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A B S T R A C T   

Developing adaptive coatings having desired functionalities at targeted interfaces is one of the major efforts in 
the coatings science area. The adaptation of the surface functionality to the changing surface conditions can be 
maintained by introducing dangling chains with different properties to the cross-linked polymer coatings. In this 
work, we strive to investigate the change in interfacial morphology of PU coatings as exposed to hydrophilic 
(HPI) and hydrophobic (HPB) interfaces by employing molecular simulations at the coarse-grained and meso
scopic levels. The molecular structure and surface segregation dynamics are studied for PU coatings having pure 
HPI, mixture of HPI and HPB, and amphiphilic dangling chains. The dual-scale simulations, Dissipative Particle 
Dynamics (DPD) and MARTINI model, yield results about the dangling chain structures at the interface in terms 
of their end-to-end distances, where HPI chains adopt a more extended conformation in water in comparison to 
oil interfaces. The reverse is observed to be valid for the HPB chains. Regarding the dangling chain dynamics, a 
swift migration towards the interfaces is noticed at about 10 ns for both of the simulation methods. The struc
tures of the dangling chains and their interaction with the interfaces are also characterized by computing the 
radial distribution function (RDF) profiles. Preferential interactions between the HPI/water and HPB/oil are 
clearly noted. The switchability of the surfaces is also studied by simulating the system in cycles, such that the 
interface is changed from water to oil and back to water. The migration of HPI groups in the dangling chains 
towards water and vice versa in each cycle is clearly shown by the simulations. In all, the inherent structure and 
dynamics of the dangling chains is obtained at the molecular level by the dual-scale molecular simulations. Our 
findings reveal a significant level of understanding about interfacial morphology of thermoset coatings modified 
by dangling chains, where the results can be extended to find applications in guiding the experimental studies.   

1. Introduction 

The invention of the polyurethane (PU) in 1937 by Otto Bayer, has 
led to an emerging field of this material [1]. The resistance to abrasion, 
impact and weather durability, a wide range of mechanical properties, 
and tunable interfacial characteristics make PU a versatile material in 
many application areas such as foams, composites, sealants [2], coatings 
[3], hydrogels [4], contact lenses, and medical devices [5]. 

Polyurethanes are generally synthesized from the reaction between 

diisocyanates and polyols [6]. In general, a 3D cross-linked PU system 
can be realized by using components with an average functionality of 
more than two. It is also possible to incorporate a component with one 
functionality to build up a network with dangling chains. Dangling 
chains in the PU network show faster dynamics and a larger mobility 
range as compared to polymer chains that are connected from both sides 
to the network. As a result of the versatility of PU materials due to high 
compatibility and availability of reactive groups, conventional PU 
coatings can be equipped with dangling chains to present ‘smart’ 
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behavior so that it acquires the ability to switch its functionality as a 
result of changing its environment. The presence of dangling chains is 
observed to influence the surface molecular mobility [7], yield anti- 
biofouling surfaces [8,9], and increase the lubricious behavior 
[10,11]. Moreover, PU coatings with dangling chains are also observed 
to result in self-replenishing [12–16] and self-healing properties with 
improved thermal and mechanical properties [17]. 

In the current work, we explore the programmable functionality of a 
series of smart PU coatings that can change their surface functionality, i. 
e., hydrophilicity and hydrophobicity, upon presence of polar (liquid 
water or high relative humidity conditions) and apolar (oil) environ
ments. The PU coatings are modified by HPI, HPB, and amphiphilic 
dangling chains in different configurations. The presence of a polar 
environment leads to the migration of the HPI (or HPI part of the) 
dangling chains, that are being present in the bulk of the coatings to the 
water interface and results in a HPI surface, while the HPB (or HPB part 
of the) dangling chains show a similar behavior at the polymer/oil 
(apolar environment) interface. Therefore, a series of smart coatings 
with a dynamic and programmable surface functionality (as a function 
of the environment) is proposed and the switchability of coatings 
equipped with different dangling chain configurations are compared. 
The studied materials are expected to find application areas ranging 
from antifouling to functional decorative coatings, and from marine to 
healthcare industries. 

Many experimental studies have explored the molecular morphology 
of PU systems by using a variety of methods, such as scattering [18], 
thermo-mechanical [19], and scanning probe microscope [20]. Parallel 
to this, a large number of MD simulation studies have been conducted to 
provide supplemental information on the subject [21–27]. Also, there 
are several experimental techniques which can be used to detect the 
segregation of chains towards the interfacial layer, including water 
contact angle [28,29], AFM [30], X-ray photoelectron spectroscopy 
(XPS) [31,32], and quartz crystal microbalance (QCM) [33]. The ma
jority of these methods cannot give a direct molecular-scale under
standing of the segregation at the interface of polymer and a liquid 
material (mainly due to the ultra-high vacuum condition); therefore, the 
exact molecular behavior of materials at the interface cannot be fully 
captured by them. Thus, molecular simulation is an effective tool to 
combine with experimental surface techniques to investigate molecular 
morphology of polymer coatings at the interface with liquid materials. 

In this work, we employ a dual mesoscopic (DPD [34–36]) and 
coarse-grained (CG) molecular dynamics (MD) simulation method 
(MARTINI model [37]) to investigate coating's interfacial properties and 
explore the capability of each method. Prior to this work, these methods 
have been separately used to explore polymer coatings' structure- 
property relationships. For instance, Kacar et al. employed DPD to 
study cross-linked epoxy coatings with an alternative parameterization, 
where the bead sizes are dictated by their experimental pure-liquid 
volumes [38]. Later, the material properties of the epoxy coatings 
were investigated by a multi-scale molecular simulations approach 
combining coarse-grained and all-atom molecular dynamics simulations 
via a reverse-mapping algorithm [23]. Iype et al. investigated the micro- 
phase separation of PU networks containing HPI dangling chains by 
means of the mesoscopic simulations [21]. They found out that there is a 
clear phase-separation of the dangling chains at the nanoscopic scale. 
Also, Ghermezcheshme et al. introduced a MARTINI-based method to 
build up cross-linked coatings with HPI dangling chains [39] and stud
ied their interface with water [40], where they found that the interac
tion between the HPI dangling chains and water plays a significant role 
in the water dynamics at the interface. Note that Martini is capable of 
preserving near-atomic resolution and distinguishing hydrogen bond 
donor and acceptor groups; therefore, it is a reasonable model to be used 
for polyurethane systems at the interface with polar and apolar moieties 
(i.e., water and oil, respectively). 

In the current work, we perform a dual approach simulation 
approach to, first, study the molecular morphology of smart PU coatings 

modified by HPI, HPB, and amphiphilic dangling chains, at water and oil 
interface and then, explore the capability of different simulation tech
niques with different resolutions in studying interfacial morphology of 
polymer coatings. To this end, we investigate the behavior of three 
different polycarbonate-based PU networks: 1) containing only HPI 
dangling chains, 2) composed of separate HPI and HPB dangling chains, 
and 3) containing amphiphilic dangling chains. All systems are consid
ered as adaptive PU surfaces and their ability to adjust against different 
environmental conditions (i.e., HPI (water) and HPB (oil) interfaces) are 
evaluated. The structural and dynamic properties of the dangling chains 
regarding different interfaces are also discussed. 

2. Materials and methods 

2.1. Materials 

In our simulations, poly(hexamethylene carbonate) macrodiol (PC) 
(Mw = 2000 g/mol), tris(isocyanatohexyl)biuret (HDI-BT), methoxy 
polyethylene glycol (mPEG) (Mw = 750 g/mol), 1-octadecanol (oDEC), 
and polyoxyethylene (20) stearyl ether, are used to construct the cross- 
linked polymer, and n-butyl acetate (nBAC) and ethyl methyl ketone 
(MEK) are used as the solvent molecules. PC and HDI-BT acts as the diol 
and cross-linker molecules, mPEG and oDEC chains are the hydrophilic 
(HPI) and hydrophobic (HPB) dangling chains, respectively, and poly
oxyethylene (20) stearyl ether (Brij™ S20) is the amphiphilic dangling 
chain. Note that Brij™ S20 is composed of exactly similar size of mPEG 
and oDEC as used for HPI and HPB dangling chains. Water and octane 
molecules are used in modeling HPI and HPB interfaces. Therefore, we 
simulated three coating systems: i) PU network with HPI dangling chains 
(mPEG), ii) PU network with mixed dangling chains (mPEG and oDEC), 
and iii) PU network with amphiphilic dangling chain (Brij™ S20). The 
weight ratio of dangling chain to diol is kept 15 wt% for all systems. The 
system compositions are given in the Supplementary Information (SI) 
(see, Tables S1–S3). 

2.2. Dissipative Particle Dynamics simulation method 

DPD is an off-lattice simulation method that simulates the time 
evolution of coarse-grained entities referred as beads. DPD is initially 
developed by Hoogerbrugge and Koelman [41] as an improvement to 
lattice gas automata [42] to study complex fluids. Thereafter, Groot and 
Warren [36] mapped DPD method onto Flory-Huggins (FH) mean field 
theory [43] to compute the mesoscopic interactions, which made DPD 
method to be applicable to complex matter such as polymers, lipids, 
biopolymers, etc. [44]. 

The time evolution of the coarse-grained beads is solved by Newton's 
equations of motions. The total force acting on a particular bead fi is sum 
of three forces, namely conservative force Fij

C, dissipative force Fij
D, and 

random force Fij
R. The end-structure in DPD is dictated by the conser

vative force. The chemical bonds are modeled by means of a harmonic 

force Fij
H and is added to the total force: f i =

∑

i∕=j

(
FC

ij + FD
ij + FR

ij + FH
ij

)
. 

The conservative force dictates the structure in DPD, which is mainly 
characterized by the experimental FH parameters [43]. In our DPD 
simulations, we use an alternative DPD parameterization to compute the 
parameter aij, where the local volumes around beads are obtained as a 
function of their pure liquid densities. The representation of pure liquid 
densities is required in DPD to model the proper experimental bead sizes 
in the simulations [45]. The conservative pure repulsive interactions 
and the soft non-bonded potential in DPD do not represent the prefer
ential attraction between particular molecular groups. This is the case in 
our simulations, where the HPI-HPI (i.e., HPI dangling chains and 
water), HPB-HPB (i.e., HPB dangling chains and oil) interactions char
acterize the structure. We model these selective interactions by incor
porating a separate force term added to the total DPD force as a Morse 
type interaction in the form of VMorse = eHB[e− 2σ(r− r0) − 2e− σ(r− r0)], where 
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r < rDPD. In this relation, eHB is the strength of the potential, σ is the 
curvature of the potential and r0 is the equilibrium distance value. In our 
work, we adopt the parameters of the Morse potential as yielding similar 
strengths of HPI-HPI and HPB-HPB interactions and set as 7.96 kBT and 
5.0 kBT, respectively. This procedure has been previously shown to 
model the physical properties of polyethylene glycol (PEG) [46–48], 
three-dimensional tetrahedral structure of water as computed from the 
three-body angular distributions [49], and in modeling ibuprofen 
encapsulation in poloxamer micelles with a good prediction of the 
experimental structural and drug encapsulation properties [50]. The 
coarse-graining procedure is done based on partitioning the chemical 
functional groups of the systems as mentioned above. The schematic 
representations and bead definitions are given in Fig. S1 of the SI with 
the technical details of the DPD method. 

2.3. MARTINI simulation method 

The MARTINI method, presented by Marrink et al., is one of the 

effective models for coarse-grained simulation of Macromolecules 
[37,51]. It was developed initially for the simulation of lipids and bio
molecules, and later applied to other molecules, such as proteins [52], 
carbohydrates [53], DNA [54], solvents [55], polymers [56,57], coat
ings [58–60] and amphiphilic surfactants [61]. In the MARTINI 
approach, coarse-graining of atoms into beads is no longer a purely 
defined process, and the number of heavy atoms assigned to a bead can 
be 2, 3, or 4. There are four types of interaction sites for MARTINI beads: 
polar (P), nonpolar (N), apolar (C), and charged (Q), each of which is 
further divided into subtypes based on the polarity and hydrogen 
bonding ability. The ability of the MARTINI force field to distinguish 
between beads with hydrogen bond donor or acceptor capacity makes 
this a suitable force field for simulating polymeric systems, particularly 
polyurethane. Fig. S3 illustrates the mapping and standard MARTINI 
bead type for each bead. 
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Scheme 1. Two-stage polymerization of PU coatings. The first step (step 1) results in dangling chains attached to the cross-linker (prepolymer) and in the second step 
(step 2), the final PU networks are made by introducing macrodiol (PC) and additional cross-linker. 
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2.4. DPD simulation details 

Initially, we create the cross-linked bulk PU structures for each sys
tem. The PU network were composed of a total number of 128,625 beads 
in simulation boxes corresponding to a dimensionless number density of 
3 and box size of 35 × 35 × 35 rDPD

3 . A generalized flowchart in Fig. S2 in 
the SI summarizes the DPD simulation steps of all three simulated 
systems. 

To model the cross-link formation, a previously employed procedure 
that creates a covalent bond if the distance between two cross-linking 
beads is below a defined cut-off distance is used. This procedure has 
been observed to create cross-linked structures of bulk epoxy [38], 
epoxy near interfaces [24] and PEG hydrogels [22] in line with the 
experimental findings. The cut-off distance is selected as 0.4 rDPD. The 
resulting new bead types are incorporated in the simulations and their 
interactions are updated correspondingly. 

Afterwards, these PU systems are simulated as they interact with 
different interfaces. The created bulk PU systems are combined with 
water and oil layers. These 5 nm thick layers are modeled as two layers 
above and below the PU by expanding the box. The dimensionless bead 
number density of these layers corresponds to 3. Water molecules are 
coarse-grained by setting one water molecule as one DPD bead. The 
experimental solubility parameters as explained before are used to 
compute the DPD interactions of the HPB octane molecule (C8H18). 
While modeling the polyurethane/oil interface, and the octane molecule 
is represented in the system as a single bead. The aim here is to imitate a 
HPB surface by means of creating an oil surface. The beads forming the 
different surfaces are fixed at their original coordinates with a harmonic 
potential with the constant value of 100 kBT/rDPD

2 . Fixing the beads at 
their initially created coordinates is done in order to prevent the pene
tration of these beads into the polymer. This approach is previously 
shown to represent the experimental interfacial behavior of liquid 
mixtures on the air interface by DPD simulations [48]. An interfacial 
thickness of around 10 nm is taken as to compute the DPD interactions of 
water/oil surfaces. The DPD simulations are carried out at 0.02 tDPD time 
step and with a total number of additional 500,000 steps restarted after 
the bulk system is finished at the NVT conditions. LAMMPS molecular 
dynamics package is used in all of the DPD simulations [62]. 

2.5. MARTINI simulation details 

The GROMACS simulation package is used to run CG MD simulations 
using MARTINI method. The interaction parameters (σ and ε) for the 
non-bonded interaction are based on standard MARTINI bead types. For 
all materials, the bonded interaction parameters are shown in 
Tables S16 and S17. The validity of the bonded and non-bonded 

interactions has been proven in our previous papers [39,60]. Also, we 
used the same parameters that Grunewald et al. presented for non- 
bonded interactions of HPI beads with water [63]. 

In order to create 3D polymeric networks, we use our recently 
developed CG MD method [39]. Similar conditions and sequence are 
used as in the DPD method to form the polyurethane networks. In order 
to equilibrate the generated networks, we run a NPT simulation for 50 ns 
at 25 ◦C and 1 bar using a 10 fs time step. To control the temperature and 
pressure, respectively, V-rescale and Berendsen algorithms are used. In 
order to investigate the interaction between polymer networks and oil or 
water, a slab of water or oil is placed on top of the networks. With a 10-fs 
time step, an NVT equilibration is performed over 50 ns. To study the 
switchability of the polymeric network, the water slab was removed 
from the top of the network. A slab of oil was then placed on top of the 
polymeric network. After running an NVT simulation, the oil slab was 
removed and a water slab was placed on the network. This was followed 
by another NVT simulation. 

3. Results and discussion 

3.1. Building the polymer network 

Forming the bulk structures for the PU network is achieved by a two- 
stage polymerization (see, Scheme 1). It is shown that a two-stage re
action prevents the possibility of functional dangling chains fail to bind 
with the cross-linker [39]. As shown in scheme 1, the first stage of re
action is between the cross-linker (HDI-BT) and different dangling 
chains (mPEG (HPI), 1-octadecanol (HPB), or Brij™ S20 (amphiphilic)). 
The second step consists of the reaction between the prepolymer and the 
polyol, as shown. 

The cross-linking conversion value is obtained by dividing the 
number of reacted beads by its initial number. The time evolution 
behavior of the cross-linking conversion for both simulation methods is 
depicted in Fig. 1. It is noticed that the cross-linking conversion profiles 
continue to increase in time in a decreasing rate, which seem to stabilize 
at the end. There is no scaling of time-steps done for DPD and MARTINI 
simulations; therefore, different simulation times regarding step 1 and 
step 2 can be noticed in Fig. 1. As shown, both methods lead to a rather 
high final conversion (above 93 %), which indicates that fully cross- 
linked PU networks have been obtained from both methods. Note that 
DPD potentials are rather softer as compared to MARTINI ones; there
fore, beads could find each other within the reaction cutoff easier and 
higher reaction conversions are possible in DPD simulations. 

MartiniDPD

Fig. 1. Cross-link conversion values in percentage for different cross-linked systems as a result of two-step cross-link formation.  
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3.2. Interface behavior of PU at water and oil surfaces 

To study the interface structure as influenced by different interfacial 
characters, we simulate two different interfaces interacting with the 
bulk PU namely, water and oil layers. The cross-linked PU structures 
that are obtained in the previous section are taken as the polymer layers. 
Later, in DPD simulations, the PU structure is positioned in the middle of 
the box and water and oil layers are positioned on top and bottom of the 
coatings with a 5-nm-thick layer on each side of the PU in z-dimension. 
For MARTINI modeling, 5-nm-thick water and oil layers were positioned 
only on top of the polymer layer. For all analysis, we only considered the 
interface of the polymer and top water/oil layer to be consistent in 
comparing DPD and MARTINI results. 

In Fig. 2, the interfacial structures of mPEG, Brij™ S20 and Mix 
systems are shown as influenced by the presence of different surfaces. In 
the systems that contain only mPEG dangling chains, both DPD and 
MARTINI simulations yield similar results such that the HPI groups are 
penetrated to the water interface. The structure as observed from the 
snapshots is also indicating some level of clustering of HPI groups inside 
the bulk structure (with and without the presence of water layer). In oil, 
as expected from a PU containing only HPI dangling chains, there is no 
penetration of mPEG (dangling) chains inside the oil layer. Only a very 
small portion of (HPB) groups of PC is noticed to be present inside the oil 
layer in the DPD simulations. 

The switchability of the PU containing mixture of HPI/HPB chains 
and amphiphilic Brij™ S20 chains is more clearly noticed in these sys
tems as influenced by different types of interfaces. Both DPD and 
MARTINI simulations exhibit surface penetration of HPI groups at water 
interfaces and vice versa for Brij™ S20 and Mix systems. The surface 
enrichment of the HPI and HPB groups in their corresponding surfaces 
are noticed to be higher in DPD simulations as compared to the MAR
TINI simulations. The effect of the soft non-bonded potential nature of 
the DPD method might result in this behavior. Clustering of HPI groups 
is noted again in both DPD and MARTINI simulations, being higher in 
the former method. This is more noticeable in Brij™ S20 system 
compared to the Mix system. The surface-free snapshots (indicated as 
Relaxation) depict this clustering as well. In general, the surface-free 
simulations indicate similar level of structures as in the case of water 
and oil layers. 

A quantitative interface characterization is also done by computing 
the number of HPI or HPB beads that migrate to the water or oil layer 
over simulation time by measuring the percentage of HPI and HPB beads 
that are present in the water or oil layer. To calculate this value, the 
density profiles of dangling chains at various times of simulations are 
analyzed. Using the trapezoidal method, the integral of the density 
profile graph (at z > interfacial region) is calculated at each time point. 
By multiplying the integral values by the x and y dimensions of the 
simulation boxes, we can determine how many beads are present in the 
water or oil layer. By dividing this value by the total beads of HPI or HPB 
of dangling chains, the percentage of HPI or HPB in water/oil layer is 
determined. By this way, we can monitor the dynamics of the surface 
enrichment of the chains and intrinsic surface migration of the systems 
at different interfaces in time. It should be noted that the time- 
dependent density profile and dangling chain orientation towards the 
water/oil interface suggests that a (quasi) equilibrium state has been 
reached after 25 ns, as indicated in Fig. 3 (formation of plateau) and in 
more detail for all Martini cases in Figs. S4 and S5 in SI. 

In Fig. 3, the surface integrals indicate a clear migration of the chains 
towards the interfaces for both DPD and MARTINI simulations. A clear 
difference is noticed in between the water and oil surfaces. For mPEG in 
water, the accumulation of HPI chains is more pronounced as compared 
to the same system in oil. The HPB groups in the amphiphilic Brij™ S20 
chain exhibit rather strong immediate segregation upon interacting with 
oil interface in MARTINI simulations. However, DPD predicts that the 
HPI groups in water have the fastest segregation rate in this system. This 
behavior is followed by HPB groups in oil, as expected. The HPB groups 

DPD
mPEG

Brij S20

MixMix

Water

Martini
mPEG

Brij S20

Water

Water

Relaxation

Relaxation

Relaxation

Water

Relaxation

Oil

Water

Relaxation

Relaxation

Water

x

z

Oil

Oil

Oil

Oil

Oil

Fig. 2. Simulation snapshots of 15 % mPEG, Brij™ S20 and Mix systems for 
layer-free, water and oil layer simulations. Left and right columns depict DPD 
and MARTINI simulation results. Red and blue color show HPB and HPI 
dangling chains, respectively. Yellow color is used to represent the rest of the 
coating's structure. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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in water and HPI groups in oil are still dragged towards these interfaces 
since they are attached to the rest of the chains although they have 
unfavorable properties. In the Mix system, both methods predict that the 
surface segregation of HPB groups in oil as the fastest. Moreover, the 
diminishing percentage of the HPB beads in water layer indicates that 
the HPB dangling chains in the Mix system prefers to move inside the 
bulk PU. In all, the surface segregation of dangling chains is predicted in 
a reasonable agreement between MARTINI and DPD simulations apart 
from the amphiphilic system, where the fastest segregation rate is 
noticed for HPI in water by DPD and for HPB in oil by MARTINI. Overall, 
the affinities of the functional groups with respect to the similar surfaces 
are captured as expected from chemical intuition. Using similar systems 
as those studied in this paper, experimental work has demonstrated that 
hydrophilic chains segregate towards the water layer. X-ray photoelec
tron spectroscopy and water contact angle analyses showed that samples 

with higher mPEG chains are more hydrophilic, indicating the presence 
of mPEG chains at the water-polymer interface [9]. 

3.3. Structural properties of dangling chains as influenced by interfaces 

We investigated the effect of different interfaces on the dangling 
chain conformation by computing the end-to-end distance Ree of 
dangling chains, as shown in Fig. 4. Temporal evolution of the chain 
length gives a quantitative information on how the chain structures on 
average are affected by the penetration towards the interfaces. In water 
interface, mPEG system yields more elongated HPI chains compared to 
oil interface. If the Brij™ S20 system is considered, the Ree values at 
water and oil interfaces are almost the same as predicted from the DPD 
simulations. Although, there is a qualitative agreement in between, 
there is a higher level of difference between Ree of amphiphilic dangling 

MartiniDPD

mPEG mPEG

Brij S20Brij S20

MixMix

Fig. 3. Percentage of HPI and HPB beads present in water or oil layer plotted as a function of simulated time for DPD and MARTINI simulations. Blue and red colors 
depict HPI and HPB groups, respectively. Filled circles and squares show oil and water interfaces consecutively. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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chains at water and oil interfaces predicted by MARTINI and DPD sim
ulations for the Brij™ S20 system. For the Mix system, the HPB chains 
form rather compact structures at all interfaces in contrast to HPI chains. 
The HPI chains in water adopt relatively more extended conformations, 
which is completely opposite in oil interface. In general, the difference 
in the Ree values of the HPI chains is much higher as compared to the 
HPB chains in water and oil interfaces, respectively. The effect of water 
on the HPI chains is more dominant as compared to the effect of oil 
interface on HPB chains. This can be explained by the fact that the length 
of HPI chains (i.e., number of repeating units) is greater than the HPB 
ones, yielding higher level of interaction with the water at interface. In 
general, the simulation times are noticed to be long enough to fully 
equilibrate the systems since the curves are almost flattened at the end of 
the simulations for both DPD and MARTINI. A fast equilibration of 
chains is noted for the Mix system by both simulation methods as 
observed from the swift equilibration of the Ree curves. For the rest of the 
systems, the structures equilibrate faster in DPD (most-likely) due to the 

soft non-bonded potential of the DPD method. In MARTINI, systems 
equilibrate slower as a result of the presence of higher level of 
complexity (precision) in interactions. Overall, there is a qualitative 
agreement between the DPD and MARTINI simulations. The absolute Ree 
values as predicted by both systems might be different due to the 
different level of coarse-graining and the resulting physical length-scale 
of DPD. Nevertheless, the sequence of the predicted behavior of HPI and 
HPB chains under different interfaces for the studied systems are the 
same, which renders a qualitative consistency of the two methods. This 
means that the intrinsic character of chains is captured via molecular 
simulations performed with different techniques with different 
resolutions. 

The local structures of dangling chains are studied by computing the 
radial distribution functions (RDF) in our work. We compute the RDF 
profiles for the HPI-HPI, HPI-HPB and HPB-HPB interactions at different 
interfaces for different systems simulated by MARTINI and DPD 
methods. The HPI-HPI interactions in the bulk system in Fig. 5 show 

MartiniDPD

mPEG mPEG

Brij S20Brij S20

MixMix

Fig. 4. End-to-end Ree distance values as computed for water and oil interfaces for the HPI and HPB interfaces and plotted as a function of time.  
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rather different behavior for the Brij™ S20 system as compared to the 
Mix and mPEG systems in the DPD simulations, whereas MARTINI 
simulations predict similar structures, as expected. The difference be
tween Brij™ S20 and mPEG and Mix systems can be attributed to the 
difference in the FH parameters of HPI-HPI interactions (see, Tables S5, 
S9 and S13). There is a higher repulsion between the HPI groups in Mix 
and mPEG systems as compared to the Brij™ S20 system. The HPI-HPI 
interactions are quite similar to each other with a high first peak for 
the first neighboring shell for Brij™ S20 and Mix simulations. The HPI- 
HPI interactions show somewhat different behavior for the Mix system 
in DPD and MARTINI simulations. Mixing of HPI and HPB beads are 
noticed for the Mix system, however, a rather small level of separation is 
clear from the DPD simulations with a farther peak location. Again, the 
DPD parameterization as based on the FH parameters affects the struc
ture. High repulsion between HPI-HPI groups in the Mix system 

compared to the Brij™ S20 system is noted as the main reason for the 
observed difference. 

Upon presence of water interface as shown in Fig. 6, the structure of 
the HPI groups are quite similar to the bulk system except a more co
ordinated first neighboring shell for DPD and MARTINI simulations. 
This indicates that the HPI groups are closer to each other in the water 
interface. Moreover, the discrepancy between the DPD and the MARTINI 
methods lessens. The HPB-HPB interactions also show a significant de
gree of attraction between the HPB groups. The influence of water as 
compared to the bulk system is more clearly noticed for the HPI-HPB 
interactions with an increased level of contact in Mix and Brij™ S20 
systems. MARTINI simulations show a closer neighboring of HPI and 
HPB contacts in the presence of water as compared to the bulk system. 
The two simulation methods deviate with respect to the HPI-HPB in
teractions. The reason might be associated with the FH parameters of 

MartiniDPD

HPI-HPI HPI-HPI

HPB-HPBHPB-HPB

HPI-HPBHPI-HPB

Fig. 5. Radial distribution functions for HPI-HPI, HPB-HPB, and HPI-HPB groups for the simulated Mix (black color), mPEG (blue color), and Brij™ S20 (pink color) 
systems without the presence of an interface (bulk simulation). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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HPI-HPB beads (Tables S7 and S15 in the SI) dictating the DPD results, 
which lead to less repulsive interactions in the Brij™ S20 system 
compared to the Mix system. In MARTINI simulations, HPI-HPB in
teractions at very close bead separations are noticed for the Mix system 
in contrast to the repulsive FH interactions. 

In Fig. 7, all the systems are exposed to oil interface and the corre
sponding structures are plotted. There is a significant difference as 
compared to systems at bulk and water interface for the DPD simula
tions. The presence of oil interface affects the HPI chains in bulk so that 
the HPI beads are pushed together as noticed from the non-zero RDF 
values at small separations. This is true for both DPD and MARTINI 
methods, where is more dominant for the Brij™ S20 system. The HPB- 
HPB interactions of the MARTINI and DPD models are quite similar to 
the water interface. However, there is a very high concentration of HPB 
beads that are at very small separations from each other for the DPD 
simulations in the Mix system. This situation is not noticed in the Brij™ 

S20 one. A possible explanation to the overlapping beads can be made 
when the DPD interactions of individual beads forming the HPB chains 
are analyzed (Table S6 in the SI). The self-repulsion aii value of the end 
group of the HPB molecule (D bead in DPD method) is very small 
indicating a very small-sized bead (see also, Fig. S1 in the SI). Therefore, 
a very high repulsion between the D bead and the oil might lead to the 
overlapping D beads. A similar case is noted between the HPI-HPB in
teractions in both DPD and MARTINI simulations, where non-zero RDF 
values are noticed at close bead separations for the Mix system. The 
possible overlapping of small beads, namely the end-groups of HPI and 
HPB beads on top of each other in the presence of oil surface might 
induce this resulting structure. 

The structural interactions of the dangling chains and their differ
ence are evaluated in Fig. 8 by computing the RDFs of HPI and HPB 
chains at water and oil interfaces. It is clearly noticed that the structure 
of HPI chains in water and HPB chains in oil and vice versa behaves quite 

MartiniDPD

HPI-HPI HPI-HPI

HPB-HPBHPB-HPB

HPI-HPBHPI-HPB

Fig. 6. Radial distribution functions for HPI-HPI, HPB-HPB, and HPI-HPB groups for the simulated Mix, mPEG, and Brij™ S20 systems interacting with 
water interface. 
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similar as deduced from MARTINI simulations with a minor difference 
for different systems. This is also true for the DPD simulations. However, 
a higher level of attraction is noticed for the HPI-Water interactions of 
the Brij™ S20 system as compared to the Mix and mPEG systems. The 
repulsion between the HPI groups and water in Brij™ S20 system is less 
compared to the Mix and mPEG systems (see, FH parameters in 
Tables S7, S11 and S15). The less repulsion in between HPI and water 
leads to more elongated chains in the DPD simulations as observed from 
the higher Ree values of Brij™ S20 system in Fig. 4. These might explain 
the significant degree of interaction of HPI with water as a result of the 
larger contact area of the chains with water. Similarly, smaller FH pa
rameters of hydrophobic groups and oil leads to a more extended HPB 
chain for the Brij™ S20 system as compared to the Mix system (see, 
Fig. 4). The HPB groups and their oil interactions are quite comparable 
for the two simulation methods. 

The RDFs are computed irrespective of the dangling chain location 
for all systems. Therefore, the computed RDFs are affected from the bulk 

concentration of dangling chains even if there is a high surface enrich
ment at a particular interface. For example, the less concentration of HPI 
groups of Brij™ S20 system in bulk region at the water interface as 
compared to the Mix and mPEG systems (see, Fig. 2) might be another 
cause of the higher peak of this system in Fig. 8. Nevertheless, there is a 
reasonable agreement between DPD and MARTINI simulation results 
apart from the discrepancies mentioned above. 

3.4. Adaptive surface behavior and switchability of the PU surfaces 

So far, the molecular morphology of the dangling chains are dis
cussed as they are simulated in a single interface. In this section, we 
further simulate these systems as the interface structure is changed from 
one to another in order to study the adaptability of the PU coatings. To 
that purpose, the structures that are simulated while interacting with a 
particular surface are rerun at a new surface. In DPD simulations, the 
corresponding set of parameters are updated for the new surface. 

MartiniDPD

HPI-HPI HPI-HPI

HPB-HPBHPB-HPB

HPI-HPBHPI-HPB

Fig. 7. Radial distribution functions for HPI-HPI, HPB-HPB, and HPI-HPB groups for the simulated Mix, mPEG, and Brij™ S20 systems interacting with oil interface.  
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HPI-Water HPI-Water

HPB-WaterHPB-Water

HPI-OilHPI-Oil

HPB-OilHPB-Oil

Fig. 8. Radial distribution functions for HPI-Water, HPB-Water, HPI-Oil and HPI-Oil molecules for the simulated Mix, mPEG, and Brij™ S20 systems.  
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Thereby, we can comment on the adaptability and switchability of the 
PU coatings as the nature of environment is changed from HPI to HPB 
and vice versa. 

Firstly, we plot the density profiles for the HPI chains as the coatings 
are interacting with water-oil-water cycles in Fig. 9. In other words, the 
PU coating is initially interacting with water. Then, the surface beads are 
changed to oil. And as a final step the oil surface is switched back to 
water. The simulations are run long enough to maintain the equilibrium 
structures as done in the previous steps and the corresponding density 
profile is computed. 

The HPI groups of dangling chains are observed to adopt a switch
able behavior as interacting with the mentioned interface cycles. mPEG 
chains initially migrate inside the water interface. Later, oil surface 
drives these chains back towards the bulk polymer and finally, the 
chains move again towards water surface as the surface is changed from 
oil to water. This comment is made such that the peak location of the oil 
interface decreases in DPD and lessens in MARTINI methods. The 
MARTINI simulations dictate that the HPI group concentrations are 

almost the same in initial and final water layer. However, the density 
profiles of the HPI portion of the dangling chains in the initial and final 
water layer are somewhat different in DPD simulations for the mPEG 
system. This discrepancy can be associated with the positioning of the 
PU in DPD modeling scheme. In DPD, we position the PU layer in the 
middle of the interfaces, therefore yielding two interfaces in a particular 
periodic image. In Figs. 9 and 10, we show only the top interface. 
Nevertheless, we still observe a preferential segregation of hydrophilic 
portion of the dangling chains in the final water interface for DPD 
simulations. In Brij™ S20 and Mix systems, the density profiles of the 
initial and final water layers are quite similar for the DPD simulations. 
Moreover, we observe a significant concentration of HPI dangling chains 
inside all surfaces in MARTINI simulations, whereas in DPD the HPI 
chain concentration is quite low in oil for all systems. The only exception 
is the Mix system, where there is somewhat limited concentration of HPI 
chains inside oil in DPD. This may be attributed to the HPB groups that 
are attached at very close locations to the HPI groups during cross- 
linking. In other words, the HPB interactions may drag HPI groups 

MartiniDPD

mPEG mPEG

Brij S20Brij S20

MixMix

Fig. 9. Density profiles of the DPD and MARTINI 
simulations as computed for the hydrophilic portion 
of the dangling chains in the sequence of initially 
water (water 1-blue color), oil (oil 1-red color) and 
finally water (water 2-cyan color) interfaces for 
mPEG, Brij™ S20 and Mix systems. The graphs are 
displayed from the middle of the polymer layer to the 
end of the slab. The location of the interfaces is 
shown with dashed line. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   
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towards oil layer. Again, a limited concentration of HPI groups in oil 
layer is noticed in MARTINI simulations as well. 

In Fig. 10, the behavior of HPB groups of the dangling chains is 
shown under switchable surfaces. In general, the Brij™ S20 and Mix 
systems exhibit penetration of HPB groups towards oil layer, whereas in 
water HPB groups are mainly present inside the bulk PU. This is true for 
both DPD and MARTINI simulations. The HPB groups in water are 
mainly at the water interface for all systems except the Mix as system 
simulated by DPD. The excessive repulsive strength between the HPB 
groups and the water layer pushes these groups inside the bulk polymer. 
However, there is a small portion of HPB groups trapped inside the water 
layer in the second cycle for the Brij™ S20 system due to the amphiphilic 
nature of the molecule. The penetration of HPB groups to the oil layer in 
the prior simulation introduces a bias to the structure, so that very little 
concentration of HPB groups remains inside the water layer. In all, the 
surface HPB dangling chains adopt a switchable property, where these 
groups are mainly present at locations close to interfaces. 

4. Conclusions 

In this work, we employ molecular simulation tools to understand 
the intrinsic structure and dynamics associated with particular PU 
coatings with (HPI, HPB, and amphiphilic) dangling chains at their 
interface with water and oil. The simulations are performed at two 
different resolutions, where a different level of coarse-graining is 
attained. The reason for using two different simulations is neither to 
compare nor to verify these methods. Instead, we are motivated to make 
use of the different levels of resolution to draw a more general conclu
sion that would yield results of the studied system irrespective of the 
used simulation method. 

The dangling chains are HPI and HPB in nature, where pure HPI, a 
combination of HPI and HPB, and amphiphilic chains are simulated. 

Initially, we observe that the created cross-linked PU coatings achieve a 
high degree of cross-linking conversion during the formation of their 
bulk structures. In the bulk structures, somewhat clustering of HPI 
chains is noticed. This is more dominant in DPD simulations due to the 
soft and purely repulsive nature of the non-bonded potentials. Later, 
these bulk structures are exposed to the water and oil interfaces as to 
mimic the HPI and HPB surfaces in order to study the structure and 
surface segregation of the various dangling chains. The structure is 
mainly characterized by computing the end-to-end Ree distances as a 
function of time and static radial distribution functions (RDF) for the 
equilibrated structures. The Ree reveal that the HPI chains in water are 
rather in extended form compared to their conformation at the oil in
terfaces, whereas the amphiphilic chains rather adopt a more compact 
conformation in water as compared to the oil. The Ree results are 
observed to qualitatively agree between DPD and MARTINI. Later, by 
computing the RDF plots, we observe that the HPI chains prefer to be 
near water, while HPB chains prefer to be mainly near oil. Although, 
there is a discrepancy between DPD and MARTINI RDF results, which is 
more dominant in HPI-HPB interactions in Mix and Brij™ systems, the 
intrinsic interactions of dangling chains under different surfaces are 
captured to a great extent. In order to study the segregation dynamics 
the presence of HPI and HPB beads that segregate into the water or oil 
layer is computed during simulation. Both simulations predict the fast 
dynamics of hydrophilic and hydrophobic chains in water and oil in
terfaces, respectively. Moreover, a characteristic time of ca. 10 ns is 
computed from both simulations as the time required for the dangling 
chains to migrate to the interfaces. The switchability of the surfaces is 
studied by simulating the system in cycles, such that the interface is 
changed from water to oil and back to water. The migration of HPI 
groups in the dangling chains towards water and back to bulk in oil (and 
vice versa) in each cycle is clearly shown by the simulations. A certain 
level of difference in the estimated properties can be expected for the 
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MixMix

Fig. 10. Density profiles of the DPD and MARTINI 
simulations as computed for the hydrophobic portion 
of the dangling chains in the sequence of initially 
water (water 1-blue color), oil (oil 1-red color) and 
finally water (water 2-cyan color) interfaces for 
mPEG, Brij™ S20 and Mix systems. The graphs are 
displayed from the middle of the polymer layer to the 
end of the slab. The location of the interfaces is 
shown with dashed line. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   
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two methods due to the different nature in parameterization and reso
lution. Nevertheless, we can conclude that these methods agree with 
each reasonably well. 

In conclusion, the simulations performed in this work help to un
derstand the inherent nature of interactions, molecular structure, and 
segregation dynamics of a particular PU coating with dangling chains to 
maintain a targeted surface functionality. Moreover, the computational 
procedures as reported herein can be viewed as an important step to
wards establishing numerical tools in designing novel coatings. Our 
findings reveal a significant level of understanding of this particular 
coating, where the results can be extended to find applications in 
guiding the experimental studies. 
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[28] I. Jiménez-Pardo, L.G. Van der Ven, R.A. Van Benthem, G. de With, A.C.C. Esteves, 
Hydrophilic self-replenishing coatings with long-term water stability for anti- 
fouling applications, Coatings 8 (2018) 184. 

[29] F. Karasu, C. Rocco, Y. Zhang, C. Croutxé-Barghorn, X. Allonas, L. van der Ven, 
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