.

In addition to the value of h, the above mentioned expression of
d*, provides us with the prefactor of the 1/2 power law in Fig. 7,
estimated to be P ¼ 2.8 nm. In a 2D problem, and considering a
square lattice as in the model B, one can relate its value to the ge-
ometry of the crystallites P ¼ ffiffiffiffiffiffiffiffiffiffiffi

HWB
p

allowing then to highlight the
good agreement with the value of W for 15%HS (see Table 2):
WB¼ P2/H¼ 3.73 nm. Note that in order to compare the values ofW
from the two calculations (from P and d*), the model B needs to be
valid (anisotropy) and the thickening of the crystallites due to a
high HS loading must not be significant (i.e., among our samples,
this comparison can only be done for 15%HS).

3.3.5. Cross section radius of the crystallites
Furthermore, one can also refer to the change in slope observed

for the 20%HS sample in Fig. 5a at q ¼ qcs. This singularity (with
matches in this case with 2q*), particularly visible for rigid objects,
denotes the transition from the Porod regime to the fractal regime,
giving information on the cross section radius of the crystallites
Rcs ¼ p/qcs.

In order to validate the morphology picture given by the
geometric model B, it is then possible to compare the experimental
qcs value of the 20%HS sample with the one derived from the
model by approximating the equivalent cross section radius

RðBÞcs from H and WB (true rectangular cross-section) such as:

SCS ¼ HWBzpRðBÞ2
cs where SCS is the average cross section of the

crystallites in the 20%HS TPE. We then directly get the corre-

sponding value for qðBÞcs that is reportedwith a black arrow in Fig. 5a:

qðBÞcs ¼ p
RðBÞ
cs

¼ p
ffiffiffi
p

pffiffiffiffiffiffiffiffiffi
HWB

p ¼ 1:77 nm�1. Again, a good agreement in found,

further reinforcing our data interpretation at the mesoscale.
All the previous analysis suggests thus strongly that, above 10%

HS, the crystallites are locally oriented along a given L
!

axis forming
a structure close to a 2D anisotropic lamellar phase (model B). This
meso-scale anisotropy, which undoubtedly has to do with the ri-
gidity of the crystallites, has been pointed in numerous papers in
which AFM clearly revealed the orientation of the objects for dis-
tances between z10 and 100 nm [6a,17,45]. It must be noted
however that at a higher length scales (i.e. for d[d*), this
anisotropy is lost due to the flexibility of the ribbons, reminding the
behavior of soft polycrystalline materials [46]. In the next section,
we give arguments to speculate about a methodology to extract
structural features at distances greater than d* e.g. the “volume”
fractal dimension of the crystallite Df and its growth mechanism.

3.3.6. Considerations on the structural features above d*

For q < q*, as shown in Fig. 4, the scattering intensity seems to
saturate (plateau). At first sight, one could interpret this by the
presence of objects with awell-definedmass. However, this plateau
should be rather seen as the product of the crystallite average form
factor Pc(q) and the “correlation hole” usually seen in structure
factors for q < q* [47] such as:

I
�
q<q*

� ¼ I0Pc
�
q<q*

�
Sc
�
q<q*

�
(2)

with I0 ¼ FDr20 and <Pc(q<q*)> ¼ Vcq�D
f where Vc is the average

volume of a crystallite and Df the fractal dimension of the crystal-
lites which must satisfy 1<Df < 2 for semi-rigid rod-like objects.

Finally for q < q*, the scattering intensity follows a power law
I(q) ~ q�3 which can hardly be interpreted in terms of structure
(e.g., infinitely dense agglomerates of crystallites). While the origin
of such a low-q upturn is not well understood, we believe that it
could come from multiple-scattering, possibly limited by using
thinner samples.

As previously mentioned, the scattering intensity results in
structural features related to the shape and size of the scattering
objects (form factor) as well as their respective position from each
other (structure factor). While the presence of characteristic dis-
tances were expected at molecular (crystal lattice visible in WAXS)
and mesoscopic (inter-ribbons distance visible in SAXS) length
scales, the lack of organization at larger distances (like in smectic
phases [48]) inhibits the direct extraction of structural features
through the observation of the emerging structure factor (i.e.
scattering peaks). Even “worse”, the contribution of the unknown
large-scale structure factor within the total scattering intensity I(q),
makes impossible the identification of the crystallite morphology
via their average form factor Pc(q). In the literature, the latter is
often measured independently. For example, in nanocomposites or
suspensions based on well-defined objects such as hard-spheres, it
is directly obtained by measuring samples in which F is kept low
(typically below 1 vol%, where the structure factor is negligible
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[49]). For more complex industrial nanofillers, a way to proceed, as
recently suggested by Baeza et al. [50], is to dilute a posteriori solid
samples through an in-situ polymerization process passing from
F ¼ 20 vol% to roughly 2 vol% with keeping the same filler
morphology. However, since the shape and the size of the crystal-
lites present in our TPEs are intimately related with the HS content,
none of these methods can be applied here.

A reliable way to study the large-scale structure resides in
studying the TPEs starting from high temperature (T > Tm) to low
temperature, i.e. starting at temperature at which the crystallite
fraction is low enough so that it is possible to extract information
about their average form factor. To do so, we performed time-
resolved SAXS experiments with temperature control on the 20%
HS sample on the beamline DUBBLE at ESRF. The result, similar to
the one by Versteegen et al. [51] is presented in Fig. 8 and allows to
highlight several important points:

(i) T � Tm z 170 �C. Despite the fact that the sample is in the
melt state, a significant X-ray scattering is measured. This
indicates that the HSs are not fully dispersed, i.e. that a
fraction of H-bonds, still active, leads to clusters formation.
One can here use the Guinier approximation (equation (1)) to
fit the shoulder observed at 0.7 nm�1 allowing to quantify
these objects with a typical radius RgTm ¼ 1.8 nm and an
aggregation number NaggðTmÞ ¼ IG

Tm=I0HSz18. Interestingly,
the fact that p/RgTmzqcs means that, those persistent ag-
gregates have a radius of gyration similar to the cross-section
one of the crystallites formed at low temperature. This
feature thus strongly suggests that the latter are made of a
train-like stacks of the former. Besides, their presence ex-
plains the “non-Maxwellian” rheological behavior observed
at T ¼ Tmþ10 �C in (see Fig. S10 in supplementary
information) where G0(u) in particular, exhibits a power
law behavior with an exponent significantly lower than 2,
indicating the presence of association points (“stickers”)
between the chains.

(ii) Tm > T > 167 �C (t ¼ 25 s of cooling e see Fig. 8b). As soon as
the temperature starts to decrease, the scattering intensity
evolves at low angle (q < 1 nm�1) due to the formation of
larger objects through the supramolecular bonds which
become statistically more likely to exist. In this regime, we
believe that the interactions between the growing scattering
objects are still negligible. Indeed, no structural peak, i.e.
Fig. 8. a) Reduced scattering intensity as a function of the momentum transfer q for the 20%H
of intensity profiles at given cooling times. The grey data are measured during the first 30 s o
Sc(q)). This data set has been rescaled to the corresponding intensity shown in Fig. 5a in o
section 2.3). The dashed line is fitted to the data with the Guinier approximation in orde
jects present at T ¼ 170 �C. The black solid line stands for IHS(q). (For interpretation of the re
article.)
shoulder or maximum, is observed, suggesting that the total
scattering intensity must be proportional to the average form
factor of the crystallites I(q) ~ Pc(q). Nevertheless, as ex-
pected, decreasing the temperature leads to bigger and
bigger structures characterized by a growing fractal dimen-
sionDf fromz0 (finite persistent aggregates) at Tm toz1.2 at
167 �C (after 25 s of cooling). Interestingly, the latter value,
reflects the rod-like shape of the crystallites before they start
to stack, in good agreement with the previously proposed
model B (see. the black dashed line Fig. 8b).

(iii) T < 167 �C. A clear maximum standing for the inter-
crystallites distance starts to appear at q* (see Fig. 8b). The
fall of the scattering intensity at q < q* when the temperature
is decreasing, i.e. when the crystallites are growing (Pc(q)
increases), is thus unambiguously related with the appear-
ance of the structure factor “correlation hole”. From this
point, I(q)~ Pc(q)Sc(q). Further decreasing of the temperature
(i.e. t > 25 s) leads to the deepening of the correlation hole
together with the shift of the “q*-peak” towards higher q. The
latter confirms therefore the densification of the crystallites
network until T reaches z136 �C (t ¼ 255 s) at which I(q)
saturates, in good agreement with the crystallization tem-
perature Tc determined from DSC. Finally at T < Tc, the dy-
namics are “frozen” for d > d*.
3.4. Tentative mechanism of HS crystallite growth

Based on the structural results from the previous section and on
the tests realized on solvent casted samples, we propose here a
tentative growth mechanism for the HS crystallites, as illustrated in
Fig. 9 below.

First, we recall that the crystallization of the HS in TPEs is pre-
dominantly driven by the strong attraction due to the H-bonds
created through the amide groups of these short units (2.1 nme see
section 3.3.1), which in turn dictates their spatial organization. This
is akin to microphase separation in block copolymers, where the
domains of the hard block form a crystalline order such as in rod-
coil copolymers [52]. In the absence of H-bonds, given the small
size and relatively low amount of HS within a chain, a homoge-
neous amorphous melt should result at T > ODT (order disorder
temperature). This H-bond driven process (and the well calibrated
HS size) likely explains the high crystallization rate and the corre-
sponding high crystal fraction (z70% of the HS, see Table 1).
S sample with varying the temperature from 170 �C to 40 �C atz8 �C/min b) Selection
f the test (I(q) ~ Pc(q)) while the colorful ones are obtained from 1 to 5 min (I(q) ~ Pc(q)
rder to access the absolute units (procedure described in supplementary information
r to extract the radius of gyration and the aggregation number of the scattering ob-
ferences to colour in this figure legend, the reader is referred to the web version of this



Fig. 9. Growth mechanism of the HS crystallites with decreasing temperature. The blue objects stand for the HS and the red background for the SS. a) Melt state at T > Tm. b)
Agglomeration of the persistent aggregates at T � Tm. c) “Train” growth and orientation of the crystallites resulting in a “frozen” structure at the mesoscale when Tc is reached. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Starting from the melt state (T > Tm z 170 �C), it appears that
the probability to form H-bonds (crystal) or, to phase separate
(amorphous), is non-zero (Fig. 8b), leading to the formation of the
above mentioned persistent aggregates (Fig. 9a). At this tempera-
ture, these small clusters are in equilibrium with isolated building
blocks, in an analogous fashion to systems like living polymers [53].
Those aggregates, typicallymade of 18 HSs (with RgTm ¼ 1.8 nm) are
nevertheless too few to interact with each other (no structure peak
in Fig. 8b). By following the viscoelastic properties of these TPEs
through time at this high temperature, we also observed that the
number density of these aggregates slowly increases with time, but
are not forming crystallites yet [30]. Decreasing the temperature
below Tm enhances the strength of attraction (e.g. H-bonds short-
ening [54]), hence, the probability to form bigger clusters via H-
bonding and other interactions such as p-p stacking (Figs. 5 and
9b). While the former leads to a growth of the clusters (crystal-

lites) along L
!
, the latter will cause their thickening along W

�!
(see

Fig. 6). The net result is the formation of elongated ribbons as
evidenced in Fig. 8b through the evolution of their fractal dimen-
sion (dI(q)/dq) from 0 to 1.2 (Table 3). Interestingly, Fig. 8b also
reveals that the position of the form factor shoulder (at q z
0.7 nm�1) remains constant with the time suggesting that the cross
section of these growing objects does not evolve significantly
during the cooling phase. This implies that the early stage of
crystallization is characterized by the presence of small isotropic

objects which will associate along L
!

such as train's wagons with
decreasing the temperature (Fig. 9c).

Upon further decrease of temperature, the growing anisotropic
objects start to interact with each other, giving rise to a broad
structure factor peak positioned at q*, typical of soft potentials. In
this situation, d* ¼ 2p/q* is the most probable inter-object distance.
While at low-HS content this soft interaction is akin to that of
wormlike chains, at high-HS content we expect orientational order.
Indeed, as indicated in Tables 1 and 3, the average number of HS per
chain is three times higher for 20%HS TPEs compared to 5%HS and
the inter-object distance is about half, suggesting an enhanced
tendency for alignment since in this way long ribbons will mini-
mize their free energy (see Figs. 9c and 6b) in a similar fashion as
what is found in anisotropic assemblies of peptides [55].

Finally, the structure virtually freezes when the temperature
approaches Tc. In this case, the crystallites are essentially trapped in
a region of space around d* consisting of two potential walls
generated by the SSs which can fluctuate between W and W þ M,
where M is the length corresponding to a fully stretched SS.

In the above tentative picture, it is expected that the growth of
crystallites and their final state depend on the initial conditions, i.e.,
on the initial relative positions of the HSs (since the interactions are
directional) and on the possible presence of persistent aggregates.

On the other hand, as already mentioned, the crystal formation
in the solvent-casted TPEs seems rather different than in the bulk,
showing a strong decrease of the p-p interactions signature in DSC
(secondary peak in Fig. 2) andWAXS (peaks 3 and 7 in Fig. 3). While
in the hot-pressed samples, the previously proposed mechanism
could be described as a “train growth” process due to the cluster

stacking along L
!

resulting in a constant cross section radius during
the crystallization, one could imagine a fundamentally different but
plausible scenario for solvent-casted samples, named “1D-sheet
growth”, to explain the multi-scale formation in these (room
temperature) solvent-casted TPEs. This process would consists in
the following. A low volume fraction of TPEs chains is well
dispersed in a (polar) H-bond competitor solvent such as THF
which is expected to provide a (quasi)single HS dispersion at the
beginning of the experiment. During the evaporation of the solvent,
because of the lower viscosity with respect to the hot-pressed case,
the short range diffusion of the HS is enhanced allowing their
systematic aggregation in the most preferential energetic way, i.e.
via H-bonding (rather than p-p stacking). The crystallites can thus

quickly grow along L
!

until reaching a maximal viscosity (due to
solvent evaporation and ribbon growth working together) at which
long 1D-sheets are fully formed and “freeze” the system. They will
then hardly stack on each other because of big entropic penalty
resulting notably in a strong decrease of the p-p interactions
signature in DSC or WAXS together with a higher order in the long
axis direction (see peak 5 in Fig. 3b and Fig. S8b).

4. Conclusions

In this article we have undertaken a thermal and structural
study of segmented TPEs synthesized by polycondensation of T4T
(hard segment) and pTHF (soft segment) units by means of DSC,
WAXS and (U)SAXS. The effect of the hard-segments content has
been investigated on four different hot-pressed samples containing
5, 10, 15 and 20%HS. DSC revealed a strong increase of the terminal
melting point from 90 to 160 �C jointly with the apparition of a
secondary melting peak situated at z Tm�30 �C when the HS
content was increased from 5 to 20%. The latter was however
eliminated when the sample was prepared through THF-casting,
emphasizing the importance of the sample preparation. Molecu-
lar scale (1 Å - 1 nm) WAXS experiments have confirmed the
polymorphism in hot-pressed TPEs and unambiguously revealed
the presence of p-p stacking interactions in addition to the well-
known H-bonds in polyamide-based systems. At larger length-
scales (1e30 nm), SAXS experiments have simultaneously shown
a decrease of the inter-crystallites distancewith a raise of their local
rigidity, leading partly to a lamellar order, when the hard-segment
mass fraction was increased above 10%. These results have been
interpreted through two geometrical models, representing the
average local situation throughout the whole sample. This allowed
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to estimate the width of the ribbon-like objects passing from 2 to 9
elementary T4T units, conforming to the above mentioned
enhanced rigidity. Besides, time resolved SAXS measurements as a
function of the temperature have highlighted the presence of
persistent HS aggregates at T > Tm, which is believed to be at the
origin of the slow relaxation that we observed in the terminal
regime of the rheological response. Moreover, at larger length-
scales (>30 nm), it allowed us to extract the “volume” fractal
dimension of the T4T-crystallites (being close to 1.2), evidencing
the quite rigid nature of the elongated objects present in the TPEs
when the HS content is 20%. Based on this structural evolution we
finally gave arguments on the growth mechanism highlighting
once again the importance of the initial conditions, i.e. the shaping
process.

All in all, the final properties of these thermoplastic elastomers
depend strongly on their microstructure, which is largely influ-
enced by different inter-related processes such as phase separation,
hydrogen bonding, crystallization or p-p stacking, as well as by the
density of HS, which influences the mescoscale organization of the
crystallites. This provides an unprecedented tunability at molecular
level, hence a better control on their final properties such as their
toughness or melting properties. The latter will be investigated in a
future work.
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