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Polyurethane (PU) cross-linked networks are frequently used in biomedical and marine applications,
e.g., as hydrophilic polymer coatings with antifouling or low-friction properties and have been reported
to exhibit characteristic phase separation between soft and hard segments. Understanding this phase-
separation behavior is critical to design novel hydrophilic polymer coatings. However, most of the
studies on the structure and morphology of cross-linked coatings are experimental, which only assess
the phase separation via indirect methods. Herein we present a mesoscopic simulation study of the
network characteristics of model hydrophilic polymer networks, consisting of PU with and without
methyl-polyethylene glycol (mPEG) dangling chains. The systems are analyzed using a number of tools,
such as the radial distribution function, the cross-link point density distribution and the Voronoi volume
distribution (of the cross-linking points). The combined results show that the cross-linked networks
without dangling chains are rather homogeneous but contain a small amount of clustering of cross-
linker molecules. A clear phase separation is observed when introducing the dangling chains. In spite of

Received 11th March 2016, that, the amount of cross-linker molecules connected to dangling chains only, i.e., not connected to the

Accepted 3rd May 2016 main network, is relatively small, leading to about 3 wt% extractables. Thus, these cross-linked polymers
DOI: 10.1039/c6sm00621c consist of a phase-separated, yet highly connected network. This study provides valuable guidelines
towards new self-healing hydrophilic coatings based on the molecular design of cross-linked networks in

www.rsc.org/softmatter direct contact with water or aqueous fluids, e.g., as anti-fouling self-repairing coatings for marine applications.

Published on 04 May 2016. Downloaded by Eindhoven University of Technology on 06/07/2016 09:46:49.

1. Introduction

Polyurethanes (PUs) are amongst the most used industrial
polymers and find applications in many different technological
fields, such as flexible foams, (hydrophilic) coatings, sealants,
composites, electric and magnetic materials." Cross-linked
PU networks are of particular interest as their thermal and
mechanical properties can be easily tuned, by using different
chemical structures, from the very large range of raw materials
available, or by varying the formulation ratios and synthesis
conditions. Understanding how these networks are formed is
critical to design novel hydrophilic polymer coatings.

PU cross-linked networks are normally composed of a “‘soft”
segment, typically consisting of polyols, and a relatively “hard”
segment, formed by the reaction between multifunctional
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isocyanates and the polyols (or polyamines) which act as chain
extenders.>” The hard segment often comprises the cross-linking
points, which will largely determine the structural arrangements
of the network and final properties of the material. Furthermore,
depending on the composition of the different polymer blocks
and segments in the network, the cross-linking density and the
network topology, PUs can range from soft elastomers to rather
hard thermoplastics.

It has been reported that the combination of soft and hard
segments in PUs can lead to clearly phase-separated structures,’
typically with a “matrix” of the flexible domains embedding the
hard domains. The hard segments can form strongly aggregated
phases due the polarity and hydrogen bonding of the urethane
bonds, but if the cohesion force between these segments is not
strong enough, the cross-linked PUs may be composed of partially
miscible phases.® Furthermore, other strong physical interactions,
like crystallization of the hard segments which act as “pseudo”
cross-links for the soft phase, can also lead to large phase separated
domains. In extreme cases, this phase separation has great implica-
tions on the final “bulk” and surface properties of the material.

The introduction of dangling chains into cross-linked PUs,
which can be seen as “imperfections” in the network, can also

Soft Matter, 2016, 12, 5029-5040 | 5029
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strongly affect the morphology and materials properties.
Depending on their chemical characteristics (molecular weight,
polarity, etc.), concentration in the network and in which segment
they are incorporated, dangling chains may have a large influence
on the molecular dynamics of PUs.>* When introduced into the
soft segment, they can act as plasticizers reducing considerably the
polymer rigidity and, hence, decrease the glass transition tempera-
ture T, of the PU.> On the other hand, when incorporated as
chain extenders in the hard segment, although the hydrogen
bonds between the urethane groups still dominate the molecular
dynamics, the molecular relaxations can be strongly affected,
depending on the chemical nature and content of the imperfec-
tions in the network.®’

Most of the investigations performed on the morphology of
PU networks, including the study of the influence of dangling
chains, have been based on experimental techniques only.®™*?
Small angle X-ray scattering (SAXS),” Infrared (IR) spectroscopy'®
and thermal characterization techniques'’ have been largely
used to study segmented polyurethane block copolymers, and
evaluate different aspects related to, either the chemical and
physical interactions between the soft and hard phase, or the
phase-domain characteristics, such as average inter-domain
size, degree of phase separation or interfacial domain thick-
ness. Seymour et al.">"* used differential scanning calorimetry
(DSC) and IR spectroscopy to identify the presence of a clear
phase separation in a series of polyurethane block polymers,
which was mainly governed by the short- and long-range
ordering of the hard segments, rather than the hydrogen-
bonds dissociation, as reported for the large majority of the
studies on phase separated PUs. Huh et al.® combined X-Ray and
DSC techniques and observed two major transition regimes,
attributed to the presence of the ester/ether soft segments and
the aromatic-urethane hard segments, which were assigned to
specific molecular mechanisms of relaxation. These relaxation
phenomena were greatly influenced by the molecular weight of
the polymers, the weight percentage of the hard segments and
the thermal history of the materials. Optical (OM) and electron
(EM) microscopy have also been extensively applied on the study
of segmented PU to investigate their morphology. Chen et al.**
reported macroscopic phase separation in model polyurethane
networks, mostly caused by incompatibilities present in the
reacting polyurethane mixtures, in spite of the use of the largely
compatible pre-polymers polypropylene oxide (PPO) and ethylene
oxide (EO). Finally, transmission electron microscopy (TEM) and
atomic force microscopy (AFM) have also allowed elucidation of
the microphase-separated structure of PUs at nanoscale level.'”

In spite of all this, experimental molecular information
on these networks is scarcely available. Moreover, computer
simulation approaches, in spite of their high potential to study
the morphology and network structure of such polymer systems
at a molecular (nano) and/or meso-scale level, have been rather
limitedly explored for this purpose as well. Recently, Dissipative
Particle Dynamics (DPD) simulations were used to create the
cross-linked structure of an epoxy resin'®'” and infer about
its materials properties, such as elastic modulus, glass tem-
perature transition and thermal expansion coefficients.'®
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A few simulation-based works are reported in the literature
for similar PU networks for hydrophobic coatings.'®' One of
this papers reports the presence of clustering of the dangling
chains within the PU network.'® However, neither the amount
and nature of clustering was fully quantified, nor could the
experiments confirm or negate such a phenomenon.

In the current work we use a simulation approach, based on
a DPD method, to study hydrophilic polyurethane networks, which
could find applications as functional coatings in the marine or
biomedical fields, due to their anti-fouling,>* low-lubricity
or anti-bacteria properties. Since these functionalities rely
mostly on the surface chemical composition, the presence of
the hydrophilic groups at the surface is crucial. This can be
achieved by introducing hydrophilic dangling chains in the
cross-linked networks, which will spontaneously segregate
towards the surface, typically in contact with water or aqueous
media, providing the required functionalities to the coated
materials. This strategy is also supported by previous reports
showing the self-orientation of dangling chains towards the
surface on polyester polyurethane cross-linked networks.'®!
This phenomenon is particularly interesting to develop self-
replenishing coatings,”®”" in which the performance, i.e., surface
functionality of the materials, can be maintained at a high level
throughout an extended life-time via the continuous self-
reorientation of the functional dangling chains towards new
surfaces, created after the occurrence of damage.

Our systems are based on polycarbonate (PC) polyol pre-
polymers, reacted with a tri-isocyanate to form a cross-linked
PU network. The hydrophilic dangling chains inserted in the
network are methyl-polyethylene glycol (mPEG) polymers of low
molecular weight. The network structures and morphology
were analyzed using a number of tools, such as the radial
distribution function, cross-link density distribution and Voronoi
volume distribution (of the cross-linking points). The study of the
network characteristics, such as the cross-linking conversion of
systems prepared with sub- and super-stoichiometric ratios and
the distribution of the cross-linking points, revealed details of
the network structure, while the study of the morphology of the
systems with and without dangling chains disclose extreme
differences in what concerns phase-separation phenomena and
the creation of heterogeneous networks.

2. Simulation details

2.1 Creating cross-linked systems: dissipative particle
dynamics (DPD)

In this work dissipative particle dynamics (DPD) is used to
study the morphology of polycarbonate based networks, both
with and without mPEG (Fig. 1) as hydrophilic dangling chain.
DPD is a coarse-grained simulation method in which coarse-
grained entities, the “beads”, represent parts of a molecule,
which interact with each other. In dissipative particle dynamics
the total force acting on each bead j is

G=0 57+ 17 1)

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Individual components of the polyurethane networks: (1) poly-
carbonate (PCz, with n = 7 the number of carbonate repeating units per arm,
P2-beads), (2) tri-isocyanate cross-linker and (3) polyethylene glycol (mPEG,)
dangling chains, y = 45 with y the total number of EG ethylene glycol units
(D2-beads). The chemical structures and bead representations as used in
simulations are shown. The volume of the beads is just indicative of the different
sizes, but not to scale in terms of the real volume used. P1, R and D3-beads
represent the “reactive” groups building up the cross-linked network.

where the superscripts indicate conservative, dissipative, and
random forces, respectively. The dissipative and random forces
are coupled by a fluctuation-dissipation relation and deter-
mine the thermalization of the system.?® The coefficients of
friction are adapted from the work of Groot and Warren.?® In
addition, all DPD forces are sums of pair interactions that obey
Newton’s third law, and therefore, momentum is conserved.
This gives rise to the correct hydrodynamic behavior at larger
length and time scales.” The equilibrium structure is determined
by the conservative forces. The total conservative potential of
DPD is a sum of bonded and the non-bonded terms. We use
stretch and bending potentials for the bonded terms.>® The non-
bonded potential between two beads ¢ and j with interaction
parameter a; is soft, short-ranged, and purely repulsive and
follows the expression

2
a T
VDPD,ij (sz/') = %(1 - LDI;D) for

(2)

rj < Lppp and Vppp ;(rj) = 0 for rj > Lppp

where r; is the distance between beads 7 and j, and Lppp, is the
nonbonded interaction cutoff, which is taken to be the same for
all bead types. The nonbonded polymer bead interactions are
calculated as a sum of two parts: a neutral interaction d; term and
a pairwise interactions part proportional to the Flory-Huggins
parameter y; which quantifies how much beads dislike each
other. Previously,'® we have established the following generalized
relation to compute like-like interactions as

@i = (P — pjpurckT)/ (“pj,purezLDPIf) (3)
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where g;; is the like-like interaction parameter, p; ,ur. indicates
the pure-liquid number density of bead j, P is the set pressure,
and « is a constant in the DPD equation-of-state, which is equal
to 0.101 for number densities higher than 3.25. These para-
meters are chosen such that, at their experimental pure liquid
densities, a liquid consisting of beads of solely type i has the
same pressure as a liquid of j beads. This will give different a;
values for beads having different pure-liquid densities.

To compute pairwise interactions, a scaling relationship is
derived'® to couple thermodynamic properties to DPD para-
meters between beads having variable molar volumes.

Px,«j
0.0454 <aﬂp§.’““ +ayp

aij = j +

) and CAZU' = \/aiidj (4]

The range of the interaction can easily be calculated® for use in
eqn (2). For the present simulations we thus applied the same
parametrization, which allows for variable bead volumes,'® as
used before.

The repulsion parameter a;; for each bead pair is calculated from
solubility parameters of the beads, which in turn are calculated
using the van Krevelen method.”” These parameters correspond
well with the results of molecular dynamics calculations performed
using the COMPASS force field. The simulation is performed under
reduced units with a DPD length unit corresponding to Lppp &
7.2 A and equivalent DPD time unit corresponding to x 8.3 ps.
The time scale is chosen so that the thermal (root mean square)
bead velocity is 1 (in DPD units where Lppp = 1).

The systems chosen for analysis consist of a mixture of a
polycarbonate-based polymer (PC) and a tri-isocyanate cross-
linker (tHDI), with or without methyl-polyethylene glycol dangling
chains (mPEG). The chemical formulae of each of the components
and the equivalent bead representations as used in the simula-
tions are shown in Fig. 1. Three sub-stoichiometric mixtures with
polymer (P1-beads) in relation to cross-linker (R-beads) (1.5:1,
1.25:1, 1.1: 1), three super-stoichiometric mixtures with excess
of cross-linker in relation to polymer (1:1.1,1:1.25,1:1.5) and
the stoichiometric mixture (1:1) were chosen for analysis. The
system with mPEG dangling chains was chosen at a stoichiometric
ratio (1:1) of polymer + mPEG (P1- + D3-beads)to cross-linker
(R-beads), as well as with two off-stoichiometric values, namely
super-stoichiometric 1:1.25 and sub-stoichiometric 1.25:1.

The details for each system are given in Table 1. The number
of polymer molecules was kept constant in all the mixtures.
Since the size of cross-linker molecule is smaller, changing the
number of cross-linker molecules did not influence signifi-
cantly the overall system size. The LAMMPS program was used
for all simulations.”® Each mixture was inserted in simulation
boxes with sizes in accordance with a desired number density
of 3.0Lppp °. Initially the systems were energy minimized and
then equilibrated using constant NVT conditions. Equilibration
was judged by the convergence of the energy as a function of
DPD simulation time before cross-linking, using typically
50000 time steps. Further, the polymer (and the dangling
chains) and cross-linker molecules were allowed to react, ie.,
to cross-link, when their distance is smaller than a preset value.

Soft Matter, 2016, 12, 5029-5040 | 5031
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Table1l System configurations used in the simulations. The number of polymer and cross-linker molecules used for each mixture are given. The B-bead
density is calculated by dividing the number of B-beads by the volume of the simulation box

Mixtures (polymer to Polymer Cross-linker Dangling Box side length B-bead
cross-linker ratio) molecules molecules chains (DPD units) number density
1:1.5 4000 6000 — 36.17 0.126
1:1.25 4000 5000 — 35.57 0.111
1:1.1 4000 4400 — 35.19 0.101
1:1 4000 4000 — 34.94 0.093
1.1:1 4000 3636 — 34.70 0.087
1.25:1 4000 3200 — 34.42 0.078
1.5:1 4000 2666 — 34.07 0.067
1:1.25-DC 5565 7729 1855 45.48 0.082
1:1-DC 5565 6183 1855 44.99 0.067
1.25:1-DC 5565 4946 1855 44.41 0.056

It has been shown that the resulting structure is relatively
insensitive to details of the cross-linking process.'®*° Here
the preset value for establishing a cross-link was chosen to be
0.4 DPD units. Note that all reactions are done within the DPD
framework according to a previously established procedure*®*°
and that MD simulations are only carried out to obtain proper
parameters for use in DPD.

2.2 Parameterization of pair interactions, bonds and angles

The bond length and bond angle interactions between beads
were parameterized by performing full atom molecular dynamics
(MD) simulations of the respective molecular fragments using
the COMPASS force field at constant NPT conditions (for details,
see the ESL7 SI-1). Although the MD simulations are done for
monomers, the effect of density differences will be taken into
account by the DPD procedure used, that was specifically
designed to take density effects into account.'®'® The COMPASS
force field was used as this force field has been shown to
be rather effective in connection with polymer molecules. The
resulting configurations were used for coarse-graining and
extracting the bond and valence angle parameters and are
shown in Tables S1 and S2 (ESIY), respectively. In addition to
bond interactions, the parameterization of pair interactions was
done based on previous work which takes into account variable
bead volumes.'® A list of the pair interaction parameters is given
in SI-2, Table S3 (ESIt). The pair interaction parameters slightly
change depending on the changes in the number of molecules
for different systems. This is because in this formulation, the
average bead volume is a parameter, on which the interaction
parameters depend, and which varies somewhat with composi-
tion. The force constants for bond angle bending are much
smaller than the force constants for bond stretching. Thus bond
angles are significantly more flexible than bond distances.
In addition, all the equilibrium values for bond angles are close
to 90 degrees, thus ensuring the non-linearity of valence angles
and thereby introducing coiling of polymer chains.

2.3 Cross-linking conversion and density calculations

Cross-linking is defined as the process of establishing a con-
nection between the “reactive” P1-beads in the polymer and
R-beads in the cross-linker and occurs when the distance between
the beads are less than 0.4 DPD units (see Section 2.1). At every

5032 | Soft Matter, 2016, 12, 5029-5040

time step, the program searches for possible connections based
on this distance criterion and permanent connections are estab-
lished if this condition is satisfied. The cross-linking conversion
is calculated by taking the ratio of newly formed connections at
every step divided by the maximum number of possible connec-
tions due to cross-linking.

2.4 Cross-linking point RDF, Voronoi volume and density
distribution

The radial distribution function (RDF) is a common tool to
characterize molecular systems. Here it is used to analyze the
cross-linked network and in this case, the “particles” are the
cross-linking points (B-beads). The radial distribution is calcu-
lated by taking the pairwise distance distribution of “particles”
within the system, normalized, as usual, by taking its value at
large distance to be equal to one. The RDF of the cross-linking
points provides a characteristic of the network structure in
terms of distances while the area under the peaks multiplied by
the number density yields the coordination number of “particles”
in the consecutive coordination shells. Structure factors for the
B-bead distributions were calculated as well but did not reveal
any extra information on their spatial distribution. Therefore,
we focused on the RDFs.

For a set of cross-linking points, Voronoi diagrams®*>” can
be drawn in which each cell corresponding to a cross-linking
point represents the locus of points which are closer to that
cross-linking point than to any other. Once the cell is con-
structed, the volume of such a cell can be calculated. Thus for
each cross-linking point, there is a corresponding Voronoi
volume. The Voronoi volume distribution (VVD) is character-
istic of the network structure. If this distribution obeys a log
normal type function, then all the points are homogeneously
distributed in the network.?? In this work, the Voronoi volume
is calculated by creating a convex hull around the mid points
between a “particle” and its neighbors, and then counting
the volume using tetrahedral integration using the software
Scientific Python Package. To check the quality of the Voronoi
tessellation we checked a model system consisting of 1-1
PC-tHDI without mPEG chains using the Voronoi volume for
all beads in a single frame against the Voro++ software, which
showed excellent agreement. We used the Python software
because in this package it is easy to loop over several frames

This journal is © The Royal Society of Chemistry 2016
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to take an average, while this is less straightforward in the
Voro++ software.

The distribution of cross-linking points over space was
calculated to study the morphology of the cross-linked network.
If this distribution obeys a normal distribution, then all the
points are homogenously distributed within the network,
according to the central limit theorem. The cross-linking point
density distribution (CPDD) was calculated by creating grids
within the simulation box, calculating the number of cross-
linking points associated with each grid point and plotting a
normalized probability histogram for the number of cross-
linking (B) beads. The results obtained are largely independent
of the grid size used.

In all these three types of calculations, at least 1000 configura-
tions from the DPD simulations were used so that the statistical
fluctuations are minimized. All the RDF, VVD and CPDD calcula-
tions were made on cross-linked systems at the final conversion
obtained, unless stated otherwise.

3. Results and discussion

3.1 Cross-linked polyurethane networks without dangling
chains

3.1.1 Cross-linking conversion at different stoichiometric
ratios. Fig. 2 shows the cross-linking conversion as a function
of reaction time for all the systems without dangling chains.
The curves show the systems in which different stoichiometric
ratios of polymer to cross-linker molecules were used in the
initial mixture. The sub-stoichiometric ratios had an excess of
polymer (1.5:1, 1.25:1, 1.1:1) and the super-stoichiometric
ratios had an excess of cross-linker (1:1.5, 1:1.25, 1:1.1). The
stoichiometric system with an equal number of polymer and
cross-linker molecules (1:1) is also given for comparison. The
cross-linking conversion was calculated based on the minority
component. As can be seen from Fig. 2, most of the systems

Cross-linking conversion

T o 2000 4000 6000 8000 10000 12000

0 . . . .
0 20000 40000 60000 80000

Reaction time (DPD units)

Fig. 2 Cross-linking conversion (based on the number of connections
between R- and Pl-beads) as a function of reaction time. Cross-linked
systems obtained from mixtures with stoichiometric and various off-
stoichiometric molar ratios are shown. The initial polymer to cross-linker
ratios used in the mixtures are shown in the legend. The inset shows a
detail of curves in the early times of reaction, to assess the reaction rates
for the different mixtures.
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achieved a final conversion of more than 97.5% after 60 x 10°
DPD time units, but there are differences in the reaction kinetics
according to the stoichiometry of the initial mixtures. In the inset, a
magnified section is shown in order to assess the rate of conversion
for each of these mixtures. It can be seen that the stoichiometric
mixture (1:1) is the slowest in terms of cross-linking rate while all
the off-stoichiometric mixtures are faster. Additionally, the cross-
linking rate, defined as the maximum slope of the curve, is
proportional to the degree of deviation from the stoichiometric
mixture (see Fig. S1, ESIT). This implies that the mixtures with the
highest degree of deviation from the stoichiometric mixture,
ie., sub-stoichiometric (1.5:1) and super-stoichiometric (1:1.5),
show the fastest cross-linking rate compared to the other off-
stoichiometric mixtures. This is true for all the systems in increas-
ing order of deviation from stoichiometry. Between the mixtures
with equal deviation from stoichiometry in terms of polymer
or cross-linker, only negligible differences in the cross-linking
kinetics are present. For instance, the systems 1.1:1 and 1:1.1
show similar kinetics, and this is true for all such combinations.
This overall behavior appears to be consistent with classical
chemical kinetics for 2nd order reactions,* although one would
expect proper 2nd order behavior to apply for homogeneous
systems, which are obtained only after (partial) cross-linking.

3.1.2 Structure and morphology of the cross-linked network.
Fig. 3 shows a snapshot of the final cross-linked structure for the
stoichiometric mixture at final conversion. The red (dark) beads
are the cross-linker molecules (beads B, C and R) and the white
beads are polymer molecules (beads T, P1 and P2). From a visual
inspection, the distribution of the cross-linker molecule beads
seems rather homogeneous. Any indication of local clustering
must be attributed to the grouping of individual beads of the
cross-linker molecules (snapshots showing the center beads B
of the cross-linker molecule in red and all other beads in white
are shown in Fig. S2, ESIT). The distribution of the cross-linking
points (i.e., the location of the B-beads in the network) is of
particular interest to detect any heterogeneity in the networks.
In order to further characterize the distribution of B-beads
in the cross-linked network, the RDFs, the VVDs and CPDDs
were calculated.

At the end of the equilibration period the precursor and
cross-linker molecules are more or less demixed (into droplets
enriched in cross-linkers, see Fig. 3a). After cross-linking, though,
both type of components are thoroughly mixed, as shown in
Fig. 3b and c. Hence, the cross-linking reaction is having a
significant effect on the microstructure, even in the absence of
mPEG chains, and the cross-linking reaction ‘“‘compatibilizes”
the precursor and cross-linker molecules. This is due to the
“nature” of the newly formed beads after cross-linking, which
have an intermediate interaction strength value, thereby
solubilizing the reacting mixture.

Radial distribution function (RDF). In order to assess the
homogeneity of the network, we calculated the RDF for the cross-
linking points (B-beads) for various stoichiometric systems with:
(i) all beads completely free, (ii) all beads properly connected to
molecules, (iii) all beads properly connected to molecules and

Soft Matter, 2016, 12, 5029-5040 | 5033
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Fig. 3 Snapshots of the structures for the stoichiometric system (1: 1) without dangling chains. (a) After equilibration, but before cross-linking showing
the complete simulation box of 35 x 35 x 35Lppp°; (b) after cross-linking at final conversion; (c) cross-section of the same box as shown in (b) with size
15 x 35 x 35Lppp°. White beads: polymer precursor molecules and red (dark) beads: cross-linker molecules.

cross-linked and (iv) all beads connected to molecules and
cross-linked but using a (number-weighted) average of all
interactions instead of the proper interactions as reference.
The results are shown in Fig. 4.

The first and second peak, represent the nearest and next
nearest-neighboring B-B bead distance, respectively, i.e., the
first and second coordination shells, respectively. The peak
position represents the (average) distance of the B beads while
the area below the peak, when multiplied with the B-bead
density (0.093Lppp °), corresponds to their coordination number
(CN). For the various RDFs only minor shifts in the various peak
positions are observed, while the areas below the peaks change
considerably.

The first peak, representing the nearest-neighboring B-bead
distances, is located at less than one DPD unit. One can expect,
though, that the distance between B-B beads of two connected
cross-linker molecules should be more than one DPD unit. In
order to understand this, the RDF plots of all bead pairs in
connected cross-linker molecules (BB, BC, BR, CC, CR and RR)
are given in Fig. 5. Among all pairs, BC and CR are directly
connected and therefore they both exhibit a significant first
peak at around the bond distance (x0.7Lppp and = 0.5Lppp,
respectively). Another, indirectly connected, pair is BR (1 to 3),
which also shows a significant peak near its bonding distance,

(a) # } (1:1), no x(—llln]lz ‘
1.8 b a (1:1), free, no x-link
1.6
1.4
B 1.2
1
0.8
0.6

04 &

Distance (Lppp)

~0.9Lppp. These first peaks also show the highest intensity
while the peak heights of the remaining two non-connected
bead pairs BB and CC are less intense (Fig. 5). This indicates
that the first peak in Fig. 4 does not relate to the connected
interactions but just shows a local ordering of the B-beads due to
the overall pair interactions within the system. The stiffnesses of
the angles, calculated using MD simulations (see Table S2, ESI{),
are extremely low which makes the angles highly flexible and
this is the reason that such a local ordering of non-connected
beads within the system is possible. In order to put this in
context, we note that a randomly arranged stoichiometric
system with no pair interactions results in an average B-B bead
distance of about 2.2 DPD units. This suggests that there exists
a small amount of clustering of B-beads. From the peak
position for the second coordination shell, &~ 1.5Lppp, it will
be clear that the molecular chains between cross-linking points
are highly coiled.

The calculated CNs, given in Table 2, decrease with increas-
ing constraint, that is, from completely free via connected to
molecules to connected to molecules and crosslinked. This also
suggests that clustering will happen but less so with increasing
constraint. To compare whether the B-beads cluster in the
cross-linked state we compare the connected to chains and
cross-linked RDF using the proper interactions with that of the

(1:) —=
(1:1) aij=42.5 —o

1 2 3 4 5
Distance (Lppp)

Fig. 4 (a) RDFs of the B-beads (cross-linking points) for stoichiometric systems in which: (i) the beads are completely free (free, no x-link); (i) all beads
are connected to a molecule, but the molecules are not cross-linked (no x-link), (iii) all the beads are connected to a molecule and cross-linked (1:1).
(b) RDFs of the B-beads for stoichiometric systems with: (i) all beads connected to a molecule and using proper interactions (1:1) and (ii) all beads
connected to a molecule and cross-linked using (number weighted) average interactions.
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Fig. 5 RDFs of various bead pairs for the system cross-linked with stoichiometric ratio (1:1). (a) B-B, B-C and B—R RDFs; (b) C-C, C-R and R—R RDF.
First peak heights (left) and areas under the curve (right) are given in the legend.

Table2 Coordination numbers (CN) for the various stoichiometric systems

CN1 CN2
Beads completely free using proper interaction 0.79 2.6
Beads connected to chains using proper interaction 0.49 3.2
Beads connected to chains and cross-linked using 0.26 2.0
proper interaction
Beads connected to chains and cross-linked using 0.11 1.0

average interaction

connected to chains and cross-linked RDF but with using
(number weighted) average interactions. The ratio of the CN1s
is about 2.4, which is indeed consistent with a relatively small
amount of clustering. The ratio of the CN2s shows a similar
trend. Note that, while the overall number density of all beads
together is 3.0Lppp °, that of the B-beads is only ~0.093 Lppp >,
resulting in the overall low CNs.

We also calculated the RDFs for the cross-linked super- and
sub-stoichiometric systems. All these RDFs, shown in Fig. S3
(ESIf), show rather similar behavior to the RDF for the stoichio-
metric system. The peak positions and the area under the
peaks of Fig. S3 (ESIt) for the various mixtures are provided
in Table S1 (ESIt). The first CN does not show a systematic
trend with composition, but fluctuates slightly around about its
average value of 0.11, consistent with the value obtained for the
stoichiometric system. It must be pointed out that the error
margins (not shown for better clarity) for each of these curves
are higher than the differences between the curves and, there-
fore, the small variations in the peak heights and areas arise
from statistical fluctuations only. Overall, we conclude that for
all systems, a small but significant amount of clustering of the
cross-linking point (B-beads) is present.

Voronoi volume distribution (VVD). Fig. 6 shows the Voronoi
volume distribution of the cross-linking points for stoichio-
metric and non-stoichiometric systems. It appears that all the
curves follow a log-normal distribution. The peak heights
(maxima) and the location of the maxima of the peaks (modes)
are given as insets in this figure, and it can be seen that both
change with stoichiometry. The maxima decrease as the polymer
to cross-linker ratio increases, while the peak location moves to
the higher values with increasing polymer to cross-linker ratio.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Voronoi volume distributions (VVDs) of cross-linking points for
systems with different stoichiometric ratios. The inset values are the
modes (left) and maxima (right) of the peak for each of the systems. The
lines indicate the fitted log-normal distribution.

This is consistent with the decrease in cross-linker density
(i.e., B-bead number density) with the increase of the polymer
to cross-linker ratio, as shown in Table 1, ie., from sub- to
super-stoichiometric ratios. The increase in peak height leads
to a decrease in probability in the higher volume region. Thus
one can see a cross-over somewhere near a volume of 5Lppp°
in the figure. However, the presence of some clustering of
the cross-linking (B) beads as derived from the RDFs is not
recognizable in the VVDs.

Cross-linking point density distribution (CPDD). The CPDD is
measured by creating a grid within the simulation box and
counting the number of cross-linking points within each cell
associated with a grid point. The probability for the number of
cross-linking points is shown in Fig. 7a for systems cross-linked
at super-stoichiometric ratios and Fig. 7b for sub-stoichiometric
ratios. The black curve (cross label) in both figures shows the
stoichiometric mixture. All the distributions in Fig. 7 are fitted with
a (normalized) Gaussian distribution with the position x at the
mean value and width ¢ given in the legend. From these data, it is
clear that all the curves obey a Gaussian distribution quite closely.

The peak heights shifts from left to right as the polymer to
cross-linker ratio decreases. This is expected as the cross-link
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Fig. 7 Cross-linking point density distributions (CPDDs) in the networks as a function of number of B-beads per cell for the systems cross-linked with
different stoichiometric ratios: (a) sub-stoichiometric and (b) super-stoichiometric compositions. The inset values correspond to the maximum (left) and
median (right) of the peak for each of the systems. The lines are drawn to guide the eye.

Fig. 8 Simulation snapshots of the cross-linked structures at final con-
version for a stoichiometric system with mPEG dangling chains. Stoichio-
metric ratio of (1:1)-DC, (Table 1). (a) Complete simulation box of 45 x
45 x 45 (DPD units); (b) cross-section of the same box of 22 x 45 x 45
(DPD units). White beads = polymer precursor molecules, red beads =
cross-linker molecules and blue beads = dangling chains.

density increases with decreasing polymer to cross-linker ratio.
However, the changes in peak height are negligibly small
compared to statistical errors. Moreover, also in the CPDDs
the presence of clustering of cross-linking (B) beads as derived
from the RDFs is not detectable.

In network theory as used, for example, for rubbers, a homo-
geneous distribution of the cross-link points and of the network
chains between cross-links is normally assumed. The results of
DPD simulations as analyzed by the RDFs show that some
preferential clustering of the cross-link points occurs, which will
possibly influence the chain length distribution between the
cross-link points. However, in view of the absence, or actually
rather limited presence, of inhomogeneity, we refrained from
analyzing the chain length distributions.

3.2 Cross-linked polyurethane networks with PEG dangling
chains

3.2.1 Distribution of the dangling chains in the networks.
The structure of the cross-linked polyurethane system with mPEG
chains is shown in Fig. 8. The system was energy minimized
and equilibrated first, and then allowed to fully cross-link.
A overall snapshot of the final system is shown in Fig. 8a, while

5036 | Soft Matter, 2016, 12, 5029-5040

a cross-section is shown in Fig. 8b for better visualization of the
phase-separated regions. Corresponding images after equili-
bration but before cross-linking are shown in Fig. S4 (ESIT).

The white and red beads, from polymer and cross-linker
molecules, respectively, appear to be intermixed as we have
seen for the system without dangling chains (see Fig. 3). How-
ever, the blue beads (mPEG dangling chains) clearly form a
phase-separated, cylinder-like region extending throughout the
simulation box. Phase separation of dangling chains incorpo-
rated in polyurethane networks®>*** and even the formation of
“chemical clusters”?’ or specific surface-segregated domains,"*>°
have been widely reported in the literature, generally based on
indirect experimental characterization methods, but as far as we
know, has never visualized before with DPD simulations. The
morphology of such phase-separated regions is expected to be
highly dependent on the volume fraction and slightly dependent
on the interaction strengths and may change from spherical
via cylindrical to lamellar, as the volume fraction increases.
As the interaction energy for a phase-separated mixture in DPD
is proportional to the interface area between the phases, the box
shape will influence the equilibrium shape of the domains as
well. This effect was not investigated.

In order to understand the nature of this phase-separated
region, we studied the density distribution of the mPEG dangling
chains. Fig. 9a shows the cross-sectional density distribution of
the mPEG-beads (D1, D2 and D3) at height y = 20.5Lppp, of the
simulation box (bottom: y = 0). Fig. S5 (ESIT) shows similar images
for a range of y-values of the simulation box. From these images,
it is clear that the phase-separated region extends throughout
the simulation volume creating a cylinder-like phase-separated
region. In case the mPEG2000 chains would be homogeneously
distributed throughout the volume, the expected average number
of mPEG-beads per cell associated with a sampling point is 19.
Thus, the phase-separated regions were defined as the locus
of 19 mPEG2000 beads per cell.

Apart from the continuous cylinder-like region, a number of
small scattered phase-separated regions can be found in the
volume considered (see, e.g., the small clusters in the top half of
Fig. 9a). The mPEG dangling chains are rather long (~22Lppp)
but still reasonably compatible with the matrix and hence there

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Density distribution across the x—z plane of the mPEG structure at final conversion of the system at stoichiometric ratio (1:1-DC) (Table 1). (a)
Cross-section at y = 20.5Lppp showing the mPEG dangling chain distribution. The color scale indicates the mPEG chain density per grid point; (b)
projected cross-linking point (B-beads) distribution. The color scale indicates the cross-linking (B) bead density per grid point.

is a finite chance that they will also create smaller phase-separated
domains where the cross-linker molecules are depleted. In
order to see such depleted regions, the density distribution of
the cross-linking points (B-beads) was calculated on the x-z
plane for the total y-range, i.e., the projected B-bead density, as
shown in Fig. 9b.

The figure shows a depleted region in the middle of the
simulation box where the cross-link (B-bead) density is lower
compared to the rest of the plane. This raises the question
whether all the mPEG2000 chains are cross-linked, i.e., chemi-
cally bound, even though a high conversion is achieved for this
system. Furthermore, we expect that the number of other
components (non-mPEG2000) in these phase-separated regions
is significantly lower, especially the number of cross-linker beads.
For a cross-linked network, at least one arm of the cross-linker
molecules must be connected to the polymer. Conversely, if the
majority of the three arms of the cross-linker are connected to
mPEG2000 chains only, a very weak and poorly bound network
will be formed. To answer these questions, the fraction of cross-
linker molecules connected to each of the other components
was analyzed.

Table 3 shows the connection statistics (fraction of cross-
linker molecules versus number of connections in the network)
for the cross-linker molecules at final conversion. The first
row shows the overall connectivity of the cross-linker. The zero
value column implies that the cross-linker molecules are
standalone, i.e., not-connected to the network, and a value of
three implies all the arms of the cross-linker are connected. It
can be seen that the fraction of standalone cross-linker mole-
cules is 2% and & 84% of the cross-linkers have their three
arms connected to either polymer or mPEG chains. For this
84% fully connected cross-linker molecules, a further analysis
was done by calculating how many of those connections are to

Table 3 Percentage of cross-linker connections

Connectivity 0 1 2 3

Total connections of cross-linker (R-beads) 2 6 8 84
Connections to polymer beads (R-P1) 3 5 12 80
Connections to mPEG (R-D3) 80 12 5 3

This journal is © The Royal Society of Chemistry 2016

the polymer molecules versus to the dangling chains. Row 2
shows the fraction of cross-linkers with connections to the
polymer molecules, while row 3 shows the fraction of cross-
linkers connected to the dangling chains. From row 2 it can be
seen that ~80% of the fully connected cross-linkers have all
their arms connected to polymers and = 3% of the cross-linkers
have none of their arms connected to the polymers, but instead
to the dangling chains. The same distribution but in the reverse
order is reflected by row 3. So, among the fully connected cross-
linkers, only 3% have all their arms connected to mPEG chains
and are not part of the main network. This seems to be a small
fraction but there are also cross-linkers which are not fully
connected (x15%). A total of 270 (=x4%) cross-linkers is
connected only to mPEG chains. This results in 458 out of the
1855 mPEG chains (& 25%) connected to the cross-linkers that
do not form part of the main network. This is equivalent to about
3 wt% extractables in total.

3.2.2  Structure and morphology of the cross-linked networks
with dangling chains. As discussed above, knowing that the
majority of the mPEG dangling chains are connected to the
network via the cross-linker molecules, and still form a rather
significant separated phase, we investigated the structure and
morphology of the cross-linked system containing the mPEG2000
dangling chains, with three mixtures with varying stoichiometric
ratio of R-beads (super-stoichiometric 1:1.25, stoichiometric 1:1
and sub-stoichiometric 1.25:1). The number of individual
molecules are given in Table 1 and the conversion is again
close to 100%. The same methods used to analyze the cross-
linked networks without dangling chains were also applied to
this system, namely the radial distribution function (RDF), the
Voronoi volume distribution (VVD) of the cross-linker points
and the cross-link point density distribution (CPDD). The results
are shown in Fig. 10.

The RDF shows two distinct peaks, similarly to what was
observed for the systems without dangling chains (Fig. S3, ESIt),
and the location of the peaks are also at similar distances, but
the heights of the peaks are significantly different. The height of
the first peak is larger than that of the second peak, contrary to
the system without dangling chains. This is the result of more
local clustering of B-beads from the cross-linker molecules for
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Fig. 10 RDFs, VVDs and CPDDs of the system containing mPEG dangling chains at final conversion obtained for super-stoichiometric (1:1.25),
stoichiometric (1:1)-DC and sub-stoichiometric (1.25:1) composition. (a) The RDF of the cross-linking points; (b) the VVD of the cross-linking points;
(c) the CPDD. For comparison with the stoichiometric system without dangling chains, see Fig. 4 (and Fig. S3, ESI{), Fig. 6 and 7, respectively.

the system containing dangling chains. The height of the second
peak shows no significant change as compared to the system
without dangling chains and among the various stoichiometric
ratios and also the peak heights and locations do not show much
variation. This confirms that varying the stoichiometry does not
alter the morphology of the system significantly.

Also for the VVD similar results were obtained as for the
system without dangling chains and the obey again a log-normal
distribution with a trend in the change in mode and maxima
of the distribution, consistent with that of the systems without
dangling chains.

The CPDD, however, does not obey a Gaussian distribution,
as was observed for the systems without dangling chains
(Fig. 8). In all three mixtures there exists a shoulder at the left
of the main peak in the distribution, indicating the deviation
from a Gaussian distribution. This deviation shows that inhomo-
geneity and phase separation in the network, related to the
phase separation of mPEG chains as observed for this system,
is captured by the CPDD.

4. Conclusions

Studying the morphology of polyurethane (PU) based coatings
is important to understand the nature and characteristics of
such materials in order to better design and engineer products
with enhanced properties. In view of the lack of in-depth under-
standing of the phase segregation occurring in PU networks,
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we investigated the behavior of such materials using computer
simulation tools. In particular, we used a Dissipative Particle
Dynamics (DPD) method, as recently extended to take a variable
bead volume as well as cross-linking into account, to model
polycarbonate-based PU cross-linked networks. Cross-linking
was carried out using a previously established procedure.

The calculations were performed for systems with and with-
out mPEG dangling chains. For the systems without dangling
chains, mixtures with varying stoichiometric ratios between
polymer and cross-linker molecules were studied. The cross-
linked networks formed with these mixtures show no sign of
phase separation. However, the radial distribution function
indicates a limited local clustering of the cross-linker center
beads. The Voronoi volume distribution of the cross-linking
points and cross-link number density distribution do not show
a significant deviation from the ideal log-normal or Gaussian
distribution, respectively. Thus, we conclude that a small amount
of clustering of cross-linker molecules occurs but that the extent
of inhomogeneity in the distribution of cross-linking points in
these networks is relatively small.

In contrast, the analysis of the system with dangling chains
showed a significant amount of phase segregation. The mPEG2000
dangling chains self-segregated from the rest of the network, in
spite of being largely connected to the cross-linker molecules as
well as largely to the main network. Although the system has
achieved nearly full conversion, the analysis of the connection
statistics shows that there is a significant amount of mPEG
chains (~25%) which are not part of the main network,
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resulting in 3 wt% extractables (i.e., non-network bonded species)
in total. The segregation of the dangling chains from the rest of
the network results in an inhomogeneous distribution of cross-
linking points within the network in such a way that the regions
where the dangling chains are present, are depleted of cross-
linking points. This was also confirmed by the deviation of the
cross-link distributions from a Gaussian distribution.

The results presented here will pave the way for a better
understanding of the underlying network structure and further
cement the foundation for the design of currently aspired
self-replenishing hydrophilic coatings for marine and bio-
medical applications.
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