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ABSTRACT

Achieving a unique combination of stiffness, strength, extensibility and toughness in sol-cast poly(urethane-urea) (PU)
copolymer films is a challenge since these properties are -in general- mutually exclusive. Here we demonstrate that
geometric confinement of the basic building blocks controls stiffness, strength, extensibility and toughness in PU films.
Our results suggest that the severity of geometric confinement can be tuned by adjusting (7) soft segment molecular weight
(SSMW) and (i) drying temperature (DT) thanks to their effects on the structure formation via micro-phase separation
and/or (confined and/or bulk) crystallization. It is therefore possible to produce (i) soft (no notable confinement) and (i)
stiff, strong, extensible and tough (severe confinement) materials without changing any other parameter except SSMW and
DT. The former has a typical physically cross-linked network and shows a well-defined elastomeric behavior with elastic
modulus (£) of 5-20 MPa, tensile strength (oma) of 30-35 MPa, extensibility (&) of 1000-1300% and toughness (W) of
90-180 MJm™. The latter, on the other hand, possesses an elegant hierarchical structure containing tightly packed
secondary structures (72-helix, 4:-helix and antiparallel -sheets) and displays an elasto-plastic behavior with £ of 400—
700 MPa, Ginax of 45-55 MPa, ¢ of 650—-850% and W of 200-250 MJm. Hence, our findings may be of interest in designing
advanced materials containing synthetic replica of the secondary structures found in protein based materials. The structure
formation in the materials with this structural hierarchy is driven by the confined crystallization of helical poly(ethylene
oxide) (PEO) chains in subnanometer urea channels, which —to the best of our knowledge— is a new phenomenon has not

yet reported in PU literature, and complemented by the “bulk” crystallization of PEO and/or the micro-phase separation.



1. INTRODUCTION

Urethane-urea chemistry offers diverse possibilities for design and synthesis of thermoplastic polyurethanes!* (TPUs),
i.e., segmented polyurethane, polyurea, and poly(urethane—urea) copolymers, with functional surface and bulk properties.
TPUs are, in general, linear macromolecules typically formed by alternating soft and hard segments. Soft segments (SS)
are oligomeric diols or diamines with a glass transition temperature (7) well below room temperature, catering elastomeric
characteristics of TPUs at service temperatures. Hard segments (HS), on the other hand, are obtained by the reaction of
diisocyanates with diol or diamine chain extenders and form hydrogen bonded domains having a T, and/or melting
temperature (7») well beyond the service window, which act as physical crosslinks providing TPUs with thermoplastic
properties.*”

There is plenty of room for designing multi-functional TPUs with tunable morphologies as the number of commercially
available basic building blocks with different features is practically unlimited. However, this also indicates a vast number
of parameters*® required to be controlled whilst synthesis and processing as they significantly affect both micro-phase
separation and crystallization that are the two key -interrelated- phenomena determining structure-property behavior of
resulting materials.

These parameters can be roughly divided into two categories as (i) synthesis and (ii) processing parameters. Synthesis
parameters have been comprehensively examined in decades of research,”!® whereas processing parameters have not yet
received as much attention. This is particularly true for solution casting since the relevant studies available in the literature
mainly rely on melt-processing.!*?? Although parameters like (i) solvent type, (ii) drying atmosphere, (iii) drying
temperature, (iv) residence time at the drying temperature and (v) post thermal/cryo- treatments (annealing, quenching etc.)
are extremely important to obtain high-quality sol-cast films/sheets, they have been somewhat overlooked in the literature.
For instance, most of the sol-cast TPU films/sheets found in the literature have reported to be dried at 60 °C, even though
the solvent systems used, and hence their evaporation rates at this temperature, are completely different than each other.?*
25

To address this issue, here we focus on the effect of drying temperature on the structure-property behavior of a series of
poly(ethylene oxide)*®*” (PEO) based poly(urethane-urea) copolymers with a hard segment content of 30 wt%. PEO
oligomers with 2000, 4600 and 8000 g.mol! molar masses were used as soft segments. Whilst all the other parameters
were kept constant, two different drying temperatures (60 °C and 100 °C) were applied to prepare the film specimens that

were then comprehensively characterized by a series of techniques.



This has enabled us to demonstrate that geometric confinement of the basic building blocks along the multiple length scales
controls stiffness, strength, extensibility and toughness in sol-cast PU films. Our findings suggest that the severity of
geometric confinement in sol-cast PU films can be tuned by controlling soft segment molecular weight and drying
temperature since these two parameters are of great importance for the structure formation through micro-phase separation
and/or (confined and/or bulk) crystallization. This, in return, can be utilized to create entirely different morphologies and
hence achieve significant variations in mechanical properties without changing any other parameter. To demonstrate, sol-
cast PU films w/o severe geometric confinement are prepared and comprehensively investigated. The films with severe
confinement possess a structural hierarchy spanning length scales from angstroms to micrometers, leading to unique
combinations of stiffness, strength, extensibility and toughness. Our findings may also be of interest in mimicking certain
protein structures containing tightly packed natural design motifs like helices and anti-parallel B—sheets as the structural
hierarchy demonstrated here consists of these secondary structures. The structure formation in these films is governed by
the confined crystallization of helical poly(ethylene oxide) (PEO) chains in subnanometer urea channels and complemented
by the “bulk” crystallization of PEO and the micro-phase separation. The confined crystallization of PEO in subnanometer
urea channels is indeed known to create host—guest (inclusion) complexes. However, to the best of our knowledge, it has
not yet been demonstrated in PU copolymers. We therefore also show how the o form of these complex crystals is formed
and what kind of impacts it has on the structure-property relations of the PU films.

2. EXPERIMENTAL SECTION

2.1. Materials

PEO oligomers with number average molar masses, M, of 2000, 4600 and 8000 g.mol! were obtained from Merck. Bis(4-
isocyanatocyclohexyl)methane (HMDI) with a purity of >99.5% was kindly provided by Bayer. 2-Methyl-1,5-
diaminopentane (MDAP) chain extender was kindly supplied by DuPont. Dibutyltin dilaurate (DBTDL) catalyst was
purchased from Witco. Reagent grade tetrahydrofuran (THF) and dimethylformamide (DMF) were also obtained from
Merck. All chemicals were used as received.

2.2. Synthesis

The hard segment model compounds (HMDI-MDAP) with molecular weights similar to those of the HSs in the copolymers
were prepared as control samples and characterized as given in Figure S1 and S2.

The copolymers were synthesized by the two-step polymerization technique, also known as the prepolymer method. The
detailed procedure followed was previously reported by our group.?®32 All reactions were performed in 500 mL three-

necked round-bottom Pyrex reaction flasks equipped with a mechanical overhead stirrer, a thermometer and a funnel, with



temperature control provided by a heating mantle. The isocyanate terminated PEO prepolymer solution in THF with 50
wt% solids content was prepared at 60 °C. 150 ppm of DBTDL catalyst (diluted to 1 wt% in THF solution) was added into
the mixture of PEO and HMDI that was stirred for 1 hour at the same temperature. Prepolymer formation was monitored
by Fourier transform infrared (FTIR) spectroscopy. The reaction was complete after about 1h. The heat was then turned
off and the prepolymer dissolved in DMF to obtain a solution with 25 wt% solids content. Chain extension was carried out
at room temperature by dropwise addition of MDAP dissolved in DMF (=10 wt% solids content) to the prepolymer
solution. Completion of the chain extension was also monitored by FTIR spectroscopy. The dropwise addition of MDAP
was ceased when the strong isocyanate peak centered on 2260 cm ™! completely disappeared. The viscosity increase during
the chain extension reaction was controlled by adding DMF into the reaction flask. The chemical structure of the PU
copolymers is shown in Figure S3.

2.3. Preparation of PU films for testing

PU films were cast from polymer solution (THF:DMF/1:6.25) into Teflon molds. Two different drying protocols were
followed. In the first protocol, the molds were kept at room temperature for 24h in fume hood and then placed in an oven
at 60 °C for 24h under vacuum to ensure complete evaporation of the solvent. Samples were then cooled down to room
temperature and stored in sealed polyethylene bags minimum 24h before testing. In the second protocol, the same steps
were followed but this time the oven was set to 100 °C instead of 60 °C. A list of the PU copolymers investigated, their
compositions and drying conditions is provided in Table 1. In the sample nomenclature (PU-X-T), (X) indicated the
molecular weight of the PEO used in kilo daltons and (T) the drying temperature in degree of Celsius.

Table 1. Sample notation, compositional details and annealing temperature of the PUs used in this study.

Coding PEO ~ PEO HS HS Content Teggi:;%ure

<M»r> g/mol Chain Length™ (nm) <M:x> g/mol (wt %) C)
PU-2-60 2000 12.0 860 30 60
PU-5-60 4600 273 1970 30 60
PU-8-60 8000 512 3400 30 60
PU-2-100 2000 12.0 860 30 100
PU-5-100 4600 273 1970 30 100
PU-8-100 8000 512 3400 30 100

*PEO segment lengths were taken from the literature.>3

2.4. Characterization Techniques

Gel Permeation Chromatography (GPC) analyses were performed using a Viscotek GPCmax VE-2001 instrument
equipped with D5000-D 3000-D 1000-D Guard columns and RI, LS, DP detectors. DMF was used as the solvent and

analysis was performed at 55 °C with a flow rate of 1 mL/min. Polymer solutions were prepared in DMF at a concentration
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of 2 mg/mL. The samples were filtered using VMR PTFE syringe filters with average pore size of 0.45 pum before
measurements. Average molecular weights were determined using calibration curves obtained from polystyrene standards.
Average molecular weights and molecular weight distributions of the copolymers along with the effect of thermal treatment
on the samples are listed in Table 2.

Table 2. Average molecular weight and molecular weight distributions of the PEO based polyurethaneureas along with
the effect of thermal treatment on the samples.

Notation <Muw> g/mol <Mx> g/mol Muw/Ma
PU-2 100,000 68,000 1.48
PU-224 hat 100 °C 106,000 70,400 1.51
PU-5 232,000 164,000 1.42
PU-524hat 100 °C 243,300 168,700 1.44
PU-8 309,000 209,500 1.47
PU-8 24 h at 100 °C 317,000 212,800 1.49

Thermogravimetric analyses were carried out using STA 449C simultaneous thermal analyzer (Netzsch, Germany) under
nitrogen atmosphere with a heating rate of 3 °C/min, from ambient temperature to 700 °C.

Modulated Differential Scanning Calorimetry (MDSC) analyses were performed by a TA Q2000 instrument calibrated
with indium standard and equipped with Tzero functionality that significantly improves the baseline via compensating
resistance and capacitance imbalances. In this technique, a harmonic modulation is applied on a typical DSC linear ramp.
Then the typical DSC thermograms are deconvoluted by a signal analysis process into two different components mainly
referred as reversing and non-reversing ones. The reversing component involves the reversible events in the time scale of
modulation such as the glass transition step and melting of outer layers of crystallites. Apart from this, melting of crystal
cores and enthalpy relaxation accompanying the glass transition are mainly characterized by the non-reversing
component.3¥33

All measurements were performed in the range of -160 and 250 °C at a rate 3 °C/min and a modulation +1 °C over a period
0f 90 s. We applied a typical procedure for the sample preparation. For each composition, a small piece of thin film sample,
weighting around 10 mg, was encapsulated in a hermetic DSC pan prior to measurement. At least five specimens were
measured for each sample. Overall thermal properties of the samples were followed by the total specific heat flow signals
as a function of temperature. As the copolymers with PEO-4600 and PEO-8000 soft segments display very weak glassy-
rubbery transitions, it is not easy to detect the soft segment glass transition temperature. For this reason, the reversing
signal is used to analyze the glassy-rubbery transition region for all the samples under investigation. Glass transition

temperature (7;) and the heat capacity change at Ty (4C, at Ty) were determined by the inflection point and the tangent
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methods, respectively. The degree of soft segment crystallinity (y.) is calculated using the equation given below, assuming

that the hard segment does not contribute to the crystallinity of the soft segment:

_ AH, — AH,
(1 = Xus) X AH1000,pE0

Xe X 100%

where AH» and AH, the enthalpy changes obtained from the areas of the respective endothermic and exothermic peaks,
Xus 1s the weight fraction of the hard segment. The melting enthalpy for the 100% crystalline polymer is considered to be
equal to that of pure PEO (AH 00%pE0), which is denoted as 196.6 J/g.3% 3

X-ray Diffraction (XRD) measurements of the film samples were performed on a Bruker D8 Advance X-ray Diffractometer
using Ni-filtered Cu-Ko radiation (A=0.1542 nm). All the measurements were performed from 5 up to 90° with a step size
of 0.01°. The results were plotted as a function of the scattering angle 26. During the measurements, specific instrumental
and sample effects were also considered. The d-spacing is calculated with respect to Bragg law, n\ = 2dsin6, where A is
the wavelength of the radiation, d is the inter-planar spacing, 6 is the diffraction angle, and n is the order of the reflection.
At least five specimens of each sample were measured and then analyzed for determining the total degree of crystallinity
values presented in the respective section.

Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed on a Nicolet 7600 Spectrometer. For the
progress and completion of the synthesis, solutions were cast on KBr discs and thin films were obtained after evaporating
the solvent with an air gun. 32 scans were taken for each spectrum with a resolution of 2 cm™. A Thermo Scientific Nicolet
iS10 Spectrometer equipped with a Thermo Scientific Smart iTR™ Accessory with Diamond ATR crystal and with an
incident angle of 42° was used to record ATR-IR (Attenuated Total Reflectance Infrared Spectroscopy) spectra of the film
samples prepared under different thermal protocols. 32 scans were taken for each spectrum with a resolution of 2 cm™! in
the range of 4000400 cm™'. All spectral corrections, such as background substraction, were carefully performed by Omnic
Software. Deconvolution of the amide-I and amide-II bands was performed using Origin® data processing software. A
linear baseline was used. The peak maxima were denoted as the frequencies detected by second derivative analysis.
Lorentzian peak function was applied throughout the non-linear fitting process. Quantification of the secondary structures
was performed by analyzing the amide-I region. The average percent fractions of the secondary structures were calculated
by integrating the area under each deconvoluted peak, and then normalizing to the total area of the amide-I region. At least
five specimens of each material were measured by ATR-IR technique, and then analyzed by the deconvolution procedure
summarized above to determine the standart deviations for the respective quantities.

Renishaw Invia Raman spectrometer (equipped with 785, 633, 532 nm excitation laser sources) was used to obtain the

Raman spectra of the samples at the excitation wavelength of 633 nm. To avoid the structural deterioration, 50% laser
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power was used to excite the sol-cast films with an average thickness of 0.2 mm. Each measurement accumulates the signal
for 1 min with an exposure time of 10 sec under ambient temperature and humidity conditions.

A Nikon Eclipse ME 600 optical microscope (OM) equipped with a hot stage was used to investigate the micron scale
morphologies of thin polymer films placed between two clean glass slides. All measurements were performed under the
polarized light in bright field.

Atomic Force Microscopy (AFM) images of the free surface of completely dried solution cast films were captured on a
Bruker ScanAsyst enabled Multimode-8 Atomic Force Microscope equipped with a Nanoscope 8.1 controller. All samples
were analyzed in standard tapping/non-contact mode by using a Bruker Scanasyst Air probe with a nominal spring constant
of 0.4 N/m, resonance frequency of 70 kHz and a radius of curvature of 2 nm. All images were recorded at 1 Hz frequency
with 512x512 scan and a set point ratio of ~ 0.6 at ambient temperature and humidity conditions.

Stress-strain analyses were performed on dog-bone type specimens punched out of thin films using a standard die (ASTM
D 1708). Measurements were made on a Zwick Z100 model tester under ambient temperature and humidity conditions
with a crosshead speed of 25.0 mm/min (Lo= 24.0 mm). At least five specimens were tested for each sample.

3. RESULTS AND DISCUSSION

3.1. Thermal Stability

TGA and GPC measurements were performed to check the effect of drying protocols on the specimens. For the thermal
stability measurements, the samples were subjected to the same experimental conditions applied in DSC analyses, i.e. at a
heating rate of 3 °C/min under nitrogen atmosphere, during TGA analyses. Figure S4 displays the weight loss as a function
of temperature for the samples. The decomposition starts around 330 °C, which is well above the temperatures applied in
our drying protocols, for PU-2, PU-5 and PU-8, respectively. However, side reactions like chain scission and possible
recombination (e.g., by cleavage of urethane and/or urea bonds) are not followed by TGA measurements. In general, such
reactions give rise to change in the molecular weight and/or molecular weight distribution of the materials.>® As listed in
Table 2, GPC results suggest that no notable change is occurred in the molecular weights and molecular weight
distributions of the samples after drying at 100 °C. These results suggest that there is no substantial degradation taking
place in our copolymers .

3.2. Calorimetry

Modulated DSC analyses were performed to investigate the thermal properties of the samples, which were evaluated using
the data obtained from the first heating scans of the specimens since the mechanical properties can only be influenced by
the thermal histories of the materials rely on the applied processing conditions. The total heat flow signals of the PU

copolymers are provided in Figure 1.
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Figure 1. Total heat flow signals as a function of temperature obtained from MDSC analyses of the samples dried at (a)
60 °C and (b) 100 °C.

In Figure 1a, PU-2-60 shows a well-defined glassy-rubbery transition between -60 and -50 °C followed by a small exotherm
between -50 and -25 °C and an endotherm at 19.9 °C with a "Z9(AH» — AH.) of 44.9+4.3 J/gpu. PU-5-60 and PU-8-60
display very weak glassy-rubbery transitions at temperatures between -60 and -40 °C followed by sharp endotherms at
42.1 and 51.2 °C with enthalpy changes of 59.9+5.2 J/gpu and 77.643.7 J/gpu, respectively. No other high temperature
exothermic and/or endothermic transitions are observed for the samples prepared at 60 °C.

In Figure 1b, PU-2-100 displays a distinct glass transition followed by an exotherm between -50 and -25 °C and an
endotherm at 17.1 °C with a PEO(AH, — AH.) of 30.2+3.1 J/gpu. PU-2-100 also shows another exotherm with a peak
temperature of 119 °C and multiple endotherms with peak temperatures of 176, 184 and 192 °C in the high temperature
region. PU-5-100 and PU-8-100 show weak glass transition steps at temperatures between -70 °C and -60 °C, followed by
bimodal endotherms in the intermediate regions of the thermograms. The bimodal endotherm of PU-5-100 comprises a
relatively small endotherm apparent as a shoulder with a peak temperature of 28.6 °C and a main endotherm with a peak
temperature of 38.3 °C and a total enthalpy change (shoulder and main peak) of 47.7+3.4 J/gpu, whereas a shoulder with a
peak temperature of 35.4 °C and a main endotherm with a peak temperature of 45.1 °C and a total enthalpy change of
57.0+3.0 J/gpu are observed in that of PU-8-100. In addition, PU-5-100 displays an exotherm with a peak temperature of
139 °C followed by an endotherm with a peak temperature of 206 °C in the high temperature region of the thermogram.
Similarly, PU-8-100 shows an exotherm with a peak temperature of 159 °C and an endotherm with a peak temperature of
220 °C. These results are elaborately discussed in (7) soft segment glass transition, (if) melting of PEO soft segment crystals
and soft segment crystallinity, and (iii) micro-phase separation/mixing subsections in the following. The “AH values given

in Figure 1b and respective discussion are provided in the micro-phase separation/mixing subsection. In addition, the
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enthalpy changes given in Figure 1 (PE°AH,, PEO(AH» — AH.)) are not the ones normalized by the weight fraction of PEO.
The normalized values used to calculate soft segment crystallinity values are denoted in the melting of PEO soft segment
crystals and soft segment crystallinity subsection. It should also be noted that the soft segment glass transition temperatures
were determined using the reversing heat flow signals in Figure 2 and 3 as discussed in the soft segment glass transition
subsection in the following.

Soft segment glass transition: The transition located at between -70 °C and -40 °C is assigned to the soft segment (PEO)
glass transition (PZ°Ty), which is mainly followed by the reversing heat flow signals using the inflection point method. To
provide a clear overview on the effects of soft segment molecular weight and drying protocol, the reversing heat flow

signals for the corresponding temperature range is replotted in Figure 2 and 3 for all the samples investigated.

TExo ;
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Figure 2. Reversing heat flow thermograms of the copolymers based on PEO-2000 soft segment (PU-2-60 and PU-2-100)
at temperatures between -80 °C and -30 °C. The uncertainties in “Z°T, and *AC, at PE9T, values on the plot are +1 °C and
+0.02 J/g°C, respectively.

PEOT, values are determined as -57.3 °C and -61.9 °C for PU-2-60 and PU-2-100, respectively (Figure 2). The
corresponding *AC,, at TE°T, values are calculated as 0.383 J/g°C (PU-2-60) and 0.436 J/g°C (PU-2-100). PE9T, values of
PU-5-60 and PU-5-100 copolymers are determined as -53.8 °C and -63.6 °C, respectively (Figure 3a). The corresponding
RAC, at TEOTy values are calculated as 0.072 J/g°C (PU-5-60) and 0.123 J/g°C (PU-5-100). PE°T, values of PU-8-60 and
PU-8-100 are recorded as -49.3 °C and -68.7 °C, respectively (Figure 3b). The respective *AC,, at PEOT, values are denoted

as 0.043 J/g°C (PU-8-60) and 0.162 J/g°C (PU-8-100).
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Figure 3. Reversing heat flow thermograms of the copolymers based on (a) PEO-4600 (PU-5-60 and PU-5-100) and (b)
PEO-8000 soft segments (PU-8-60 and PU-8-100). The uncertainties in “Z°T, and *AC,, at PE°T, values on the plot are £1
°C and £0.02 J/g°C, respectively.

The PEOT, values are plotted in Figure 4 as a function of soft segment molecular weight for both series of the samples. The
PEOT, increases with increasing SSMW for PU-X-60 set of the samples. The increasing trend in "Z9T, values with increasing
SSMW is basically arisen from two different reasons. One of them is the increasing amount of dissolved hard segments in
the soft matrix, and the other one is the increasing amount of PEO soft segment crystals formed by bulk crystallization of
the soft segments. In contrast, the PZ°T, decreases via increasing SSMW for PU-X-100 set of the samples. For all the PU

copolymers investigated (PU-2, PU-5 and PU-8), the decrease in 79Ty is induced by drying at 100 °C.
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Figure 4. The change in the soft segment (PEO) glass transition as a function of SSMW for both series of the samples
dried at 60 °C and 100 °C. PE9Tg increases with increasing SSMW for the samples dried at 60 °C. In contrast, this trend
becomes reverse, i.e., “£9T, decreases with increasing SSMW, for the ones dried at 100 °C. ATy is calculated as the absolute
value of PUYAT, = PUX00T,  PUXIOT, where X indicates the molecular weight of the PEO used in kilo daltons for the
copolymers based on PEO-2000, PEO-4600 and PEO-8000 soft segments.
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This leads to an increase in the miscibility between the hard and soft segments, i.e. more hard and soft segments participate
in a “phase mixing” process. At this stage, PEO and urea molecules act cooperatively to minimize their free energies. This
initiates confined crystallization of the PEO chains within the subnanometer urea channels giving rise to the formation of
PEO-Urea a-complex crystals. Structural details for this complex crystal is provided in the following sections via XRD,
FT-IR, Raman and microscopic analyses. Formation of the a-complex crystals simultaneously activates separation of the
molecules participating in this phase from the bulk. As the SSMW increases, the hard segment molecular weight increases
too, and thus, the number of both PEO and urea molecules participating in this process also increases. This corresponds to
the same amount of decrease in the number of dissolved hard segments creating physical constraints on the mobility of the
PEO chains in the bulk. This means the removal of same amount of constraints on the mobility, which results in an
enhanced mobility as characterized by the decrease in 7Z°Ty. For this reason, increasing SSMW results in a decreasing
trend in PZ9T, for PU-X-100 set of the samples.

Figure 4 also shows the change in PZ°T, values (ATy) originated from the thermal annealing. AT, defined in this study is
different than the one usually described in TPUs to investigate the degree of micro-phase separation. In conventional TPUs,
ATy is defined as the absolute value of the difference between Ty of the soft segment in TPUs, (5°Ty), and of the pure
oligomers/macrodiols, (*¢°""T,) used as the soft segment during the synthesis that can be quantified as AT, = 55T, —
oligomer T, Tn this respect, it is assumed that higher value of AT, indicates higher miscibility, and thus, an increasing trend in
AT, implies an increasing miscibility due to favorable interactions between the hard and soft segments.’” In return, it is
assumed that a lower value of AT, suggests a higher degree of phase separation. However, Saiani et. al. have reported that
the determination of the phase separation degree from the soft segment phase glass transition does not seem to be adequate
for high hard block content TPUs displaying high temperature endothermic peaks like micro-phase mixing temperature
(Tamr).36

They have also denoted that even for such samples, some degree of micro-phase separation is present even if STy is not
observed.?® On this basis, it should be emphasized that here we define ATy as the absolute value of PV*AT, = PUX-60T,  PU-
X100T, where X indicates the molecular weight of the PEO used in kilo daltons, to only demonstrate the increasing
miscibility in the samples prepared at 100 °C compared to the ones prepared at 60 °C. As shown in Figure 4, ATg
systematically increases with increasing soft segment molecular weight. However, this does not necessarily mean that an
increasing trend in SSMW implies a decreasing trend in the degree of micro-phase separation due to the fact that formation
of the a-complex crystals suggests that these two processes, i.¢., a phase mixing and a phase separation, can simultaneously
work in a cooperative manner since the urea molecules are highly organized by bidentate hydrogen bonds between each

other on the walls of the channels while confined PEO chains are tightly hydrogen bonded to the excess urea molecules

12



within the channels during the structure formation. The process on the walls of the channels represents the phase separation,
whereas the one within the channels illustrates the phase mixing in terms of the type and extent of intermolecular
interactions, i.e., hydrogen bonds, which is generally used to describe these two processes in the literature.

Melting behavior of PEO soft segment crystals and soft segment crystallinity: As shown in Figure 1, the endothermic
peaks at 19.9, 42.1 and 51.2 °C are attributed to the melting points (°2°T,) of PEO soft segment crystals in PU-2-60, PU-
5-60 and PU-8-60, respectively. After the normalization of the enthalpy changes provided in Figure 1a with the weight
fraction of PEO, (AH» — AH.) of 64.1+6.1, AH:n of 85.5+7.4, and AH.» of 110.9+5.3 J/gpro are obtained for PU-2-60, PU-
5-60 and PU-8-60, respectively. Using the normalized enthalpy changes, the degree of soft segment crystallinity ("Z%.)
values of the samples are calculated as "*yc.pu-2.60 (%) = 32.6£3.1, "E%c.puos-s0 (%) = 43.5+3.8, and "#%xc.pu-s-60 (%) =
56.4+2.7 for PU-2-60, PU-5-60 and PU-8-60, respectively. 79T, and PE%. values increase with increasing molecular
weight.

For the samples prepared at 100 °C, PE9T,, of PEO values are recorded as 17.6, 38.3 and 45.1 °C for PU-2-100, PU-5-100
and PU-8-100, respectively. The corresponding “*y. values of this set of samples are calculated as "*Oyc.pv-2-100 (%) =
21.9£2.3, PE% py-s.100 (%) = 34.6+2.5, and PE%%c.pu-s-100 (%o) = 41.442.2 after the normalization of the respective enthalpy
changes given in Figure 1b with the weight fraction of PEO, which correspond to (AHn — AH.) of 43.1+4.5, AHn of

68.1+4.9, and AHy of 81.4+4.3 J/gpeo for PU-2-100, PU-5-100 and PU-8-100, respectively.

PUSAT ~6 PU-8-60)
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ATy=4 PU-5-60 °
5 40T, =2 s PU-8-100]
< PU-5-100
£ 30+
&
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Figure 5. The change in the melting point of PEO soft segment crystals ("29T,) as a function of SSMW and drying
temperature: Effect of SSMW; PEOTpu-g-60) > PEO Tinpu-s-60) > TEC Tinpu-2-60), and PEC Thupu-s-100) > PEO Tupu-5-100) > PEC Tpu-2-
100). Effect of drying temperature; P20 Tupu-2-60) > PEO Tnpu-2-100), PEC T(pu-5-60) > TEO Tinpu-s-100), and PEC Tipu-s-60) > PEO Tnepu-
8-100). AT is calculated as the absolute value of PV*AT,, = PUX60T,,  PUX-I00T, “\where X indicates the molecular weight of
the PEO used in kilo daltons. A7, systematically increases with increasing soft segment molecular weight. This is related
to the formation of a-complex crystals via confined crystallization of PEO within the subnanometer urea channels.
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The changes in ”£9T,, values as a function of soft segment molecular weight and annealing temperature are shown in Figure
5. PEOT,, values of the samples prepared at 60 °C are higher than those of their analogues prepared at 100 °C, meaning that
the drying protocol comprising a thermal treatment at 100 °C results in a decrease in the 29T},

In addition, AT: systematically increases with increasing soft segment molecular weight. This is directly related to the
formation of a-complex crystals via confined crystallization of polyethylene oxide chains in subnanometer urea channels.
As the PEO chain length increases, the thickness of the a-complex in the longitudinal direction, i.e., the channel length,
which can be followed by its increasing melting point (“7) given in Figure 7b, increases too in accordance with the one-
dimensional (1D) nature of the a-complex. This indicates that lateral surface area, and thus, higher number of nucleation
sites on the 1D threadlike cores of the complex also increases with increasing PEO chain length. In this respect, other PEO
chains are driven to align in the longitudinal direction, i.e., in a parallel manner with the 1D a-complex, and strung together
by the threadlike core. The increase in the thickness in the longitudinal direction with increasing PEO chain length gives
rise to the decrease in the thickness in the radial direction with the same extent. For instance, as the formation of a-complex
leads to a decrease in the radial thickness resulting in a decrease of 2 °C (PY?AT,) in PE°T), of the copolymer based on
PEO-2000 soft segment (PU-2), this decrease ("YVSAT.) becomes three times higher for the copolymer based on PEO-8000
(PU-8), since the PEO chain length in PU-8 is three times higher than the one in PU-2.

Micro-phase separation/mixing: The exotherms located at 119, 139 and 159 °C in Figure 1b are assigned to the micro-
phase separation temperatures (7usr) of PU-2-100, PU-5-100 and PU-8-100, respectively. The change in Twmsr as a function

of soft segment molecular weight is plotted in Figure 6. Tusr linearly increases with increasing soft segment molecular

weight.
160- 159,C
__ Do _~PU-8-100|
(@) 1 op
o - . PU-5-100
= 130-
120] 419 °C
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2000 4000 6000 8000
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Figure 6. The change in Tusr as a function of soft segment molecular weight (SSMW).
In general, the micro-phase separation temperature in diblock copolymers has been reported to be dependent on the product

xN as well as the content of the copolymer, where y is referred as the Flory-Huggins interaction parameter and N is the
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polymerization index. This is also applied for segmented copolymers like polyurethanes. As the soft segment molecular
weight increases, the hard segment molecular weight increases too for achieving a constant weight fraction in terms of
percent HS content. Therefore, the average sequence length increases too. In this respect, as suggested by Koberstein and
Russell®8, if y is inversely proportional to temperature, the effect of the increasing average sequence length would be to
raise the Tusr. In general, this transition (7usr) is followed by the micro-phase mixing (7amr) and/or the melting of micro-
crystalline hard domains in polyurethanes. The presence of multiple endotherms is usually associated with either melting
or mixing of phases with the different domain sizes. Consequently, it is crucial to understand the origins of such
endothermic peaks observed at high temperatures. It is also of particular interest to address the two interrelated questions
denoted as follow: (1) Are these peaks solely formed by the heating effect during DSC scan? (II) Are they arisen from the
thermal transitions of the phases, such as melting of the crystals, already existing in the samples? To address this issue,
the high temperature endotherms must be examined together with the micro-phase separation exotherm since, in such
thermograms, the enthalpy changes of micro-phase separation (AHusr) and micro-phase mixing (AHumr) processes are
almost equal to each other. Therefore, it is reasonable to consider that the difference between these two enthalpy changes,
which is defined as “AH = AHuur — AHusr, should be originated from the thermal transitions of the phases already existing
in the samples. From this perspective, we attempt to understand the origins of the peaks observed at the high temperatures.
Aforementioned, PU-2-100 shows an exotherm with a peak temperature of 119 °C and multiple endotherms with peak
temperatures of 176, 184 and 192 °C in the high temperature region (Figure 1b). Interestingly, the peak temperatures vary
with the same extent, i.e., the difference between two subsequent peak temperatures are equal to each other as described
as follow: Ti92 — T1s4 = Ti1s4 — T176 = 8 °C, where the the subscripts represent the corresponding peak temperatures (Figure
7a). Therefore, it is reasonable to consider that PU-2-100 contains the a-complex crystals with three different sizes in three
different “mixed” phase domains. For this material, “AH is calculated as 11.8+0.7 J/gpu assuming that the respective three
endotherms are arisen from melting of a-complex crystals with three different sizes, which simultaneously takes place with
mixing of the phases in these domains. The “AH of 11.8+0.7 J/gpu basically indicates the presence of a crystalline phase
giving rise to the formation of such a difference between AHumr and AHusr enthalpy changes. “AH values are also
calculated as 15.4+0.5 and 16.9+0.6 J/gpu for PU-5-100 and PU-8-100, respectively. It should be emphasized that “AH
increases with increasing soft segment molecular weight. Moreover, there is a correlation between the peak temperatures
of high temperature endotherms observed for the samples prepared at 100 °C with respect to the soft segment molecular

weight (Figure 7b). If we assume three different hypothetical domain sizes (Dg,, Dq,, D,,) assigned for these three

endotherms, one can easily see that the peak temperature linearly increases with increasing domain size (Figure 7a) since
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the difference between two subsequent peak temperatures are equal to each other that can be defined as A*Ty = T192 — T84
= Tis4 — T17s = 8 °C, where the the subscripts represent the corresponding peak temperatures. A similar trend is also
observed as a function of soft segment molecular weight (Figure 7b). If we assume the peak at 192 °C as the main peak of
“Tm in PU-2-100, one can see that “Ti linearly increases with increasing soft segment molecular weight, which can be

described as A*Ty = *Tpu-s-100 — *Tru-5-100 = “Tpu-5-100 — “Tru-2-100 = T220 — T206 = T206 — T192 = 14 °C.
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Figure 7. The change in “T as a function of domain size for triple endotherms in PU-2-100 (a) and soft segment molecular
weight (b).

3.3. X-ray diffraction

Figure 8-10 show X-ray diffractograms of the PU samples recorded at room temperature. Upon the results obtained from
MDSC analyses along with a careful literature review, we considered that three different crystalline phases are likely to be
formed in our materials. One of them is the crystalline PEO with a monoclinic unit cell***, the other one is tetragonal urea
crystals*, and the third one is the PEO-Urea a-complex crystals with a trigonal unit cell**>2, The crystallographic data for
these three crystal structures are well documented in the literature.>*>? However, to the best of our knowledge, formation
of the PEO-Urea a-complex crystals in segmented copolymers has not yet been reported.

Characteristic diffraction peaks of the monoclinic PEO crystals are mainly observed at 26 values of 13.4°, 14.5°, 14.9°,
17.1°,19.3°,20.8°,21.1°,21.8°,22°,22.8°,23.2°,24.1°,26.2°,26.7°,27.5° and 32.0° for (100), (021), (110), (101), (120),
(031), (104), (102), (023), (112), (032), (130), (033), (131), (200) and (211) in the Akl index, respectively.*! In this respect,
the molecule bears seven repeating unit consisting of two helical turns (72-helix) over the length of 19.48 A and the
conformation depicts the four helical molecules (two right- and two left-handed helices) in one unit cell with the lattice
parameters listed as a: 8.05 A, b: 13.04 A and c: 19.48 A with p=125.4° (the oblique angle between the a- and c-axis). The
orientation of the helix is along the [001] c-axis and chain folding follows the (120) planes. The (120) reflections (26=19.3°)

taken along the [001] zone axis have information about interchain separations and chain conformations, whereas the (112)
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reflections (20=23.2°) contains structural information along the c-axis, i.e., the helicity of PEO macromolecules.*
Characteristic diffraction peaks of the tetragonal urea crystals are located at 28 values of 22.1°, 24.6°, 29.3°, 31.6°, 35.5°
and 37.1° for (110), (101), (111), (200), (210) and (201) crystal planes, respectively.* In addition, characteristic diffraction
peaks of the PEO/Urea a-complex are reported to be at 26 values of 13.6°, 16.7°, 19.3°, 21.6°, 25.8° and 27.4° for crystal
planes of (101), (110), (200), (102), (112) and (202), respectively.>!

Crystallographic details of PEO/Urea a-complex were reported by Chenite and Brisse.** This complex crystal belongs to
the trigonal system, P3,21 space group, with unit cell dimensions of a=b=10.493 A, ¢c=9.134 A, and y=120°. As suggested
by these authors, the urea molecules form pseudo-hexagonal channels and the walls of the channels are built by the
hydrogen bonded urea molecules in this complex crystal. The channels are filled with PEO chains and the excess urea
molecules that form a strongly hydrogen bonded complex. The PEO chains in this form is reported to adopt 41 helical
conformation (tgt)s, which is also referred as 41-helix, that is considered to be more squashed than the pure PEO (72-helix).
This behavior was further confirmed by several studies in literature based on model compounds.*>-52

Figure 8 shows XRD patterns obtained from PU-2-60 and PU-2-100. PU-2-60 only displays an amorphous halo, whereas
PU-2-100 shows two sharp peaks at 19.3° and 23.3° and a fairly weak peak at 27.4° and 36.2°. The XRD pattern obtained
for PU-2-60 is expected and in accordance with the results obtained from thermal analyses (Figure 1a), indicating that the
sample is amorphous at room temperature as the melting endotherm observed in PU-2-60 is below room temperature.
However, the XRD pattern of PU-2-100 is an unexpected result due to the following reasons: (i) The melting endotherm
of PEO soft segment in PU-2-100 is below the room temperature (Figure 1b) that indicates an amorphous sample at room
temperature like PU-2-60. Thus, these peaks are unlikely to be originated only from PEO soft segments. (i) The hard
segment model compounds are also found to be completely amorphous as demonstrated in Figure S2. Hence, the peaks are
unlikely to be derived only from the hard segments either. (iii) Even if we assume that they are originated from pure
crystalline hard domains formed by hydrogen bonded urea groups, the positions of these peaks, at least, should be similar
to the ones reported for urea model compounds. However, this is not the case here. (iv) In addition, the peaks, at least at
the first glance, are fairly similar to the ones typically assigned for the crystalline PEO rather than urea. (v) Nevertheless,
they should be associated with the structures giving rise to the formation of multiple endotherms at high temperatures

(Figure 1b).
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Figure 8. XRD patterns of PU-2-60 and PU-2-100.

We therefore consider that the peaks may be originated from a complex crystal structure involving both PEO and urea
units. Upon a careful literature review, we have then found out that the peaks at 19.3° and 27.4° can indeed be arisen from
PEO-Urea a-complex crystals. They mainly correspond to the crystal planes of (200) and (202), respectively. The intensity
of the peak at 19.3° is significantly higher than that of the peak at 27.4° indicating a 1D structure in line with the
corresponding crystal plane (200). Structural features of this complex crystal formed in “’host-guest’’ systems referred to
as PEO-Urea inclusion complexes are well-documented in the literature. However, to the best of our knowledge, the
question of whether this kind of complex crystal can form in PU copolymers containing PEO and urea units has not yet
been addressed. Our results suggest that this, in fact, is possible.

There is also another strong peak at 23.3° (Figure 8). This peak is generally referred to as a characteristic peak of helical
PEO chains assigned to (112) and/or (032) crystal planes representing the degree of helicity since it is not observed in the
transplanar form.*! Considering 72 helical nature of PEO chains in pure form, this peak can be an indicative of some
“crystallized” PEO chains in the mixed phase placed in the immediate vicinity of threadlike cores of the a-complex. There
is another peak at 36.2°, which is in the middle of two characteristic peaks of tetragonal urea crystals generally observed
at 35.5° and 37.1° corresponding to the crystal planes of (210) and (201). The intensity of this peak is very similar to that
of the peak located at 27.4°. Considering all the apparent peaks together, it is reasonable to envisage that 1D threadlike
cores of the a-complex involving 41 helical PEO chains and hydrogen bonded urea molecules are surrounded by another
crystalline layer of the mixed phase containing some “crystallized” PEO chains with 72 helical conformation and tetragonal
urea crystals. In comparison to the tightly packed a-complex crystals, this crystalline layer is expected to be in a relatively

more “disordered” state.
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Figure 9 display XRD patterns of the PU copolymers based on PEO-4600 and PEO-8000 soft segments. On one hand, PU-
5-60 displays the peaks located at 14.9°, 19.3°, 23.2° and 26.2°, respectively (Figure 9a). The peaks at 14.9°, 19.3° and
23.2° are also observed for PU-8-60 (Figure 9b). However, the peak located at 26.2° is not clearly visible for this sample.
The intensities of the peaks at 19.3° and 23.2° are significantly higher than the ones observed at 14.9° and 26.2° for both
PU-5-60 and PU-8-60. On the other hand, PU-5-100 shows the peaks at 13.6°, 14.6°, 15.2°,19.3°, 23.2°,25.8°, 26.2° and
27.2°,29.4°, 30.8° and 36.2°, respectively (Figure 9a). Similarly, the peaks located at 13.6°, 14.5°, 15.1°, 19.3°, 21.1°,
22.0°,23.2°,25.8°,26.2°,27.2°,27.7°,30.8° and 36.2° are observed for PU-8-100 (Figure 9b). The intensities of the peaks
at 19.3° and 23.2° are significantly higher than those of the other peaks in both of the samples. The peaks located at 21.1°,

22.0° and 27.7° are not clearly visible in the diffractogram of PU-5-100, whereas they become more apparent for PU-8-

100.
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Figure 9. XRD patterns of (a) PU-5-60 and PU-5-100, and (b) PU-8-60 and PU-8-100.

The assignment of these peaks is provided in Figure 10 that also shows the comparison of the XRD patterns as a function
of soft segment molecular weight. For PU-5-60 and PU-8-60 (Figure 10a), the peaks at 14.9°, 19.3° and 23.2° mainly
correspond to the crystal planes of (110), (120) and (112), respectively.*! The peak at and 26.2°, which is only visible for
PU-5-60, is assigned to the crystal plane of (033). They are reported for 7> helical PEO chains and originated from the
crystalline matrix phase in these two copolymers. These results are in a good agreement with the results obtained from
MDSC analyses of these two copolymers suggesting that the endotherms located at 42.1 °C and 51.2 °C in the MDSC

thermograms of PU-5-60 and PU-8-60 are originated from the melting of PEO soft segment crystals.
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Figure 10. XRD patterns of (a) PU-2-60, PU-5-60 and PU-8-60, and (b) PU-2-100, PU-5-100 and PU-8-100 as a function
of soft segment molecular weight.

For PU-5-100 and PU-8-100 (Figure 10b), the peaks located at 13.6° and 25.8° are originated only from the presence of
PEO-Urea a-complex crystals. These two peaks are assigned to the crystal planes of (101) and (112) with d-spacings of
6.52 A and 3.45 A, respectively. Besides, the peaks resulted only from the presence of monoclinic PEO crystals are listed
in the following along with the corresponding crystal planes and d-spacings: The peaks at 14.5°, 21.1°, 23.2° and 26.2° are
assigned to the crystal planes of (021), (031), (112) and (033) with d-spacings of 6.11 A, 4.21 A, 3.83 A and 3.40 A,
respectively. It should be noted that the peak at 23.2° can also be assigned to the crystal plane of (032) as reported in the
literature.*! More importantly, there are two mutual peaks located at 19.3° and 27.2°-27.7°, which are originated from the
presence of both of the PEO-Urea a-complex and the PEO crystals. The peak located at 19.3° represents the crystal plane
of (120) for the crystalline PEO, whereas it also corresponds to the crystal plane of (200) for PEO-Urea a-complex. If we
assume that this peak is only resulted from the presence of PEO crystals, the peak intensities recorded for PU-5-100 and
PU-8-100 samples should be lower than those of PU-5-60 and PU-8-60 since the corresponding crystallinity values of PU-
5-60 and PU-8-60 are relatively higher than the ones recorded for PU-5-100 and PU-8-100, respectively. However, this is
not the case in here. For this peak, the peak intensities in PU-5-100 and PU-8-100 are notably higher than the ones in PU-
5-60 and PU-8-60, respectively. This result strongly suggests that the PEO-Urea a-complex crystals directly contribute to
the total intensity of the peak located at 19.3° that mainly corresponds to the d-spacing of 4.59 A. Therefore, it should be
emphasized that this peak is originated from the presence of both of the PEO-Urea a-complex and the PEO crystals in both
samples.

To provide a clear overview on the peaks located at 27.2°-27.7° as well as the other small peaks, a magnified view of the

diffractogram obtained from PU-8-100 is representatively reproduced in Figure 11. It should be noted that most of the
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small peaks highlighted in Figure 11 are also observed for PU-5-100. However, its diffractogram is not used in this figure
for clarity. The peaks at 13.4, 14.5°, 15.1°, 21.1°, 22.0°, 26.2° (Figure 11) are arisen only from the presence of monoclinic
PEO crystals. These peaks correspond to the crystal planes of (100), (021), (110), (104), (023), (033), respectively. The
peaks at 13.6° and 25.8° corresponding to the crystal planes of (101) and (112) are originated only from the presence of
PEO-Urea a-complex crystals. The peak expected to be located at 27.4°, which is assigned to the crystal planes of (202)
and (200) for trigonal PEO-Urea a-complex and monoclinic PEO crystals, respectively, in the literature, seems to be
splitted into two different peaks located at 27.2° and 27.7°. The d-spacings of these two peaks are 3.27 A and 3.22 A,
respectively. Another small peak is observed at 30.8°. In this region, it is expected to see two characteristic peaks of
crystalline urea, which are generally located at 29.3° and 31.6° corresponding to the crystal planes of (111) and (200),
respectively. Thus, it is likely that the small peak at 30.8° is arisen from a combination of two characteristic peaks of
crystalline urea. This might be due to the interactions between the PEO and urea groups. A similar combination is also
observed for the peaks expected to be located at 35.5° and 37.1° in pure form as denoted in Figure 9. Instead of these two
characteristic peaks corresponding to the crystal planes of (210) and (201) of urea crystals, there is a single peak at 36.2°,

which is in the middle of those two.
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Figure 11. The small peaks representatively shown in the XRD pattern of PU-8-100.

Overall, the XRD results are in a good aggrement with the data obtained from MDSC analyses of the PU copolymers.
These results mainly suggest that PU-2-60 is completely amorphous at room temperature, whereas PU-2-100 contains
PEO-Urea a-complex crystals surrounded by another crystalline layer, which is formed by a mixed phase comprising some
“crystallized” helical (monoclinic) PEO crystals and hydrogen-bonded (tetragonal) urea crystals (Figure 8). On the other

hand, PU-5-60 and PU-8-60 contain monoclinic PEO crystals, whereas PU-5-100 and PU-8-100 comprise both trigonal
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PEO-Urea a-complex crystals and monoclinic PEO crystals (Figure 9). The structure formation is basically governed by
the bulk crystallization of the PEO chains in both PU-5-60 and PU-8-60, whereas it is mainly driven by the confined
crystallization of the PEO chains in subnanometer urea channels in both PU-5-100 and PU-8-100, which is followed by
the formation of monoclinic PEO crystals that are initially nucleated on the lateral surfaces of the a-complex crystals. Our
interpretation has been only based on the peak positions so far. However, the positions of characteristic diffraction peaks
of the crystalline PEO are very similar to those of the PEO-Urea a-complex crystal structure. We therefore consider that
this should be supported by the quantitative analysis of the results in terms of crystallinity.

In an effort to quantify our results, the patterns over a specific angular range of 10°-40° were fitted using Origin® data
processing software to a linear combination of a Lorentz function for the amorphous halo and Pearson functions for the
crystalline peaks, which is a widely accepted fitting procedure for such materials in the literature.*!** The total crystallinity

XRDXC

values of the samples were calculated as = [l / (I + 1.)], where /. and I, are the integrated intensity of all crystalline

peaks and of the amorphous halo, respectively. The corresponding results are plotted in Figure 12.

70 {Temperature: 25 °C PU-8-100|

] _ )

60- EU>00 =y -0
50] PU‘SAXC; 14{ . PU-8-60|

§ 401 PU-5-60

=, 304 PUS00y (%) = 67.2+2.6
s 29JPU-2-100 P (%) = 57.352.2
X 109 P00y (%) =57.9+2.3
104 PU-2 ~ Pu-s-eoxc (%) = 44.242.4
0. J £y 18 PUZ00, (%) = 17.6+2.1

M-GQ . ' ' < pu-z-si)xc (%)'= QI
2000 4000 6000 8000
P9<M > (g/mol)

Figure 12. Total crystallinity values of the samples at 25 °C along with the percent increases arisen from the change in the
drying temperature.

The **Py. values are calculated as 0%, 44.2% and 57.3% for PU-2-60, PU-5-60 and PU-8-60, respectively. As PU-2-60

displays an amorphous halo in its XRD pattern recorded at room temperature and an endotherm below the room

XRD)(C XRD .

temperature in its MDSC thermogram, it is reasonable to obtain the value as 0% for this sample. In addition, the **“.
values of PU-5-60 and PU-8-60 are in a good aggrement with ?5Cy.(ss) values calculated from the total heat flow signals.
The total crystalline fractions of the samples prepared at 60 °C (PU-2-60, PU-5-60 and PU-8-60) are equal to the crystalline

fractions of the PEO soft segments since there is no apparent thermal transitions related to the hard segments in their

MDSC thermograms (Figure 1a).
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The *®Py. values of PU-2-100, PU-5-100 and PU-8-100 are calculated as 17.6%, 57.9% and 67.2%, respectively. The
DSCy .pe0) values of these samples, on the other hand, are determined as 0%, 34.6% and 41.4% respectively. One can see
that the “®Py. values are significantly different than ?Cy.pro) values for the samples prepared at 100 °C. This means that
there is a significant contribution to the Py, values, i.e. total crystallinity, of the samples (PU-2-100, PU-5-100 and PU-
8-100), which must be arisen from the presence of another crystalline phase. We therefore believe that this result confirms

the presence of the PEO-Urea a-complex crystals.

XRD XRD,, — XRD
t, :

< is defined as **Py, epEO) + F

To provide a more detailed insigh Dyvew, Where “®Py.pro) and “®Py. ) correspond
to crystalline fractions of the PEO and the PEO-Urea a-complex, respectively. Assuming the same standard deviation
between “*Py.pr0) and Py peo) values observed for the samples prepared at 60 °C, which is arisen from the different
experimental conditions between XRD and MDSC analyses, “*Py.reo) values of PU-2-100, PU-5-100 and PU-8-100 are
calculated as 0%, 35.1% and 42.1%, respectively. Since "Z9T,, of PU-2-100 is also well below the room temperature (Figure
1b), the “*Py.pro) value is denoted as 0% for this sample. Inserting these “*Py.peo) values into the equation of “*Py. =
XRDy pE0) + FPyc(w, the corresponding Py values of PU-2-100, PU-5-100 and PU-8-100 are calculated as 17.6%, 22.8%

and 25.1%, respectively. The Py,

@ value of PU-2-100 also includes the crystalline fraction of the mixed phase containing
some “crystallized” PEO chains with 72 helical conformation and tetragonal urea crystals in line with the multiple
endotherms detected by MDSC analyses (Figure 1b). Figure 12 also shows the difference in the total degree of room
temperature crystallinity values (Ayc) between the homologues samples prepared at 60 and 100 °C, i.e., PU-2-60 vs. PU-
2-100, PU-5-60 vs. PU-5-100, and PU-8-60 vs. PU-8-100, which is induced by the change in the drying temperature and

PU—XA — PU-X-100, PU-X-60,
e = c— X

calculated as 97

, where Xrepresents the molecular weight of the PEO used in kilo daltons. The
drying at 100 °C results in (approximately) 18, 14 and 10% increases in the room temperature total crystallinity values of
PU-2, PU-5 and PU-8 copolymers, respectively (Figure 12).

3.4. Spectroscopy

ATR-IR is a simple but powerful tool to investigate the characteristic features of PEO/Urea a-complex crystalline
structures. Characteristic absorption bands for a-complex were listed as 1360, 1342, 1277, 1248, 953 and 945 cm™!.483!
From these key bands, the absorption bands at 1360, 1277, 1248 and 945 cm™! are generally assigned to CHz wagging, CH>
twisting, CHz rocking and C-O-C deformation perpendicular to the chain axis, respectively. Whereas the ones at 1342 and
953 cm! correspond to CHz wagging, CH» twisting and rocking conformation parallel to the chain axis. 154

Since PEO and urea can also form various meta-stable complexes with different forms, the difference between the

thermodynamically stable a-complex and the others is mainly followed by CH> wagging absorption band of amorphous

PEO chains at 1352 cm!. This band has been reported to split into two bands at 1360 cm™ and 1342 cm! as a direct result
23



of the formation of a-complex crystals.***®3! This can be clearly seen when the ATR-IR spectra of PU-2-60 and PU-2-100

provided in Figure 13 are compared.

1277  PU-2-100

,

Absorbance (a.u.)

1352
1375 1350 1325 1300 1275 1250 1225
Wavenumber (cm™)

Figure 13. Comparative ATR-IR spectra of PU-2-100 (top spectrum) and PU-2-60 (bottom spectrum) in 1400-1200 cm'!
region.

When the polymer film is annealed at 60 °C, PEO chains are mainly in the amorphous state as evidenced by a single
absorption band at 1352 ¢cm™ in the ATR-IR spectrum of PU-2-60, given in Figure 13. On the other hand, when it is
prepared at 100 °C (PU-2-100), this band splits into two peaks centered at 1360 cm™ and 1342 cm™ as shown in Figure 13.
Significant effect of PEO molecular weight on the formation of PEO/Urea a-complex can be seen in the 1400-1200 cm'!
region of the AT-IR spectra provided in Figure 14 for PU-2-100, PU-5-100 and PU-8-100. As the PEO molecular weight
increases the peaks at 1360, 1342 and 1277 cm™! showing the formation of PEO/Urea a-complex become much more

pronounced.

PU-2-100

—»1342 PU-5-100
1277 PU-8-100

Absorbance (a.u.)

1375 1350 1325 1300 1275 1250 1225
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Figure 14. Comparative ATR-IR spectra of PU-8-100 (top spectrum), PU-5-100 (middle spectrum) and PU-2-100 (bottom
spectrum) in 1400-1200 cm™! region.
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Formation of PEO/Urea a-complex can also be confirmed by Raman spectroscopy. Characteristic Raman bands of a-
complex were listed as 1278, 1237, 862 and 845 cm™', whereas the peaks for the metastable complex were reported to be
at 1308, 1259 and 845 cm! in the literature.*® These bands are very similar to various crystalline forms of PEO and detailed
conformational analysis and band assignments can be found in literature.*55-7 1350-550 cm! region of the Raman spectra
of PU-2-60 and PU-2-100 are reproduced in Figure 15. Formation of a-complex in PU-2-100 is indicated by the presence
of well-defined peaks centered at 1278 and 1237 cm™!, which are not observed in PU-2-60, and the sharp peak at 845 cm™
that is significantly intense in PU-2-100 compared to PU-2-60 as shown in Figure 15. Characteristic absorption bands of
the a-complex at 1278, 1237, 862 and 845 cm’! are much more pronounced in the Raman spectra of PU-5-100 and PU-8-

100, which are provided in Figure 16, together with PU-2-100 for comparison.

—»1278 845

PU-2-100

Raman Intensity (a.u.)

PU-2-60
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Figure 15. Raman spectra of PU-2-100 (top spectrum) and PU-2-60 (bottom spectrum) in 1350-550 cm! region.
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Figure 16. Raman spectra of PU-8-100 (top spectrum), PU-5-100 (middle spectrum) and PU-2-100 (bottom spectrum) in
1350-550 cm! region.
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The spectroscopic data obtained from ATR-IR and Raman measurements are in accordance with the results obtained from
MDSC and XRD analyses. Therefore, they can be evaluated together to provide more detailed structural insight into final
room temperature morphologies of the PU copolymers under investigation, particularly for the ones prepared at 100 °C.
Considering all these results together, it is interesting to note that PEO chains are adapted to two different secondary
structures referred to as 4i1-helix and 7.-helix. One of them (4:-helix) is attributed to the PEO chains confined into the
subnanometer urea channels as demonstrated by the presence of a-complex crystals, and the other one (72-helix) is assigned
to the ones located in “bulk” PEO crystals. Both structures are stable in PU-5-100 and PU-8-100 at room temperature as
both materials display two different melting endotherms well above the room temperature. For PU-2-100, the results
basically suggest that the 4i-helix in a-complex is stable at room temperature. Although the presence of multiple
endotherms located at high temperatures (Figure 1b) and XRD peak located at 23.2° standing for the crystal plane of
(112)peo (Figure 8 and 10b), it is not easy to identify the room temperature stability of 7>-helix in PU-2-100 as the melting
endotherm belonging to the “bulk” PEO crystals is well below the ambient temperature. However, it is more interesting to
determine other possible secondary structures in the PU copolymers under investigation, particularly PU-5-100 and PU-8-
100, in addition to these two helical conformations. It is well-known that hydrogen bonded hard segments in PU
copolymers —in general— form secondary structures identical to parallel/antiparallel (mostly antiparallel) B-sheets found in
native structures like spider silk. Determining these structures in the presence of the two helical conformations
demonstrated here would allow for a better understanding of intermolecular interactions and packing behavior between
these sheets and helices. More importantly, it can provide a convenient framework to reconcile structural similarities
between synthetic PU copolymers and protein based materials containing such secondary structures, such as spider silk.’®
% Most recently, Johnson et. al.%” investigated the influence of such secondary structures, a-helix and B-sheet in particular,
on the mechanical properties of peptidic-polyurea hybrids based on 1,6-Hexamethylene diisocyanate (HDI) and
poly(dimethylsiloxane) (PDMS, 2500 g/mol) incorporated by either poly(B-benzyl-L-aspartate) (PBLA) or poly(e-
carbobenzyloxy-L-lysine) (PZLY) peptide blocks with different sequence length in the form of “peptide-b—PDMS—b—
peptide”. ATR-IR studies conducted by these authors verified the existence of the desired secondary structures despite the
simplicity of the polyureas. They observed mixtures of a-helix and B-sheet in those polymers consisting of longer peptidic

segments. Besides, Tanaka et. al.%®

studied the secondary structures in highly crystallized ABA triblock copolymers
(PBLA-PEO-PBLA) containing PEO blocks with Mx values of 11000 and 20000 g/mol. FT-IR results reported by these

authors revealed the formation of a specific a-helix—72-helix—a-helix conformation. They did not observe the pB-sheet

conformation in as casted samples. But, they reported a structural change from an a-helix to a B-sheet conformation induced
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by thermal treatment.®? Forenamed natural design motifs, secondary structures, were also examined by Sogah’s group®-"

in silk-inspired multiblock copolymers containing poly(alanine—b—oxyethylene—b—alanine) triblock (Ms=823 and 1097
g/mol) comprising short PEG as a nonnative equivalence of the amorphous polypeptide domain of a spider silk.%® They
demonstrated the formation of B-sheets and their assembly into discrete nanostructures.® These secondary structures are
usually followed by amide-I and amide-II regions of the ATR-IR spectra, which are provided in Figure 17a for the PU
copolymers prepared at 100 °C. Although secondary structure characterization has been received particular attention in
such polymeric systems containing peptidic units, the respective spectral regions (amide-I and amide-II) in non-peptide
based PU copolymers like our materials have not been comprehensively analyzed in terms of those secondary structures.
More specifically, despite the extensive base of PU literature, at least to the best of our knowledge, there are no reports
where qualitative and quantitative assessment of secondary structures, and their effects on structure-property relationships
of final materials have been systematically investigated as a function of critical design parameters like molecular weights
of soft and hard segments. In the present work, we give an exclusive focus on the secondary structure determination as a
part of our continuing efforts to provide more structural insight into the PU copolymers under investigation for a better
understanding of their structure-property behavior. As shown in Figure 17a, at first glance, three different peaks are clearly
visible at 1715-1711 ¢cm!, 1633-1629 cm’! and 1557-1550 cm™! in the ATR-IR spectra of the samples. In polyurethane
literature, these peaks are usually assigned to “ordered” urethane C=0, “ordered” urea C=0O stretching and amide-II
vibrations, respectively.* In line with this, quantification of these peaks is generally carried out to determine the extent of
hard segment phase separation by calculating percent amounts of different carbonyl groups representing non-hydrogen
bonded, hydrogen bonded, disordered, ordered structures.”! However, such descriptions do not allow for the identification
of the forenamed secondary structures in PU copolymers, which is of particular interest to understand the packing behavior
in such complex materials along the multiple length scales.

In addition, as it can be seen in Figure 17a, the respective region is very broad due to overlapping of several peaks originated
from the presence of different secondary structures. This suggests that the respective regions should be investigated in
detail to provide more structural insight into the materials. To this end, a typical deconvolution procedure, which is
summarized in Section 2.4, is carefully applied to provide a clear overview on the secondary structures in the PU
copolymers prepared at 100 °C. Figure 17b representatively displays the deconvoluted amide-I peaks in the 1750-1600
cm’! region of the ATR-IR spectra of PU-8-100. The corresponding results obtained from PU-2-100 and PU-5-100 are also

provided in Figure S5 and S6, respectively.
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Figure 17. (a) Comparative ATR-IR spectra of PU-8-100 (top spectrum), PU-5-100 (middle spectrum) and PU-2-100
(bottom spectrum) in 1750-1500 cm™ region. (b) Representative amide-I band deconvolution in PU-8-100: Six different
peaks with peak maxima at 1711 cm™ (B-turnpeak-1), 1699 ecm™ (B-turnpeak-ir), 1683 cm! (B-turnpeak-m), 1668 cm! (B-sheetpeak-
1), 1652 cm! (41-helix), and 1629 cm™ (B-sheetpeakin), respectively, are detected by deconvolution.

Six different peaks are found at 1715-1711 em™, 1699 cm™, 1683 cm’!, 1668 cm™, 1652 cm™, and 1633-1629 cm™ for
these three samples, i.e., PU-2-100, PU-5-100 and PU-8-100. The peaks at 17151711 cm™ (at 1713 em™! for PU-2-100,
at 1714 cm™! for PU-5-100, at 1711 cm™ for PU-8-100), 1699 cm™ and 1683 cm™ are originated from the presence of
several different HMDI isomers, such as trans,trans (E,E), trans,cis (E,Z) and cis,cis (Z,Z). HMDI isomers affect the
packing behavior in the solid state. This in turn restricts the formation of the well-ordered hydrogen bonded structures in
the PU copolymers.” Therefore, it is reasonable to consider that these three peaks mainly represent the monodentate
hydrogen bonded structures. However, for these three peaks, the relative hydrogen bonding strength is different than each
other. Considering the peak positions, it should be noted that the peak at 1683 cm™! represents monodentate, but relatively
well-ordered, hydrogen bonded structure (relatively stronger hydrogen bonding) compared to the peaks at 1699 cm™ and
1715-1711 cm™’. In other words, degree of imperfection in monodentate hydrogen bonding for the structures giving rise to
the formation of these three peaks can be listed as follow: 1715-1711 cm™ > 1699 cm™ > 1683 cm’!. In terms of secondary
structures, we consider that these peaks can be assigned to B-turns since they are mainly formed by monodentate hydrogen
bonds, and create loops at the chain ends. The peaks at 1668 cm™ and 1633-1629 cm™ (at 1633 cm™! for PU-2-100, at 1631
cm! for PU-5-100, at 1629 cm! for PU-8-100) are assigned to antiparallel B-sheets, whereas the peak at 1652 cm™! is
mainly attributed to 41-helix. The antiparallel B-sheets are formed by the bidentate hydrogen bonded highly ordered urea
molecules on the walls of the channels, whereas the excess urea molecules inside the channels adapt to 4:-helix

conformation as well as confined PEO chains. In accordance with this, characteristic amide-II peaks of the 41-helix and -

sheet secondary structures are also detected at 1557-1550 cm™! (41-helix), 1535 cm™! (B-sheet) and 1515 cm™ (B-sheet),
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respectively, by the deconvolution. The corresponding results are provided in Figure S7-S9. Similar results are obtained
in the literature.” It should be emphasized that the peak around 1652 cm! is usually assigned to several helical structures,
such as a-helix, 31-helix, for different materials. This suggests that the respective peak should be particularly examined for
each system. In our case, the peak at 1652 cm! is attributed to 41-helix for the PU copolymers under investigation as it is
also characterized by a series of experiments in the present study.

On the other hand, the deconvolution allows for quantitative assessment of the secondary structures listed above. Figure
18 and 19 display the fractions of the secondary structures as a function of soft segment molecular weight. In a general
form, the fraction is defined as follow: *¢ = *Apear / Atoral, Where s, *Apeak, and Ao illustrate the secondary structure, the area

under the respective peak and the total area under the cumulative peak, respectively.
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Figure 18. Fractions (¢) of the secondary structures as a function of soft segment molecular weight: (a) Fractions of -
turnpeakr (1715-1711 cm™) are calculated as ?Y2¢r = 14.5%, 793¢, = 10.5%, TV3¢; = 5.2%. Fractions of B-turnpeac-nn (1699
cm!) are determined as V3¢ = 15.6%, PV 1% = 11.5%, PV = 6.3%. (b) Fractions of B-turnpeakir (1683 cm™) are
calculated as 12.9%, 10.5% and 7.5% for PU-2-100, PU-5-100 and PU-8-100, respectively.

The peaks at 1715-1711 cm™ (B-turnpeak-1), 1699 cm™ (B-turnpeak-n) and 1683 cm™ (B-turnpeak-ir) are assigned to B-turns
secondary structures. The total B-turn fraction is defined as #*"@py.x.100 = F1rnPeaklgpy.x. 1o + Burn-peakllg p; gy + Fturn-peak:
M py.y.100 where X represents <Mn> of the PEO in kilodaltons. ##7eaklgpy; y 199 and Furmpeakllgp, v 199 are equal to PU-g;
and PUXg;; values denoted for B-turnpeakr and B-turnpeak-nn in Figure 18a, respectively, whereas ¢ values in Figure 18b
represents A reak-llig o v 199 for B-turnpeak-im. It should be noted that B-turnpeak-m, the peak at 1683 cm™, is also referred to
as “monodetate hydrogen bonded and/or disordered helix” in the literature.”” Due to this reason, its relationship with PEO
molecular weight is provided in a separate plot (Figure 18b) and its assignment is denoted with a “question mark”. The B-
turnpeak-1 fractions of PU-2-100, PU-5-100 and PU-8-100 are calculated as 14.5%, 10.5% and 5.2%, whereas their B-turnpeax-

u fractions are determined as 15.6%, 11.5% and 6.3%, respectively (Figure 18a). The B-turnpeak-mr fractions of these three

samples (PU-2-100, PU-5-100 and PU-8-100) are calculated as 12.9%, 10.5% and 7.5%, respectively (Figure 18b).
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Accordingly, their total B-turn fractions are determined as #™™ ¢py.o-100 = 43%, #""¢pu-5.100 = 32.5% and #""ppy.s.100 =
19%. As shown in Figure 18, furmpeak-ly f-turn-peak-lig - f-mrn-peak-llig - and thus, #*"¢ linearly decreases with increasing soft
segment molecular weight (SSMW) since the number of chain ends decreases with increasing SSMW.

In contrast, the fractions of both 4:-helix (Figure 19a) and -sheet (Figure 19b) secondary structures linearly increase with
increasing SSMW (Figure 19). This is due to the fact that increasing SSMW also means increasing hard segment molecular
weight, and thus, increasing number of urea molecules that can participate in the secondary structure formation. The 4:-
helix fractions (*/"*¢) of PU-2-100, PU-5-100 and PU-8-100 are calculated as 19%, 22.5% and 27% (Figure 18a),

whereas their -sheet fractions (****'¢) are determined as 38%, 45% and 54%, respectively (Figure 19b).
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Figure 19. Fractions (¢) of the secondary structures as a function of soft segment molecular weight: (a) Fractions of the
4y-helix: *"™gpy.o-100 = 19%, *I"“"“@pu-s.100 = 22.5%, "™ $pr.s.100 = 27%. (b) Fractions of the B-sheet: #*"““'py.2.100 =
38%, Pheetgpys.100= 45%, F"e g pu.s-100= 54%.

The */""*¢ values are calculated as the area under the peak at 1652 cm™! divided by the area under the cumulative peak (1
helivg = A 652 / Aora). Likewise, the #5"¢¢'¢ values are calculated as the total area under the peaks at 1668 cm™ and 1629 cm
! divided by the area under the cumulative peak (#*"““'¢ = (41665 + A1629) / Awotat). As a part of the o-complex crystals, the
41-helix is also the conformation of the excess urea molecules inside the channels that adapt to the same conformation with
the confined PEO chains within the channels. The B-sheet, on the other hand, is the conformation of the well-ordered urea
molecules on the channel walls of the a-complex crystals. The quantitative results obtained from the deconvolution also
support the presence of the a-complex crystals and their structural features. Based on the secondary structures, the
superstructure of the a-complex crystals can be defined as the combination of three different layers: one internal (41-helix)

and two external layers, i.e., the channel walls (B-sheet). Based on this three layer model, the total fraction of the a-complex

crystals can be calculated as *<omlexg = [4helixg 4 (B-sheely / )] / 2. Using this equation, ““*"/*¢ values of PU-2-100, PU-5-
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100 and PU-8-100 are determined as 19%, 22.5% and 27%, respectively. The <"/ values are in a good agreement with
the Py values, which are calculated as 17.6%, 22.8% and 25.1% for PU-2-100, PU-5-100 and PU-8-100, respectively.
3.5. Microscopy

Microscopic studies of the samples were performed by OM and AFM techniques. Figure 20 shows OM images of PU-2-
60 and PU-2-100 recorded at room temperature. As an expected result, PU-2-60 does not display any micro-structural
feature since it is completely amorphous at ambient temperature (Figure 20a). This is also confirmed by AFM studies
(Figure S10a). In line with this, the AFM phase image recorded with a scan size of 200x200 nm displays typical nanoscale
morphology comprising dissolved hard segments in the soft matrix (Figure S10b). These results are in an excellent

aggrement with the results obtained from MDSC, XRD, FT-IR and Raman spectroscopy.

Figure 20. Optical microscope images of (a) PU-2-60 and (b) PU-2-100 at 25 °C.

As shown in Figure 20b, PU-2-100 shows microcrystalline domains distributed in an amorphous matrix. This observation
provides a convenient framework to examine the origins of multiple high temperature endotherms observed in the MDSC
thermograms. As the melting point of PEO crystals is below room temperature, the apparent crystalline phases in PU-2-
100 should be related to the a-complex crystals giving rise to the formation of the high temperature endotherms. To clearly
identify the form of microcrystalline domains, a high magnification image of one of the microcrystalline domains is also
presented in Figure 21a. These results are of importance from two different perspectives: Firstly, the presence of
microcrystals in the image of PU-2-100 recorded at room temperature basically proves that, at least, one of the multiple
endotherms at high temperatures are not formed during the MDSC heating scan. Secondly, the apparent crystal shape also
confirms our claim about the presence of the a-complex crystals. If we assume that one of the high temperature endotherms
is originated from the presence of “pure” micro-crystalline hard domains solely formed by hydrogen-bonded hard

segments, one should expect to see some needle-like structures as the hard segments mainly consist of urea groups.
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However, this is not the case here. This mainly suggests that at least one of the endotherms at high temperatures is due to
the melting of a crystalline phase already present in the material. Considering the apparent shape of the crystals along with
the data obtained from XRD, ATR-IR and Raman spectroscopy measurements, this phase is considered to be formed by

the a-complex crystals.

Figure 21. Morphology of PEO-Urea a-complex crystals as demonstrated by the optic microscope (a) and AFM phase (b)
images along the multiple length scales.

In this respect, one can envisage two plausible scenarios: (I) These three endotherms might be originated from the melting
of the a-complex crystals with three different domain sizes. (II) The two of the three endotherms, most probably the ones
at 176 °C and 184 °C, might be arisen from the melting/micro-phase mixing of ordered hard domains formed by micro-
phase separation process characterized with a peak temperature of 119 °C during the MDSC heating scan. However, one
of them, most probably the one at 192 °C, is originated from the melting of a crystalline phase that already exists in the
material as observed by OM and AFM (Figure 20b and 21). We believe that the first scenario is relatively more plausible
as presented in Figure 7a.

The nanoscale phase morphology comprising a stack of hexagonal nanoplatelets shown in Figure 21b is in a good
agreement with the literature. PEO molecular weight dependent morphologies of single crystals of the PEO/Urea -
complex in the range of 1000 to 100000 g/mol were analyzed using scanning electron microscopy by Chenite and Brisse.*’
The authors suggested that, for the high My values, the morphology is more likely to be a stack of hexagonal platelets
rather than that of elongated pseudo-hexagonal prisms with very smooth faces which is mainly accounted for low molecular
weight compounds. Considering the My of PU-2-100 (106000 g/mol), our results are in a good agreement with the

observations made by Chenite and Brisse.
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Upon these observations on the copolymer based on PEO-2000 soft segment, it is reasonable to consider that the structure
formation in the material prepared at 60 °C (PU-2-60) is mainly governed by the lateral packing”>""® of the bidentate H-
bonded urea groups from molecular level to nanoscale. In general, the lateral packing results in fibrillar phase separated
morphologies comprising an infinite stack of 1D H-bonded structures. This mechanism is also effective in PU-2-60, but
only up to a certain length scale. The apparent nanoscale features therefore begin to dissappear beyond this length scale
(Figure S10a) and they are no longer visible at larger length scales (Figure 20a). On the contrary, when the samples are
prepared at 100 °C, the structure formation is mainly driven by the confined crystallization of the PEO chains in
subnanometer urea channels giving rise to the formation of the thermodynamically stable a-complex crystals. This is
because both soft and hard segments have sufficient mobility to form the most stable conformation via strong
intermolecular hydrogen bonding between the PEO ether oxygens and the urea N-H groups. Hence, they are cooperatively
assembled into the tightly packed trigonal form with minimum free energy. Similar mechanism is also reported for the

respective model compounds.*®

Figure 22. Optical microscope images of (a) PU-8-60 and (b) PU-8-100 at 25 °C.

The OM images of PU-8-60 (Figure 22a) and PU-8-100 (Figure 22b) recorded at room temperature are provided in Figure
22. On one hand, The OM image of PU-8-60 (Figure 22a) shows a typical spherulitic morphology of crystalline PEO with
well-defined grain boundaries. As the formation of this structure is well-known in the literature, it will not be further
discussed here. On the other hand, a geometrically confined crystalline morphology is observed for PU-8-100 (Figure 22b).
This poses the question of how the confined crystallization of the PEO chains in the subnanometer urea channels does
relate to the geometric confinement at the microscopic level. Before getting into this discussion, we should note that the
morphologies presented for PU-8-60 and PU-8-100 represent the ones observed in PU-5-60 and PU-5-100, respectively.

Furthermore, the presence of the a-complex crystals in PU-5-100 and PU-8-100 is also evidenced by the microscopic

33



analyses at a temperature (60 °C) above the melting points of PEO crystals as representatively shown in Figure S11. We
can therefore conclude that both the monoclinic PEO and the trigonal a-complex crystals present in both PU-5-100 and
PU-8-100 at ambient temperature.

However, this conclusion poses the question of how the final room temperature morphology given in Figure 22b is formed
in the copolymers comprising both PEO and PEO-Urea a-complex crystals. To address this issue, AFM is used to examine
the phase morphologies at smaller length scales. For both PU-5-100 and PU-8-100, a “beads on a string” type nanoscale
morphology consisting of compact globular domains is observed. An AFM image recorded on PU-8-100 is representatively
shown in Figure 23. Each globular domain is isotropically distributed at nanoscale. The average size of a globular domain
of PU-8-100 is 48+4 nm, whereas that of PU-5-100 is 2543 nm. This means that each globular domain consists of tightly
packed secondary structures demonstrated above (72-helix, 41-helix and B-sheet). However, the question of which forces

drive the formation of these globular domains with well-defined internal secondary structures still remains to be addressed.

Figure 23. The “beads on a string” type morphology observed in PU-8-100 along the multiple length scales as
demonstrated by the AFM phase image with a scale bar of 500 nm.

In principle, any self-avoiding flexible polymer chain would form a great number of secondary structures since it is
basically driven to become more and more compact through any attractive force among the chain monomers.’® This means
that the structure formation in compact polymers is mainly related to the severity of steric constraints.”® This steric principle
of organization can provide a plausible explanation for why the samples dried at 100 °C are more compact than the ones
dried at 60 °C. We basically have more steric constraints, i.e., geometric confinement, in the samples dried at 100 °C as
compared to the ones dried at 60 °C since we have two mechanisms in which we have geometric confinement effects, i.c.,

the formation of PEO-Urea a-complex crystals and the “bulk” crystallization of PEO segments in the former, whereas we
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have only one of them, i.e. the “bulk” crystallization of PEO segments, in the latter. The only notable geometric
confinement arisen from the “bulk” crystallization of PEO segments is the acquirement of the trans-gauche-trans (ttg)
conformation in the ethylene oxide units in the crystalline PEO soft domains with helical conformation (72-helix). This
gives rise to a decrease in the conformation entropy. In addition, the oxygen atoms in these ethylene oxide units reside in
the core of the helix surrounded by hydrophobic methylene groups*® due to the presence of packed antiparallel helical
strands with opposing handedness. This leads to hydrophobic core development in the materials. The formation of PEO-
Urea a-complex crystals, on the other hands, brings more steric constraints as it comprises confined crystallization of PEO
within the subnanometer urea channels, “ordering” of hydrogen bonded urea groups with anti-parallel [—sheet
conformation on the walls of the channels. Similar to the “bulk” crystallization case, the acquirement of the (zgf)4
conformation in the ethylene oxide units in the confined helical PEO crystals (41-helix) also leads to a decrease in the
conformation entropy. This is a relatively more substantial decrease since 41-helix is more squashed than 7.-helix. The
formation of hydrogen bonded urea groups with anti-parallel f—sheet conformation contributes to the reduction of
conformational entropy. Two mechanisms take place in the samples dried at 100 °C along with the “bulk” crystallization
of PEO. Hence, the geometric confinement is -overall- more severe in these samples. The severity of steric constraints
enables them to collapse to highly compact globular domains with large amounts of tightly packed secondary structures.
This may be of interest in designing synthetic replica of certain proteins with specific internal architectures.

3.6. Tensile properties

Stress-strain curves of the PU copolymers are provided in Figure 24. PU-2 based samples display a well-defined
elastomeric behavior while PU-5 and PU-8 based films show a typical elasto-plastic behavior with a distinct initial elastic
response followed by yielding, softening, hardening and then failure. This is because the soft segment in PU-2 is completely
amorphous and (due to its 7g) highly mobile at room temperature whereas it is semi-crystalline in both PU-5 and PU-8.
Significant differences are observed in the tensile behavior of homologous PUs regarding drying temperature. The drying
at 100 °C results in dramatic improvements in mechanical properties of all the copolymers under investigated. The results
obtained from tensile tests are summarized in Table 3. As compared to PU-2-60, PU-5-60 and PU-8-60, 276, 208 and 84%
increases in elastic modulus (E), 13.6, 56.4 and 118% increases in ultimate tensile strength (omax), 18.6, 31.3 and 63.8%
increases in elongation at break (¢) and 93.6, 123 and 213% increases in toughness () are obtained in PU-2-100, PU-5-
100 and PU-8-100, respectively. In line with this, yield strengths (g;) of PU-5-100 and PU-8-100 are 103 and 72% higher
than those of PU-5-60 and PU-8-60, respectively. No distinct yield is observed for PU-2 based samples due to their well-

defined elastomeric behavior.
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Figure 24. Expanded initial regions and complete stress-strain curves of the PU copolymers under investigation: (a-b) PU-
2-60 vs. PU-2-100, (c-d) PU-5-60 vs. PU-5-100, (e-f) PU-8-60 vs. PU-8-100. E: Elastic modulus, W: Toughness (work to

fracture).

These enhancements arisen from the change in drying temperature are mainly attributed to the structural and morphological
changes along the multiple length scales demonstrated in previous sections. More specifically, the hierarchical self-
assembly of tightly-packed secondary structures along the multiple length scales based on the confined crystallization of
PEO chains in subnanometer urea channels in the samples dried at 100 °C is the main reason for notable increases in their

mechanical properties as compared to those of the samples dried at 60 °C since this enables the structural elements involved
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in this hierarchical architecture to work cooperatively and maintain a homogeneous deformation state at each hierarchical
level along the multiple length scales. This is because the formation of a—complex crystals ensures the confinement of key
secondary structures and hence, the hydrogen bonds. When confined, hydrogen bonds are deformed within a small region
corresponding to the size of several bonds in which the deformation and rupture of hydrogen bonds are delocalized. The
formation of a—complex crystals means a greatly increased density of hydrogen bonds and the formation of densely packed
interlocking regions where hydrogen bonds act in “confined” state (delocalized deformation) that ensures an effective load
transfer between the chains under tension. Densely packed hydrogen bonds in these crystalline regions eventually break
and allow strands of secondary structures to slide, leading to the separation of smaller intact crystals. This markedly
contributes to the strength, extensibility and toughness.

Table 3. Mechanical properties of the PU films investigated.

Sample E Oy Omax € W _3

(MPa) (MPa) (MPa) (%) MJm™)

PU-2-60 5.1+0.3 - 30.1+1.1 1000+64 94.0+6.7
PU-2-100 19.2+2.8 - 34.2+1.6 1240+48 182+9.3
PU-5-60 145£19 7.72+0.8 28.7£1.3 627+51 103£7.8
PU-5-100 447423 15.7+1.1 44.9+2.4 823+42 230+14
PU-8-60 370+20 11.6+0.7 24.4+3.4 412+33 67.2+5.7
PU-8-100 683+36 20.0+£0.4 53.245.1 675+27 210£12

For PU-2, the geometric confinement is limited to the confinement of hydrogen bonds in a—complex crystals. Hence, from
a mechanical point of view, the presence of a—complex crystals solely suggests a more robust elastomeric network for PU-
2 based samples. The E, omax, €, W of PU-2-100 are therefore higher than those of PU-2-60. However, the formation of
o—complex crystals is even more important for PU-5 and PU-8 since it leads up to the geometric confinement of other
structural elements, such as soft segment crystals (72-helix), changes the entire structural hierarchy along the multiple
length scales, and hence, influences each deformation regime under tension. In this case, the geometric confinement is not
only limited to the confinement of hydrogen bonds in a—complex crystals. These nanocrystals, and hence 4:1-helices and
—sheets, along with helical soft segment crystals are also confined into the compact globular domains (Figure 23). At
nanoscale, these compact globular domains (Figure 23) can be considered as the three-dimensional “composite” network
of different secondary structures that stiff complex nanocrystals containing 4:-helices and f—sheets embedded in a semi-
crystalline matrix with 72-helices. Under tension, this three-dimensional “composite” network shows a distinct elastic
response up to a yield point. At the yield, hydrogen bonds in relatively more disordered secondary structures in the matrix

phase break and hence the materials undergoes a softening regime in which the semi-crystalline matrix phase unfolds along
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the stretching direction. The softening is mainly due to the unravelling of hidden length unlocked as a result of the rupture
of hydrogen bonds. This is then followed by a stiffening regime where the load is mainly transferred from fully-extended
matrix phase to stiff complex nanocrystals whose plastic deformation eventually resulting in failure.
At microscale, the geometric confinement along the multiple length scales leads to a microstructure that consists of
homogeneously distributed small microcrystals and does not have sharp grain boundries. This means that these
microcrystals are also in a confined state. This explains why PU-5-100 and PU-8-100 have greater stiffness and strength
compared to PU-5-60 and PU-8-60 which have a lot bigger microcrystals and sharp grain boundries. Hence, the geometric
confinement along the multiple length scales plays a key role in achieving remarkably enhanced stiffness, strength,
extensibility and toughness.
4. CONCLUSION
Here we mainly conclude that geometric confinement governs stiffness, strength, extensibility and toughness in sol-cast
PU films. Soft segment molecular weight and drying temperature are demonstrated to be practical and effective
design/processing parameters to tune the severity of geometric confinement. This approach, i.e., tuning the severity of
geometric confinement via simple parameters, can be utilized to produce advanced PU based materials with well-defined
hierarchical structures and desired functional properties, and hence, to address the challenge of attaining unprecedented
combinations of stiffness, strength, extensibility and toughness.
In line with this main conclusion, several important findings may be highlighted as follow:
e  Governing mechanism behind the structure formation in the PU copolymers investigated displays significant
variations depending on soft segment molecular weight and drying conditions. On one hand, phase mixing plays
a key role for final morphology and associated properties of the PU-2 copolymer, when its sol-cast films are dried
at 60 °C as demonstrated in PU-2-60. No notable confinement is observed for this sample. On the other hand, the
structure formation is mainly driven by the confined crystallization of PEO chains in subnanometer urea channels,
which gives rise to the formation of a-complex crystals, and the final morphology consists of “micro-phase
separated” clusters of these complex crystals at larger length scales, when they are dried at 100 °C as shown in
PU-2-100. The geometric confinement is only limited to the primary and secondary structures forming the a-
complex crystals. No confinement is observed at larger length scales.
e For PU-5 and PU-8, bulk crystallization of the PEO soft segments controls the structure formation and hence the
final semi-crystalline (spherulitic) morphology governs their structure-property relations, when their sol-cast

films are dried at 60 °C as demonstrated in PU-5-60 and PU-8-60. The geometric confinement in these samples
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is only limited to the conformation of ethylene oxide units in the PEO crystals. There is no considerable
confinement at larger length scales, especially at micro-level. When they are dried at 100 °C, an elegant
hierarchical self-assembly (spanning length scales from angstroms to micrometers) is observed as shown in PU-
5-100 and PU-8-100. The geometric confinement is of particular importance for this structural hierarchy
responsible for a unique combination of mutually exclusive mechanical properties, i.e. stiffness, strength,
extensibility and toughness. The structure formation in these samples is driven by the confined crystallization of
helical PEO chains in subnanometer urea channels and complemented by the “bulk” crystallization of PEO matrix
phase and/or the micro-phase separation. In this case, the “bulk” crystallization of PEO matrix phase also takes
place in a confined space as due to the presence of a-complex crystals. However, we use the term “bulk” here to
distinguish these two crystallization mechanisms from each other. In addition, the micro-phase separation here
refers to the “separation” of the crystalline domains from the amorphous regions at larger length scales. Overall,
these samples show severe geometric confinement.

e The structural hierarchy demonstrated here contains synthetic replica of natural design motifs like helices, anti-
parallel B-sheets, B-turns with dimensional features comparable to those found in native structures. Hence, our
findings might be of interest in mimicking certain protein structures containing these design motifs.

e In addition to the structural changes highlighted above, it should be noted that the increase in total crystallinity is
also important for a better understanding of the significant variations in mechanical properties.
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Supporting Information

The Supporting Information is available free of charge on the ACS Publications website (http://pubs.acs.org/). Figure S1
shows DSC thermograms of the hard segment model compounds. Their XRD patterns are also shown in Figure S2. Figure
S3 displays chemical structure of the PU copolymers investigated. Figure S4 shows their TGA curves. Figure S5 and S6
display the deconvoluted peaks in the amide-I regions of the ATR-IR spectra of PU-2-100 and PU-5-100, respectively.
Figure S7-S9 show the deconvoluted amide-II peaks for PU-2-100, PU-5-100 and PU-8-100, respectively. Amide-II peak
of the 41-helix is observed at 1550 cm™ for PU-2-100, whereas it is found at 1557 cm™ for both PU-5-100 and PU-8-100.
Amide-II peaks of the B-sheet are also detected at 1535 cm™ and 1515 cm™ for these two samples. The respective peaks
are apparent at 1535 cm™ and 1516 cm™! for PU-2-100. In addition, Figure S10 shows AFM phase images of PU-2-60 with

scale bars of 2 um (Figure S10a) and 50 nm (Figure 10b) representing the morphology along the multiple length scales.
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Finally, Figure S11 displays OM images of PU-8-60 (Figure S11a) and PU-8-100 (Figure S11b) recorded at 60 °C, which
is well above the melting point of PEO crystals in the samples.
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