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Abstract

Designing surfaces with patterns of varying wettability is of significant importance for many applications.
This fascinating feature is inspired from nature where it is absolutely vital for survival of some living
creatures. This research shows that an inherent incompatibility between different soft segments of
segmented polyurethanes can play a pivotal role in designing such surfaces. We employed coarse-grained
molecular dynamics (CG MD) simulations as well as experimental techniques to illustrate the microphase
separation between soft segments with significantly different wettability. We started with
poly(hexamethylene carbonate) polyurethane and partially replaced the polycarbonate diol (PC), the
hydrophobic soft segment, with poly (ethylene glycol) (PEG), the superhydrophilic soft segment. Our
simulation shows that a clear microphase separation between PC and PEG exists. This led to a core-shell
structure in which the hard segments are squeezed between two incompatible soft segments. Experimental
analyses, e.g., Fourier-transform infrared spectroscopy (FTIR), atomic force microscopy (AFM),
differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA) merely
confirmed the soft segment phase separation. Our combined simulation and experimental analyses showed
that there is a concurrent phase mixing of hard/soft segments with phase separation between soft segments.
Moreover, the CG MD simulations elucidated the evolution of microphase organization as the
polymerization proceeds and our further analysis shed light on the microarchitecture of the individual PU
chains.

Keywords: Polyurethane, Polyethylene glycol (PEG), Phase separation, Coarse grained molecular
dynamics simulation

Introduction

There are several designed patterned surfaces with different wettability in nature like some insects and
plants such as desert beetles and Nepenthes pitcher plant[1]. The nature has inspired scientists to develop
patterned surfaces for different applications such as microfluidic channels[2], cell microarrays[3],
lithographic printing[4], fog collection[5], patterning textiles[6], self-assembly of microchips[7], etc.
However creating such surfaces with designed wettability is not always straightforward. There are several
ways to develop surfaces with patterned wettability such as microwave plasma enhanced chemical vapor
deposition, UV radiation[3] and surface modification through polydopamine[8], etc. Therefore, finding an
easy-fabrication method to develop surface structured materials with different wettability is still a
challenge. Incompatibility between the chemically linked segments of PU is a low cost and easy-fabricating
method to develop such surfaces with patterned wettability. These chemically bonded materials provide
unique microphase morphology[9].

An important characteristic of segmented PU is the microphase separation between different segments due
to their inherent incompatibility[10-13]. In segmented polyurethanes, the soft segments consist of
macrodiols which provides elasticity[13], and the hard segment, the rigid part, is composed of the
diisocynate and chain extenders[14]. These hard and soft segments can act together as chemically linked
materials[15]. There is a common knowledge that the degree of compatibility between the hard and soft
segments, determines the degree of microphase separation of PU[16-18]. It has been demonstrated that soft
segment chemistry plays an effective role in phase organization of PU[19].Thus, the incorporation of
different chemical components in PU structure can promote or prevent the microphase separation[20]. In



fact, proper selection of the constituents and their relative composition could lead to PU with desired
microstructure and characteristics[21, 22].

There is an extensive record of the effect of microphase separation on the final properties of PU in the
literature. For instance, Hsu et al.[23] showed that biological response of the biomaterials deeply depends
on their nanophase separation and Choi et al.[24] proved that oxidative biostability is related to phase
separation in polydimethylsiloxane (PDMS) based PUs. Eceiza et al.[25] declared that in some
polycarbonate based PUs, in spite of increasing the hard segment, the tensile strength decreases due to
increase of phase mixing. However, to the best of our knowledge, only a limited number of researches
highlighted the effect of soft segment microphase separation on the final properties of PU. Trinca et al.[26]
obtained a heterogeneous PU structure by incorporation of different macrodiols, i.e. PLLA (poly(L-
lactide)), PTMC (Poly(trimethylene carbonate) and PEG. They showed that the macrodiol composition
affects the morphology and properties of the synthesized PU. Hernandez et al.[19] quantified the degree of
phase separation for a series of PUs and emphasized on the considerable role of soft segment on the
microphase separation in systems containing the same hard segment. Wenning et al.[27] correlated the
miscibility of the reactants with the phase behavior during the reaction. They confirmed that sometimes
phase separation is a result of incompatibility between two soft segments, not hard and soft segment
segregation in PUs. Despite the observation of this interesting phenomenon, no certain interpretation of
such occurrence is yet provided.

There are several experimental methods to study the phase organization of segmented PUs, e.g., FTIR,
AFM, DSC and X-ray photoelectron spectroscopy (XPS). These methods are often intended to distinguish
hard and soft segments in PU system, while it is usually difficult to track phase separation between different
soft segments due to very similar physical properties of them. Therefore, we employed a CG MD method
to simulate the synthesis and characterization of our PU systems in parallel with the experimental study.
Simulation techniques showed a remarkable capability with respect to predicting phase organization of PU
systems[28-30]. In fact, MD methods are fully capable of directly observing the microstructure change of
complex soft matters, e.g., segmented PU, as a function of time. Yildirim et al.[31] investigated the effect
of intersegmental interactions on the phase separation of PUs containing two soft segments by means of
Dissipative Particle Dynamics (DPD) simulations. They showed that using hydrophobic soft segments leads
to more pronounce phase separation than employing the hydrophilic ones. Wang et al.[32] studied the
influence of fluorine content on the microphase separation between hard and soft segments in fluorinated
PUs by means of both FTIR and MD simulations. They found that increasing the fluorine content of soft
segments leads to PUs with more phase mixed structures. Haddadi-Asl et al.[33, 34] applied MD
simulations in combination with experimental techniques to study the intersegmental interactions of PUs
based on poly (tetramethylene ether) glycol (PTMG) and polycaprolactone (PCL). They quantified extent
and kinetics of micro-phase separation.

We have fabricated microstructure-patterned surfaces with different wettability by means of controlling the
microphase separation of the superhydrophilic and hydrophobic components of PU. Ease of fabrication is
a superior advantage of this method. Moreover, we have applied MD simulation as a powerful tool to study
the regions that experimental techniques are not solely capable of a full investigation. In this study, we
started with polyhexamethylene carbonate urethane and partially replaced the PC, a hydrophobic polymer,
with PEG, a superhydrophilic polymer, to illustrate the effect of soft segments incompatibility on the PU
surface microstructure by means of CG MD simulation as well as experimental techniques. We modified



our recent step-growth polymerization simulation method [35], which was designed to build up thermoset
PU networks, in order to synthetize and analyze the thermoplastic segmented PU structures.

Experimental
1. Materials

Polyhexamethylene carbonate diol (PC) (M 2000 g/mol, UBE Chemical Corporation) and Poly(ethylene
glycol) (PEG) (M 2000 g/mol, Merck) as the macrodiols, were dried under vacuum for 24 h at 70 °C before
use. Hexamethylene diisocyanate (HDI), Dibutyltin dilaurate (DBTDL) were purchased from Sigma
Aldrich and used as received. 1,4-Butanediol (BD) as chain extender was purchased from Sigma Aldrich,
distilled and dried over 4 A molecular sieves. Dimethyl formamide (DMF) as the solvent was obtained from
Panreac and dried over 4 A molecular sieves, before use. Methanol was obtained from Panreac, too.

2. Synthesis

The molar ratio of macrodiol, HDI and BD were 1:3:2, respectively. The synthesis was performed using a
two-step procedure. In the first step, the solution of macrodiols in DMF and HDI were reacted in 80 °C for
three hours under nitrogen atmosphere. After synthesis of the prepolymer, in the second step BD was added
dropwise and the reaction continues until the isocyanate peak in the FTIR spectra at 2270 cm™ disappears.
The final solution was precipitated in methanol to remove the unreacted and low molecular weight species.
Then dissolved in DMF again, casted in Teflon molds and dried at 85 °C for 24 hours. The samples were
finally removed from the Teflon molds and kept in desiccator. The synthesis procedure and the formulations
of synthesized PUs are illustrated in Figure I and Table 1, respectively.
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Figure 1. Schematic of experimental procedure.

Table 1. The synthesized polyurethane formulations.

Sample PEG/PC weight ratio
PEG 0% 0/100
PEG 10% 10/90
PEG 20% 20/80
PEG 30% 30/70

3. Characterization



FTIR spectra were recorded on Nicolet 6700 FTIR spectrometer with 10 scans at a resolution of 4 cm™ for
wavelength range of 400 cm™ to 4000 cm™.

The number-average molar mass (M,), weight-average molar mass (M,) and polydispersity index
(PDI=M,,/M,) were determined using gel permeation chromatography (GPC) performed on PL-GPC 50
(Agilent Technologies). DMF (1 mL/min) was used as solvent.

AFM was performed with an AFM Dimension ICON (Bruker) equipment in tapping mode by tips Tesp-v2
(Spring Const.: 37 N/m, Resonant Freq.: 320 khz) at room temperature.

DSC experiments were conducted by TGA Q500, TA Instrument, from -80 to 200 °C at a constant heating
rate of 10 °C min™' under nitrogen flow.

A DMTA, Triton 2000 DMA from Triton Technology, was used in tension deformation mode to carry out
dynamic mechanical thermal analysis. The samples were heated from - 100 °C to 80 °C at a constant heating
rate of 4 °C/min and frequencies of 1 Hz. These tests were performed at low strain amplitudes ensuring a
linear viscoelastic response. These measurements allowed detecting the glass transition temperature, 7,
given by a maximum peak in loss tangent, tan J.

X-ray diffraction (XRD) was applied to identify the changes in the degree of crystallinity. An
EQUINOX3000 Intel instrument with Cu Ka source operating at a voltage of 40 kV and a current of 40
mA was used. The samples were scanned at 10°/min.

4. Molecular Dynamics Simulations
4.1 Synthesis simulations

We employed a CG MD method, based on the Martini model[36], to simulate the PU synthesis under similar
conditions, as in experiment. Note that this CG MD method has been developed and used to study
crosslinked PU structures in a preceding paper[35] and this time, we updated it for thermoplastic PU
systems. We followed a similar parametrization method, as explained in the preceding paper, based on
mapping Martini beads from atomistic structures, see Figure 2 and Table 2. A detailed explanation about
CG parametrization is provided in supporting information, SI (Table S1 and S2).
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Figure 2. CG mapping of the materials based on MARTINI method. Blue, white, cyan and red colors are assigned to nitrogen,
hydrogen, carbon and oxygen, respectively. a, b, ¢, d and e materials are represented in Table 2.

Table 2. Bead labeling of the materials based on MARTINI method.

Case Material Bead Name Bead Type

a PEG: Polyethylene glycol OHC SP2
COoC SNa

b PC: Poly hexamethylene carbonate diol OHC SpP2
CcCC SC1

CC1 SC1

CO3 SNO

c DMF: Dimethylformamide NCC SNO
HC=0 SNa

d BD: 1,4-Butanediol OHC SP2
CC1 SC1

e HDI: Hexamethylene diisocyanate NCO SP3
CC1 SC1

We performed energy minimization and equilibration simulations on 100 molecules of each material used
for PU synthesis and compared the densities, in addition to the radius of gyration and end-to-end distance
of polymers, obtained from atomistic and CG simulations with experimental values in SI (Table S3). Note
that for atomistic simulation, we employed opls-aa force filed [36].

For synthesis, first, we mixed PC as macrodiol and HDI as isocyanate functional materials at 80 °C in the
presence of DMF as solvent (50 w% solid content) in the simulation box. Then, the system is energy
minimized using a steep integrator, equilibrated at room temperature and atmospheric pressure under NPT
conditions using modified Berendsen thermostat and Parrinello-Rahman barostat. After reaching the
equilibrium state, the reaction between OH and NCO from macrodiol and isocyanate, respectively, started
in a stepwise manner, i.e., each step of reaction simulation followed by a considerable longer step of
relaxation simulation [35]. We considered a 0.4+10% nm reaction cut-off for OH and NCO beads such that
for beads fall into this cut-off, there is a probability for reaction to take place and outside of this cut-off no



reaction will take place[37]. After finding potential OH and NCO beads within the cutoff, the program
converts them to urethane beads, named UOH and UNCO, respectively. The topology file was updated
accordingly with the new added bonded potentials. It is worth emphasizing that relabeling the OH and NCO
to UOH and UNCO beads immediately after each reaction takes place, prevents occurring of multiple
reactions between NCO and OH groups, as it stands in real condition. When all hydroxyl groups, the OH
beads, reacted with isocynate groups, the NCO beads, BD was added to the reaction mixture as the chain
extender and chemical reaction between hydroxyl groups of BD and the remaining isocyante groups of HDI
was started. We continued the reaction simulation loop until the conversion of about 97-98 % is reached.
As considered in experiment, some part of PC were replaced by PEG (at 10%, 20% and 30% of weight
ratios, see Table 1) in our simulations and similar simulation reaction was considered for these systems as
well. Note that in these cases, the mixture of PEG and PC, as macrodiols, was added from the beginning of
the reaction. Similar to the experimental synthesis, we removed the unreacted small species from the
material after completion of simulation synthesis.

4.2 Characterization simulations

We estimated molecular weights and microphase separation for different PU systems, during and after
polymerization. We designed a new analysis tool, similar to a size-exclusion chromatography, to study the
M,, M, and PDI. Therefore, we were able to perform real-time size-exclusion characterization simulations.
By employing this technique, we showed the organization of different diols in individual PU chains, as well
as the structure heterogeneity of PU systems.

Results and Discussion
1. Experimental

We performed FTIR spectroscopy of PEG based polyurethanes, in order to verify the synthesis as well as
understand the microphase organization of PU. The result is shown in Figure 3. Absence of any peak at
2270 cm™ confirms the total reaction of isocyante groups in all the samples[38, 39]. NH bending vibration
is also present[40]. The intensity of peak at 1110 cm™ assigned to stretching vibration of C-O-C etheric
bond shows an increase with increasing PEG content, as expected [21, 39, 41]. Absence of peaks at 3440
cm’' (free NH)[42] indicates that all NH groups are participated in Hydrogen bonding interaction (3320 cm™
")[43]. NH can participate in H-bonding interactions with both carbonyl groups of polycarbonate and
urethane and also etheric group of PEG[21]. Moreover, the average molecular weights of the synthesized
PUs measured by GPC, see Table 3, confirm the formation of relatively high molecular weight
thermoplastic polyurethanes with a fair molecular weight distribution. It is worth indicating that these
values are obtained after purification of samples from unreacted and very low molecular weight materials.
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Figure 3. FTIR spectra of PEG-based PUs at different concentrations of PEG and zoom of carbonyl region.

There is a common method to evaluate hydrogen bonding in PU systems, so that, the peaks associated with
carbonyl group is deconvoluted into different contributions[44]. Therefore, we studied the carbonyl region,
shown in Figure 3, and quantified the contribution of different areas by deconvoluting peaks, see Table 4.
Note that the deconvolution and fitting process is reported in SI in full detail (Figure S1). There are mainly
four types of carbonyl in polycarbonate based PUs: Free and H-bonded carbonyl of carbonate, and free and
H-bonded carbonyl of urethanes[19]. H-bonded carbonyl of urethanes can be both in ordered (crystalline)
and disordered (amorphous) conformations[43]. Free carbonyl of carbonate appears at 1744 cm™. The peak
at 1720 cm™ could be both related to H-bonded carbonyl and also free carbonyl of urethanes. Peaks
appeared at 1700 and 1680 cm™ are assigned to disordered and ordered H-bonded carbonyl of urethanes,
respectively[43, 45]. As it is clear in Figure 3, the intensity of 1680 cm™ decreases by incorporation of
PEG; therefore, one expects less H-bonded crystalline urethanes as PEG content increases, see Table 4.
Thus, it is clear that by incorporation of PEG there is less self-association of H-bonded urethanes.
Considering the fact that the H-bonded NH vibration is not influenced by the incorporation of PEG, one
could rationalize it to be related to the fact that polar ether groups in PEG interact well with polar urethane
groups, and there is more phase mixing between soft and hard segments as also similar evidences have been
reported due to PEG incorporation in polyether based polyurethanes, before[21].

Table 3. GPC molecular weights of the synthesized PUs.

Sample M, (g/mol) My, (g/mol) PDI (My/M,)
PEG 0% 54883 74801 1.36
PEG 10% 56838 79166 1.39
PEG 20% 53765 73532 1.37
PEG 30% 51240 73056 1.43




Table 4. Area of deconvoluted peaks in carbonyl region.

Wavenumbers Area (%)
(cm™) PEG 0% PEG 10% PEG 20% PEG 30%
1743 22.32 21.5 20.74 22.42
1720 3.76 4.07 4.33 3.99
1700 3.36 2.9 3.45 3.28
1680 5.06 3.93 2.52 3.32

So far, FTIR analysis indicated that a phase mixing between PEG and urethane groups occurs, as the PEG
content increases. Therefore, to verify this observation, we further investigated the microphase structure of
all PUs by AFM measurement. Phase and topographic images are shown in Figure 4. As expected, the
incorporation of PEG changes the surface phase image of the PUs. More phase mixing between the hard
and soft segments is observed by PEG incorporation. PUs containing 10% and 20% PEG have quite similar
structure, while the system with 30% of PEG, exhibits filament-like structure. The micro-domain size also
clearly decreases as a result of increasing PEG content, which is due to more phase mixing between soft
and hard segments.
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Figure 4. AFM images of synthesized PUs.

Table 5. Roughness of PUs containing PEG.

Sample Ry (nm) R, (nm)
PEG 0% 16.8 13.7
PEG 10% 18.4 13.8
PEG 20% 23.1 16.9
PEG 30% 24.5 18.9

To evaluate the surface roughness, the root-mean-square (RMS) height deviation Rq is a common value to
measure[44]. As clearly is evident in Table 5 and the topographic images in Figure 4, the incorporation of
PEG leads to a higher surface roughness. It is worth noting that similar trend has been observed for other
systems [46, 47]. Thus, on the one hand, the surface roughness increases for higher PEG content PUs, and
on the other hand, the FTIR results and AFM phase images clearly indicate a phase mixing between PEG



and urethane groups. Nevertheless, one would expect the formation of a smoother surface as a result of
hard/soft phase mixing in PU, unless another concurrent phase separation, e.g., for PC and PEG, occurs.

Thermal behavior of the synthesized PUs was studied by DSC and DMTA, by which the T, melting points
and crystallinity of different PU segments were measured. The thermograms are depicted in Figure 5 and
the melting points and 7, values are summarized in Table 6. As shown, the T, of soft segment decreases
by increasing PEG content due to the lower 7, of PEG as compared to PC[46, 48]. The first melting point
in DSC graph is related to PEG as this peak intensifies by increasing PEG amount and the second
endothermic peak is related to PC. Appearance of two melting peaks indicates the presence of segregated
crystalline domains of PEG and PC. Combining this observation with FTIR and AFM results, it is clear that
there is a microphase separation between PEG and PC within the soft domain [47]. This is also verified by
the formation of a shoulder on the tan 6 peak in DMTA graphs, as PEG content increases, i.e., PEG 20%
and PEG 30%, see Figure 5. Moreover, for PEG 0%, there is a second 7, appeared in DSC thermogram at
around 102 °C, which is related to the hard segment relaxation. Appearance of two T,’s for soft and hard
segments, could be related to a large scale micro phase separation of these segments in PU and as PEG
content increases, the phase mixing between PEG and urethane groups leads to disappearance of it.
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Figure 5. DSC and DMTA thermograms of the synthesized PUs with different PEG contents (second heating run for DSC).

Table 6. Melting point and Tg values for different PEG contents.

Sample Tmpeg (°C) | Tmec (°C) | Tgs (°C) | Tgn (°C) Tg (°C)
(based on DMTA data)
PEG 0% - 41 -41.8 102.2 -24.8
PEG 10% 28 43 -43.8 - -27.6
PEG 20% 27 44 -45.1 - -29.8
PEG 30% 27 44 -55.2 - -31.1

As already seen, all the synthesized PUs are semi-crystalline;

be calculated using equation 1[49]:

Xc =

AH;
Wgs X AH?

X 100%

Equation 1

therefore, the degree of crystallinity (X:) could




where AH: is the experimental melting enthalpy of PUs, ws is the theoretical mass fraction of the soft
segment. AH'; is the enthalpy of 100% crystalline PC (136 J g ")[49] and 100% crystalline PEG (205 J
g [50]. The results are summarized in Table 7. As shown, both PEG, PC and total crystallinity is
increasing by PEG incorporation. There is another interesting point that by increasing PEG content to 30%,
the PC crystalline domains rapidly grows. This indicates that larger PEG crystalline domains induces larger
PC crystalline domains. On the other word, the degree of phase separation between PC and PEG reaches
higher values for samples containing more PEG.

Table 7. Calculated crystallinity from DSC data for PEG containing PUs.

Sample PC PEG Total
Crystallinity % | Crystallinity % | Crystallinity %

PEG 0% 9.03 - 9.03

PEG 10% 10.99 0.89 11.88

PEG 20% 8.21 11.34 21.55

PEG 30% 18.21 15.51 33.72

To reveal the crystalline structure of PUs, XRD was also employed. As shown in Figure 6, since both PEG
and PC exhibit diffraction peaks at the same 26 (20.2 and 23.6)[51], it is not possible to distinguish them
in XRD patterns. After deconvolution of the crystalline and amorphous peaks, the crystallinity degree was
calculated from the area ratio between intensity of the crystalline peaks to the total crystallinity, according
to the Equation 2 [52]. The calculated crystallinity by XRD tabulated in Table 8, also shows that the total
crystallinity increases by increasing PEG content. The values are in a good agreement with DSC data.
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Figure 6. XRD of the synthesized PUs with different PEG contents.



Table 8. Crystallinity degree calculated from XRD for PUs.

Sample Crystallinity degree %
PEG 0% 8.59
PEG 10% 11.53
PEG 20% 14.83
PEG 30% 25.49

All in all, based on the experimental analyses, one could conclude that by incorporation of PEG, a
superhydrophilic polymer, into the PC, a hydrophobic polymer, the phase mixing between PEG and
urethane group and phase separation between PEG and PC segments is expected to occur, concurrently.
Therefore, one expects a patterned surface with varying wettability, combined of PC and PEG rich patches.
However, no direct observation of such structure has been accomplished yet due to limited resolution of
experiments when it comes to nano-scale measurements. It is worth noting that the density and physical
properties of PC and PEG are rather similar and this makes it infeasible to distinguish them on the surface
by means of indirect visualization techniques such as electron and scanning probe microscopy.
Nevertheless, molecular simulations are versatile and reliable tools for this purpose; therefore, we employed
a previously developed CG MD method[35] together with other mathematical analysis tools to visualize
the phase organization of PEG and PC in nano-scale as well as in each individual PU chain.

2. Simulation

It is always interesting to visualize the arrangement of different molecules inside PU chains as the reaction
proceeds. The first priority of simulation studies over experimental ones is the inherent ability of MD
simulations for studying real-time properties in nano scale. As explained, we simulated the synthesis of all
PU systems; therefore, we are able to visualize the nanophase organization of all materials at different
stages of reaction. Figure 7 shows the nanophase separation for PEG 0% and PEG 30% at different
conversions, i.e., 10%, 70% and final conversion. The conversion is calculated based on the limiting
reactant (OH groups) and the dimension of simulation boxes are about 80x4x9 (nm)*. This Figure shows
the top view of the simulation boxes. It is obvious that the number of unreacted OH and NCO (Cyan beads)
decreases as the reaction proceeds, for both cases. The phase separation between PEG and PC is
considerable from the beginning of the reaction, i.e., 10% conversion, which is related to their inherent
incompatibility and this phase separation remains more-or-less steady until the end of the reaction. This
observation indicates that the phase separated domains of PEG and PC, which we have distinguished by
DSC, presents from the initial stage of the reaction. In fact, the reaction takes place in a rather
inhomogeneous condition when both PEG and PC are present.

For PEG 0% system, one could recognize the formation of domains rich of hard segments, see the red circle
in the final conversion, which is in line with our observation from AFM and FTIR analysis. Looking at
PEG 30% simulation, as reaction conversion increases, there are more aggregation of urethane segments
around PEG domains. This has been observed by FTIR analysis and most likely is due to more polar nature
of PEG and urethane groups. These groups are susceptible for formation of H-bond. Although, it is not
possible to perform H-bond analysis for our CG simulations, we believe that combining FTIR analysis with
this observation, indicates the formation of mixed PEG/urethane domains such that PEG domains are
located at the interface of urethane groups. Apparently, this phenomenon leads to formation of a core-shell



like morphology such that the core consists of the superhydrophile PEG and urethane groups form the shell
around it. The urethane shell separates the PEG domains from the continuous PC domain.

10% Conversion

¢ 70% Conversion

7% Conversion

10% Conversion

70% Conversion

98% Conversion

Figure 7. Structure arrangement (top view) at different conversion for PEG 0% (up) and PEG 30% (down). PC and PEG are
depicted by green and purple dots, respectively. Hard segments are depicted by pink dots. Cyan beads are unreacted NCO and
OH.

Structure arrangement at final conversion for PUs containing different amounts of PEG are depicted in
Figure 8. As the PEG content increases, the PEG domains become larger and surrounded by a thicker layer
of urethane groups. This is a very important observation and in good agreement with the experimental
crystallinity measurements. In fact, one could tune the size of superhydrophile domains by controlling the
PEG content fed to the reaction.

PEG 0%

PEG 10%

PEG 20%

PEG 30%

Figure 8. Structure arrangement (top view) at final conversion for PUs containing different amounts of PEG. PC and PEG are
depicted by green and purple dots, respectively. Hard segments are depicted by pink dots. Cyan beads are unreacted NCO and
OH.



Number and weight average molecular weights as a function of reaction conversion is shown in Figure 9.
As expected, the molecular weight increases exponentially by increasing reaction conversion. After 90%
of conversion, the rate of molecular weight increasing is higher in PU containing PEG. Also, the isocynate
peak in FTIR (as a criterion for reaction termination) was disappeared sooner in the samples containing
PEG in experimental reactions. This could be related to the higher level of flexibility of PEG as compared
to PC, which makes the hydroxyl groups more available for urethane reactions. There is one point about
calculating the final molecular weights regarding the purification of final samples from unreacted and low
molecular weight materials. Similar to the experiment, we removed these impurities at the final conversion
and calculated M, and M,, for these conversion points. The results are shown in Figure 9 and Table 9, as
well. The molecular structures after purification is shown in SI (Figure S2). Note that this material removal
has only been done for the last conversion point, therefore, there are two data points shown in Figure 9 for
the final conversions. The solid and open dot represent the molecular weights with and without purification
process, respectively. The results are in good agreement with the experimental molecular weights obtained
by GPC.
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Figure 9. Number and weight average molecular weight as a function of reaction conversion.

Table 9. Molecular weights estimated by molecular dynamics simulation.

Sample M., (g/mol) M,, (g/mol) PDI (Mw/M,)
PEG 0% ~29400 ~42900 ~1.5
PEG 30% ~40800 ~92300 ~2.3

So far, simulation results were in good agreement with experimental analysis. Moreover, the simulation
visualizations showed that not only the PEG-rich domains phase separate from PC rich domains, but also
they form a core-shell structure in which the PEG-rich regions form the core and urethane groups migrate
to the interface of PEG-rich regions and form the shell structure. Next, we were interested in if, for instance,
these PEG-rich domains are aggregation of PEG segments from different PU chains containing PEG and
PC, or there are PEG-rich chains aggregated in these domains. On the other word, it is highly interesting to
figure out that the phase separation between PEG and PC from the beginning of the reaction leads to a
group of PU chains rich in PEG and a group of PU chains rich in PC or a random conformation of PEG and
PC are present in all PU chains. In addition, it seems especially interesting to visualize the evolution of the
molecular structure as the reaction proceeds. Therefore, we performed our size exclusion characterization



analysis [35] by which one is able to visualize the connectivity and the sequence of placement of different
segments in individual PU chains. The results for PEG 0% and PEG 30% are illustrated in Figure 10 and

Figure 11, respectively.
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Figure 10. Molecular structure for PEG 0% at 30%, 70% and 97% conversion. PC is represented in blue.
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Figure 11. Molecular structure for PEG 30% at 30%, 70% and 97% conversion. PC and PEG are represented in blue and red,

respectively.

Figure 12. Molecular structure of selected chains in PEG 30%. PC and PEG are represented in blue and red, respectively.

As the reaction proceeds, more chains are bonded to each other and total number of chains decreases. The

lower final molecular weight of PEG 0% might be related to the larger number of loops, see Figure 11 at

final conversion, which are unable to react with other functional groups. For PEG 30%, PEG and PC started
to grow in size mainly in separated chains, so that, up to 30% conversion PEG-rich and PC-rich chains are

present, see Figure 11 at 30% conversion. After conversion reaches higher values, these PEG-rich and PC-



rich chains connected to each other and form larger PU chains consist of both PEG and PC domains.
However, these PU chains mainly consist of large blocks of PEG and PC segments, see Figure 12. This
explains the reasons of formation of urethane groups at the interface of PEG and PC. In fact, the NCO
groups migrate to the interface of PEG and PC, where most of unreacted OH groups are available; therefore,
the formation of urethane groups in that region is significant and the possibility of formation of H-bond
with PEG segments increases.

All in all, our CG MD simulation results are in good agreement with experimental evidences such that
distinct domains of PEG and PC, which are connected by the urethane groups, are recognized. As the higher
PEG content exist, the more urethane groups migrate to the interface of PEG and PC and form a core-shell
structure. The core consists of the superhydrophilic domain and the disperse medium, i.e., PC, forms the
hydrophobic domain.

Conclusion

Thermoplastic PUs, based on polycarbonate diol were synthesized with and without PEG in different
concentrations. The effect of introducing PEG into the backbone of PU was investigated by both
experimental and simulation studies. FTIR confirmed the PU formation and PEG insertion. It also indicated
that there is a phase mixing between soft and hard segments due to compatibility between PEG and hard
segment. AFM confirmed this phase mixing and higher roughness due to PEG incorporation. Inherent
incompatibility between PEG and PC caused a phase separation between two soft segments. Thermal and
thermo-mechanical analyses also indicated a clear distinct crystalline structure for PEG and PC. A distinct
relaxation behavior, as appeared in tan J graphs, reconfirmed the formation of separated domains, i.e., PEG-
rich and PC-rich regions, in PU morphology. Based on DSC and XRD data, PEG increasing made more
phase separated crystalline domains of PEG and PC. We also performed CG MD simulations to be able to
complete our picture from perspectives that experiment is not capable of visualizing. The simulation results
confirmed the above observations as well. They give us the ability to visualize the nano structure of all
systems that was not possible in experiment due to the similarity of the physical properties of PEG and PC
domains. A core-shell liked structure in which the urethane groups form the shell by aggregating around
the PEG-rich regions, not only explained the H-bond between PEG and urethanes but also verified the
successful synthesis of a patterned structure with varying wettability on the PU surface. Having time
dependent simulations done, we were able to study the real-time morphology of PU systems as a function
of conversion of the reactions. We learned that PEG/PC phase separation occurs simultaneously after
mixing and the reaction takes place in an inhomogeneous medium. Therefore, the presence of urethane
groups at the interface of PEG and PC was rationalized. To summarize, we were successful to synthesize a
novel amphiphilic self-assembled PU with phase segregated superhydrophilic and hydrophobic moieties
and studied the evolution of phase separation with molecular dynamics simulation. Our method gives an
easy-fabricating and versatile rout for production of patterned surface with varying wettability in which one
could control the size of superhydrophilic moieties by the weight ratio of PEG fed to the reaction.
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