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a b s t r a c t

For the first time, we report the use of PDMS low surface energy blocks to build self-replenishing hy-
drophobic coatings. As the use of 8-fluorinated-carbon (Teflon-like) end groups (Rf8) has been perceived
as a serious concern in industry due to its potential harm for health and environment, alternatives are
sought. Poly(dimethyl siloxanes) (PDMS) have become an attractive eco-friendly alternative as low
surface energy building blocks for self-replenishing surfaces with low environmental impact. Hence, new
coating systems with PDMS-based chain ends were investigated. Following the design criteria for self-
replenishing coatings, several important aspects have been characterized, such as network flexibility,
dangling chains surface segregation and surface reorganization ability. After demonstrating that all the
design criteria have been met, the self-replenishing behavior after intentional damage was examined via
characterizations with water contact angle and XPS measurements. Based on the results, we conclude
that the chemical composition at the damaged surfaces was recovered with a clear PDMS enrichment,
but that the hydrophobicity recovery is dependent on the environmental temperature. This extraordi-
nary temperature dependence seems to be due to the hindrance on full reorientation of the dangling
chains by the PCL spacer crystals formed at the air interface. The effect of PDMS block molecular massMw

and PCL spacer length are discussed in terms of surface segregation, reorganization and self-replenishing
behavior.

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

Low surface energy materials are indispensable components to
obtain coating surfaces with advanced properties such as hydro-
phobic [1e3], easy-to-clean [4,5] and anti-fouling behavior [6]. The
most well-known low surface energy material is probably poly-
tetrafluorinated ethylene (PTFE). For coating applications, PTFE-
based materials can be used as additives to enhance the surface
hydrophobicity, for instance, via a self-stratification approach, so
that the bulk properties of the coatings remain unchanged. Low
molecular mass fluorinated Teflon-like polymer chains -(CF2)nF
(with n ¼ 6e10) are usually preferred in coatings, due to less
ves), G.deWith@tue.nl (G. de
incompatibility issues while providing an equivalent level of hy-
drophobicity as compared to high molecular mass PTFE [7].

The intrinsic problem of self-stratified hydrophobic coatings is
their vulnerability to surface damage. The hydrophobicity can be
significantly reduced due to the removal of the surface segregated
fluorinated layer upon surface damage. Therefore, a self-
replenishing concept has been developed to address this issue by
using a 8-fluorinated-carbon group (-(CF2)8F, or Rf8) tethered to
crosslinked polyurethane networks via a polycaprolactone (PCL)-
based spacer. In this proof of principle research, the Rf8 groups
could drive the dangling chains (DC) preserved in the bulk to
reorient towards the new interfaces created by the damage, so that
the surface hydrophobicity could be self-repaired [8] (Scheme 1).
Based on further investigations by a combined experimental-
simulation approach, three basic requirements were identified to
design self-replenishing hydrophobic surfaces [9,10]. One of them
is the presence of low surface energy chain ends (such as the Rf8
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Scheme 1. Chemical components for the investigated self-replenishing hydrophobic coatings containing PDMS-based dangling chains or Rf8-based dangling chains, as reported
previously [8], and the scheme of the self-replenishing mechanism via the re-orientation of dangling chains towards the new air-coating film interfaces created upon the surface
damage.
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block) offering the driving force for the re-orientation of the
dangling chains and recovery of the low surface energy on the
newly created surfaces.

Self-replenishing hydrophobic surfaces are of high potential for
hydrophobic coating applications as this can extend their service
life-time. However, the use of Rf8 blocks is under great regulation
pressure due to its harm to health and environment [11,12].
Therefore, finding new and eco-friendly low surface energy groups
to substitute Rf8 blocks is a crucial step to push self-replenishing
hydrophobic coatings further to real applications. In recent de-
cades, organosilicone-based materials have become an attractive
alternative material for coatings [13]. Among this category of ma-
terials, polydimethylsiloxanes (PDMS) are known for their low
surface energy [14,15], which provides interesting properties, such
as low friction, low adhesion [16e18] and hydrophobicity [19,20].
Moreover, PDMS is also known for its chemical stability and low
environmental impact, making it a promising option to substitute
the Rf8 blocks to obtain “green” self-replenishing hydrophobic
coatings. Finally, while the hydrophobicity of fluorinated groups
depends on the amount of fluorination on the carbon atom [21], the
hydrophobicity of PDMS has been found to be dependent on its
weight percentage and molecular mass (Mw) [22,23].

Surface segregation and reorganization ability of chain ends are
amongst the most important prerequisites to enable self-
replenishing behavior. For PDMS chain ends, the surface segrega-
tion has been studied in crosslinked networks [22,24], block co-
polymers [19,25] and their blends [25]. It has also been shown that
PDMS can reorganize with changing environmental factors, e.g.,
temperature [26,27] and contact medium [28,29], and such
behavior was found to be dependent on the PDMS weight per-
centage and average molecular mass [19,26]. Tezuka et al. [19] for
instance, revealed that in a PDMS-PU block copolymer, the PDMS
reorganization is reversible and the kinetics are highly dependent
on the length of the PDMS block. For Mw above 2400 Da and at
identical siloxane content, the longer PDMS chains respond slower
to environmental changes than the shorter ones [26]. This
reversible reorganization could also be monitored by the dynamic
recovery contact angle (DRCA) method via sequentially changing
the contact medium between water and air, repeatedly. As inves-
tigated by Esteves et al. [24], the surface hydrophobicity of
poly(styrene-maleic anhydride) crosslinked networks grafted with
PDMS chain ends dropped, when the sample was immersed in
water for a long period to reach its equilibrium, but autonomously
recovered to the original value when exposed to air again, within
tens of minutes. In order to achieve self-replenishing coatings, it is
required to have a polymeric-spacer bonded to the PDMS block to
improve its compatibility with the binder. In this way, PDMS low
surface groups could be preserved in the bulk of the coatings. A
compatibilization effect via a pre-bonded polymeric block of PDMS
in the PU crosslinked networks has been reported by Rabnawas
et al. [30]. For the self-replenishing purpose, a linear chain structure
is preferred in order to improve the PDMS mobility span, so that a
larger range of surface reorganization is available to enrich the
surface with the PDMS blocks, whenever surface damage occurs.
However, neither the surface segregation/reorganization of PDMS-
based dangling chains connected to a PCL spacer (mimicking the
Rf8-based dangling chains), nor their self-replenishing ability have
been studied so far.

In this paper, self-replenishing hydrophobic coatings based on
PDMS low surface energy groups are reported. First, new dangling
chains with PDMS chain ends were synthesized, with different
number averagemolecularmass (Mn) of PDMS (from 500 to 2000 g/
mol) and degree of polymerization (DP) of a PCL spacer (16 and 32),
following the design requirements for self-replenishing surfaces.
For the purpose of comparison with the model system based on
dangling chains containing Rf8 blocks previously reported [8], a
thermal curing system was chosen for these new PDMS-dangling
chains polyurethane-based hydrophobic coatings. Second, the
surface segregation of the DC-PDMS in non-cured coating mixtures
was investigated by surface tension measurements, and the surface
hydrophobicity of the cured coatings was evaluated by contact
angle measurements. Third, the surface reorganization of the DC-
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PDMS in the PU crosslinked networks was assessed by the DRCA
method, as previously reported [24]. As all the design criteria for a
self-replenishing surface were met, the self-replenishing ability
was examined by damaging the coating surfaces via cryo-
microtoming and characterizing the hydrophobicity recovery of
the damaged surfaces. The self-replenishing ability dependence on
the PDMS block Mn and the differences observed upon comparison
with the model Rf8-based dangling chains are discussed.

2. Experimental

2.1. Materials

PDMS with a mono-hydroxyalkyl terminal group with different
Mn of approximately 500, 1000 and 2000 g/mol (denoted as
PDMS500, PDMS1000 and PDMS2000, respectively) were kindly
offered by BYK-Altana (Wesel, Germany) and dried with molecular
sieves (4 Å) prior to use. 3-Caprolactone ( 3-CL, purity 99%) for
synthesizing the dangling chains containing the PDMS chain ends
was purchased from Alfa Aesar and distilled at reduced pressure
and high temperature (~ 170 �C) before use. Fumaric acid was
purchased from Fluka and vacuum dried in oven at 40 �C for 3 h
before being used as catalyst for the ring opening polymerization
(ROP) of 3-CL. The mono-hydroxyl terminated fluorinated dangling
chains consisting of a Rf8 block and a PCL spacer with DP ¼ 16 (Rf8-
PCL16) and the tri-hydroxyl functional precursor with PCL DP ¼ 24
(TMP-PCL24) were synthesized as reported previously [31]. The
hexamethylene diisocyanate trimer (tHDI) crosslinker was pro-
vided by Perstorp, used as received and stored in a glove box in-
between uses. All solvents were purchased from Biosolve bv and
dried with molecular sieves (4 Å) before use.

2.2. Synthesis and characterization of the PDMS-based dangling
chains (DC-PDMS)

The linear mono-OH functional dangling chains with the PDMS
group consisted of two building blocks: one PDMS block at the
chain end and a polycaprolactone (PCL)-based spacer. The synthesis
of such PDMS-based dangling chains (PDMSx-PCLy) was carried out
by ring opening polymerization of 3-CL, following the same pro-
cedure reported previously [31]. The subscripts x and y in the label
PDMSx-PCLy indicate the Mn of the PDMS block and the expected
DP of ε-CL, respectively. The procedure for the synthesis was as
follows: the mono-OH PDMS and fumaric acid were added to a N2-
purged Schlenk vessel and mixed together by vigorous magnetic
stirring. After the vessel was sealed, the mixture was heated up to
90 �C in oil bath for 5min. Then the ε-CL was injected dropwise into
the vessel via a dry syringe to start the reaction. Due to the
immiscibility between ε-CL and PDMS1000 and PDMS2000, 60 wt% of
toluene in relation to the overall reactant mass was added to the
initial mixtures to improve the compatibility. Since PDMS500 shows
good miscibility with ε-CL, no solvent was added in this case. The
expected DP was set at two different values (16 and 32), tuned by
the mole ratio between the ε-CL and PDMS added into the re-
actions. The mole ratio between ε-CL and fumaric acid was kept at
10 : 1 for all the reactions. After stirring for 3 days at 90 �C, the
crude product was dissolved in chloroform, passed through a sy-
ringe filter with PTFE membranes (pore size 0.2 mm) to remove the
insoluble fumaric acid (i.e., the catalyst) and vacuum dried at 40 �C.
The reaction product was further diluted with THF and precipitated
in n-heptane. These dissolution-precipitation steps were repeated
twice for the purification purpose. White flakes or wax-like solids
were collected after drying under vacuum for 1 day. The reaction
yield varied from 45% (PDMS2000-PCL32) to 88% (PDMS500-PCL32)
based on the mass of the collected products.
After purification, the chemical structures of the synthesized
diblock copolymer PDMSx-PCLy were characterized by 1H NMR
performed on a Varian 400 spectrometer at 25 �C and 400 MHz.
Deuterated chloroform (with TMS as the internal standard) was
used as solvent. The number average molecular weight (Mn) and
dispersity (Ð) were obtained by Gel Permeation Chromatography
(GPC), using a Waters GPC equipped with a model 510 pump and a
model 410 differential refractometer. A set of two mixed bed col-
umns (Mixed-C, Polymer Laboratories, 30 cm, 40 �C) was used and
THFwas selected as eluent. The systemwas calibrated using narrow
molecular mass polystyrene standards ranging from 600 to
7 � 106 g/mol.
2.3. Coating formulations and surface tension measurements of the
liquid mixtures before curing

The coatings were formulated with four components: 1) tri-OH
functional polyol precursor TMP-PCL24, 2) tri-NCO functional pol-
yisocyanate tHDI, 3) mono-OH functional PDMS-based dangling
chains and 4) solvent n-methyl-2-pyrrolidone (NMP). For all the
formulations, the solid contents were kept at 45 wt%. The overall
NCO/OH mole ratio was always 1.1/1 to ensure full conversion of
-OH groups. The overall PDMS weight percentage based on solid
content was kept constant at 1.5 wt% for self-replenishing studies.
All the components were mixed together at the same time under
vigorous magnetic stirring, and clear solutions without any visible
phase separation were obtained.

In order to probe the surface segregation ability of the DC-
PDMS, the surface tension of the initial mixtures, containing
network precursor, crosslinker, dangling chain and solvent, was
measured before curing on a Dataphysics DCAT 11 tensiometer
using a RG 11 Du Noüy ring with diameter of 18.7 mm and wire
thickness of 0.37 mm. The final surface tension values were ob-
tained as the average of at least three measurements, with the er-
rors associated to the standard deviation of the mean.
2.4. Preparation and characterization of coatings with DC-PDMS

The liquid coating mixtures were drop casted on glass sub-
strates, which were pre-cleaned with acetone and dried before use.
The samples were cured in an oven at 125 �C under vacuum. After
1 h of thermal curing, the oven heating was switched off to allow
the samples to cool slowly in the oven under vacuum. The dried
film thickness was around 300 mm.

Within two days after thermal curing and cooling to room
temperature, the hydrophobicity of the original coating surfaces
was evaluated by dynamic water contact angles (CA), with a
Dataphysics OCA 30 instrument. Advancing (CAadv) and receding
(CArec) water contact angles were measured with the ARCA-
software mode using the following procedure: A 0.2 mL droplet
was first placed on the surface; further water was injected into the
droplet up to 15 mL at the speed of 0.5 mL/s; after a waiting period of
2 s, the water was retracted from the droplet until 2 mL at 0.5 mL/s.
The CAadv and CArec were calculated from data of the range where
the CAwas independent of the volume change. The errors of the CA
values correspond to the standard deviation of themean, calculated
from three to five measurements for each sample.

In order to check the formation of the crosslinked networks and
the incorporation of the DC-PDMS into the networks, solvent
extraction experiments were performed on the cured coatings us-
ing CHCl3, which is a good solvent for all the compounds used in the
formulation. Theweight loss was calculated via Equation (1), where
Moriginal and Mextract represent the masses of the original films
and extractable residues, respectively.
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weight loss % ¼ Mextract

Moriginal
� 100% (1)

The thermal properties of the coatings with DC-PDMS were
studied by Differential Scanning Calorimetry (DSC) on a TA Q2000
instrument. Samples with a mass of 6e8 mg were analyzed with
the following procedure: equilibration at 20 �C; heating to 90 �C;
isothermal at 90 �C for 3 min; cooling to �90 �C; isothermal
at �90 �C for 3 min and finally heating to 90 �C. All the runs were
performed at 10 �C/min. The first and second heating runs were
selected for crystallinity and Tg analyses.

The appearance of the coatings was observed with an optical
microscope (OM) equipped with a cross-polarizer for a crystallinity
check. During the OM observation, the coatings were placed in a
Linkam cell in order to control the environment temperature. Wide
angle X-ray Diffraction (WAXD) measurements were performed on
the coating surfaces with a Rigaku diffractometer using copper
radiation at 40 kV. TheWAXD patterns were acquired by step scans
from 2q ¼ 10� to 2q ¼ 30� with step sizes of 0.02�, where q is the
diffraction angle. In order to enhance the probing depth resolution,
grazing incidence X-ray diffraction (GI-XRD) was also performed
with a Bruker D8 Discover, using copper radiation (l ¼ 1.5418 Å) at
40 kV and 40 mA. The measurements were performed at 2q be-
tween 3� and 40� with a step size of 0.02�, with the incidence angle
varying from1.6� to 0.1�, which is the lowest limit of the equipment.

To probe the PDMS surface enrichment at the air/coating
interface with an enhanced depth resolution, angle resolved X-ray
photoelectron spectroscopy (AR-XPS) spectra were acquired at two
different take-off angles 90� and 15�, corresponding to a probe
depth of 9.0 and 2.3 nm, respectively [32]. These AR-XPS mea-
surements were performed with a K-Alpha, ThermoScientific
spectrometer using an aluminum anode (Al Ka ¼ 1486.3 eV) and
operating at 510 W with a background pressure of 8 � 10�8 mbar.
The average value of Si/C atomic ratio (Equation (2)) was obtained
with XPS data from at least 3 different spots (~ 400 mmdiameter) of
the coating surface.

Si=C atom ratio ¼ AðSiÞ=SðSiÞ
AðCÞ=SðCÞ (2)

In Equation (2), A and S denote the peak integral area and the
element sensitivity, respectively.
2.5. Dangling chains surface reorganization study by dynamic
recovery contact angle (DRCA)

The surface reorganization ability of the DC-PDMS was investi-
gated by the DRCA method [24]. For a systematic comparison, all
the coatings were formulated with the same dangling chains
density (i.e., dangling chains/precursor mole ratio constant). Coat-
ings based on Rf8-PCL16 were also added for comparison.

Before the DRCA measurements, the coatings were immersed in
ultra-pure water (Milli-Q, 18.2 MU cm at 20 �C) for 2 days in order
to force the low surface energy block to orient away from the sur-
face, into the bulk. The water temperature was 50 �C, which is
above the Tm of PCL, to exclude the interference of possible PCL
spacer crystallization on the dangling chains reorganization. An
immersion time of 2 days was determined as necessary for all the
coatings to reorganize in water, i.e., the water CA measured after
that immersion time remained constant and no further drop was
observed. After immersion, the coatings were taken out of the
water, gently wiped with Kimtech paper to remove the excess
water and then directly placed in the humidity chamber coupled
with the contact angle goniometer. The environment-controlled
chamber was set at 50 �C to avoid PCL crystallization. The relative
humidity (RH) was set at 80% to slow downwater evaporation rate.

As soon as the soaked coatings were placed into the chamber, a
water droplet with volume of 30 mL was immediately placed on the
coating surface to re-establish the equilibrium, which could be
slightly shifted due to the short time of air exposure during the
sample transfer. After 10 min, the water was pulled out at a rate of
10 mL/s until a tiny droplet remained on the surface, which deter-
mined the zero time interval (te ¼ 0). Immediately after, the CAadv
was measured by injecting 15 mL at rate of 0.5 mL/s. After this step,
the water was pulled out quickly again at a rate of 10 mL/s to
minimize the exposure time difference at different radii of the
water droplet probed area. These steps constitute one cycle of the
DRCA measurement. During each cycle, the droplet contact area
was wet and thereafter re-exposed to air. Hence, the air exposure
time was set back to zero at the end of each cycle. Similar cycles
were sequentially done with step-wise increasing air exposure
time-intervals (te ¼ 30 s, 60 s, 120 s, 180 s and so on …) until no
more CAadv increments were observed. In each cycle, a value of
CAadv was obtained, corresponding to a specific air-exposure time.
For each coating formulation, three samples were measured to
check the reproducibility.

2.6. Self-replenishing study

The self-replenishing ability of the PU coatings with DC-PDMS
was investigated following the same procedure as described pre-
viously [8,33]. All the investigated coatings had the same PDMS
content (1.5 wt% PDMS). Intentional surface damage was inflicted
by controlledmicrotoming of thin slices in a direction parallel to the
original coating surfaces. In order to reduce the surface roughness
introduced bymicrotoming, cutting was performed at�40 �C, close
to the Tg of the PU coatings. The roughness of the damaged surface
was sufficiently controlled by this procedure and was close to the
roughness of the virgin surfaces, according to our previous obser-
vations [8,33]. The recovery of surface hydrophobicity was evalu-
ated on the damaged surfaces (the new surfaces created by the
removal of the top layers, in total 80 mm) by measuring the water
dynamic CA at the shortest possible practical time (2 h) after the
damage. The Si/C atomic ratios of the damaged surfaces were
measured by XPS to evaluate the PDMS enrichment via the
dangling chains re-orientation. The self-replenishing efficiency was
assessed by the Si/C ratios measured on the damaged and the
original surfaces, based on Equation (3).

Selfreplenishing efficiency ¼ ½Si=C�damaged

½Si=C�original
� 100% (3)

3. Results and discussions

3.1. Synthesis of PDMS-based dangling chains (DC-PDMS)

The first step to obtain self-replenishing coatings with more
environmentally friendly components was to synthesize dangling
chains based on PDMS chain ends. The mono-OH functional PDMS
blocks enable to grow a PCL spacer from one end by ROP of 3-CL,
forming PDMS-PCL diblock polymers. Fumaric acid, aweak acid and
insoluble in the monomer, was used as the catalyst to carry out ROP
via the activated monomer mechanism, in order to minimize side
reactions. Two different 3-CL/PDMS mole ratios were chosen in the
initial reaction mixture, for preparing dangling chains with short
(expected DP ¼ 16) and long (expected DP ¼ 32) PCL spacer length.

As observed from GPC measurements of the product after



Fig. 1. GPC curves of synthesized dangling chains based on PDMS1000 blocks are shown
as an example, indicating the molecular mass increased with increasing expected DP of
PCL spacer. The starting PDMS block had aMn of 1000 g/mol, as stated by the suppliers.
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purification (Fig. 1), the molecular mass clearly increased as
compared to the starting PDMS block, as a result of 3-CL polymer-
ization. With higher 3-CL/PDMS mole ratio, the molecular mass of
the synthesized product increased further. According to the dis-
persity (Ð) obtained fromGPC, theÐ value of all the products stayed
below 1.4 (Table 1). The Ð value for PDMS500-PCL16 was the lowest
amongst all the synthesized DC-PDMS, but Ð became larger when
either the PDMS block Mn or the PCL spacer length increased. The
larger Ð value is very likely due to the reduced compatibility of the
two block components within the reaction mixture and enhanced
viscosity during the molecular mass build-up of the DC-PDMS,
causing inhomogeneous polymerization in the system. For this
reason, PDMS2000-PCL16 eventually proved to be very difficult to
isolate and purify and therefore was not further included in these
studies.

The 1H NMR spectra of the synthesized DC-PDMS are shown in
Fig. 2 (two representative examples with PDMS2000 and PDMS500
blocks are shown). The mono-OH functional PDMS precursors have
one n-butyl group at one end and are functionalized with different
-OH containing groups at the other end. PDMS500 and PDMS1000 are
terminated with an ethylene glycol allyl ether and PDMS2000 is
ended with an allyl alcohol, which leads to different NMR proton
signals in the chemical shift range between 3.3 and 3.8 ppm (Fig. 2
spectra b and d). The A and C signals at 0.5 and 0.9 ppm in Fig. 2
correspond to proton HA (CH3 at chain end) and HC (CH2 next to
the Si atom) in the n-butyl group from the PDMS blocks. After
synthesis, the newly appeared signals in the range of 1.3e1.7 ppm
(HI, HJ, HK), at 2.3 ppm (HH) and 4.1 ppm (HL) can be assigned to the
protons in PCL as a proof of the polymerization. In PDMS2000-based
dangling chains (Fig. 2 spectra a and b), the proton HE in the PDMS
block shifted from 3.6 ppm (Fig. 2 spectra b) to 3.7 ppm (spectra a),
merging with another signal, most likely from Hz. In PDMS500 (and
PDMS1000 not shown) based dangling chains, the signal of HF and
Table 1
Characteristics of PDMS-based dangling chains: expected composition for the PDMS bl
respectively.

Nomenclature Theoretical Mw (PDMS block)

PDMS500-PCL16 500
PDMS500-PCL32 500
PDMS1000-PCL16 1000
PDMS1000-PCL32 1000
PDMS2000-PCL32 2000
HG in the PDMS block (Fig. 2 spectra d) were shifted to higher ppm
values as a consequence of environmental changes in the neigh-
boring protons. These observations clearly indicate that the PCL
polymerization was initiated from the PDMS hydroxyl terminal
groups. Therefore, the degree of polymerization (DPPCL) can be
estimated by Equation (4):

DPPCL ¼
�
AðHLÞ
2

�
AðHAÞ

3

�
þ 1 (4)

The DP of the synthesized DC-PDMS calculated from the 1H
NMR spectra are summarized in Table 1. Based on the current
characterization results, the molecular structures of the DC-PDMS
synthesized were very close to the expectation, considering the
theoretical Mn and DP (Table 1 and Fig. 2). It should be noted that
due to the difficulty of ionizing the PDMS and PCL blocks at the
same time, Maldi-ToF measurements of the DC-PDMS were not
successful and it was not possible to obtain further information
about the molecular structure.
3.2. DC-PDMS surface segregation in the liquid, non-cured
formulation

The low surface energy species have the tendency to segregate
at the air interface. For solvent-borne coatings based on crosslinked
networks, both favorable and unfavorable surface segregation fac-
tors are present, counteracting each other during the formation of
the initial (solid) coating surface. On one hand, the surface segre-
gation is promoted due to the enhanced incompatibility driven by
solvent evaporation and the molecular weight build-up by cross-
linking. On the other hand, the increased viscosity and the fixation
of the components to the network via covalent bonds can weaken
or stop the surface segregation of the low surface energy species.
Hence, the amount of surface segregation of the low surface energy
species at the original coating surface is the result of the balance
between driving force and “locking” of the DC into the bulk of
networks. For self-replenishing purposes, controlling these coun-
teracting effects is crucial. If the driving force overwhelms the
locking of the low surface energy species into the bulk, all the low
surface energy species can segregate to the air interface and there
will be no reservoir in the bulk for the self-replenishing, i.e., a self-
stratified coating will be formed. In order to avoid an excessively
strong driving force, a PCL-based spacer is needed to promote
sufficient miscibility with the bulk and allow fixation of the low
surface energy block.

A consequence of the surface segregation of low surface energy
species is the decrease of the surface tension which can be
measured by tensiometric methods. In order to probe the surface
segregation ability of the DC-PDMS at an early stage, the surface
tension of the liquid non-cured formulations with increasing PDMS
content were measured. Coating formulations based on Rf8-PCL16
dangling chains and only Rf8 blocks without PCL spacers were also
measured for comparison (Fig. 3).

For fluorinated dangling chains, which worked successfully in
ock and DP of PCL polymerization and measured DP and Ð, by 1H NMR and GPC,

expected DP (PCL) DP (1H NMR) Ð (GPC)

16 16.9 1.13
32 31.4 1.21
16 18.2 1.20
32 35.1 1.37
32 36.6 1.35



Fig. 2. 1H NMR spectra of: a) PDMS2000-PCL32 and c) PDMS500-PCL16 after ring opening polymerization of ε-caprolactone initiated by b) PDMS2000 and d) PDMS500, respectively.

Fig. 3. Surface tension of the non-cured coating liquid formulations, measured by tensiometry.
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previous self-replenishing model systems [9,10], the reduction of
surface tension with the increasing amount of Rf8 block was clearly
attenuated by attaching the PCL spacer, as shown in Fig. 3A.
Although the pure Rf8 blocks did not lead to a visible phase sepa-
ration in the initial liquid formulations, the surface tension
exhibited a significant drop from 46 mN/m to 22 mN/mwith 2 wt%
of fluorine content, indicating an evident air interface segregation.
After attaching a PCL-based spacer to the Rf8 block, the compati-
bility between the DC-F and the bulk was largely improved,
showing merely 10 mN/m drop in surface tension with the same
2 wt% fluorine level. Therefore, introduction of the PCL spacer
satisfies two of the requirements for self-replenishment. First, the
low surface energy species (Rf8) should provide sufficient driving
force for surface segregation. Second, the PCL spacer is necessary to
enhance the dangling chains compatibility with the bulk, so that a
sufficient amount of low surface energy species can be preserved
for self-replenishing.
For the DC-PDMS, the surface segregation driving force for the

pure PDMS blocks was revealed by their strong tendency to phase
separate based on miscibility tests with different solvents (see
Supporting Information (SI), Table S1). Pure PDMS1000 and
PDMS2000 blocks were immiscible with the system even after
vigorous mixing. Large liquid droplets of PDMS were visible with
naked eye in the formulations. The low molecular mass PDMS500
showed better miscibility. However, phase separation was still
unavoidable through the reactive mixing. The initially transparent
mixtures with PDMS500 resulted in the formation of large liquid
droplets as the solvent evaporated during curing (see SI, Figure S1).
Therefore, a PCL-based spacer was highly required to improve the
compatibility. Fortunately, after attaching the PCL spacer (DC-
PDMS), all liquid formulations appeared transparent with no
evident phase separation.
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When the coating formulations containing DC-PDMS were
examined by tensiometry, a different behavior was observed when
comparing with Rf8-based systems. Within the studied concentra-
tion range of PDMS (0e2 wt%), only the DC-PDMS with PDMS500
shows a relatively gradual decrease in surface tension. For DC-
PDMS with PDMS1000 and PDMS2000, the surface tension exhibits
a rather sharp decrease, reaching their minimal level already at
very low PDMSwt%, i.e., 0.1e0.2wt%, which is an indication that the
air interface of the liquid formulations could be saturated with the
segregated DC-PDMS. It is very likely that further increment of DC-
PDMSwould lead to the formation ofmicelles, with a larger fraction
of DC-PDMS being preserved in the bulk. With respect to the PCL
spacer length, we noted that a longer spacer can be effective to
weaken the surface segregation of DC-PDMS with a PDMS500 block.
When using a PCL with DP ¼ 32, the extent of surface tension
reduction was on average 2e3 mN/m less than with DP ¼ 16.
However, for DC-PDMS with a PDMS1000 block, the length differ-
ence (DP ¼ 16 and 32) in the PCL spacer no longer influenced the
surface tension behavior, as manifested by a comparable surface
tension drop between the two different PCL lengths. All the evi-
dence above shows that PDMS possesses a strong driving force for
surface segregation. The longer PDMS block in the DC-PDMS, the
stronger driving force for segregation. Under such a strong driving
force, the air interface is therefore always preferentially saturated
with DC-PDMS even at low PDMS content. Hence, the homoge-
neous distribution of DC-PDMS through the bulk of the initial liquid
formulations cannot be easily manipulated. Even when PCL length
was extended to DP¼ 32, DC-PDMS surface saturation could not be
avoided.

3.3. Coating formation and surface characterization

3.3.1. Coating formation
The liquid formulations studied above were thermally cured to

form crosslinked networks and the solvent was simultaneously
evaporated under heating and vacuum conditions. All the formu-
lations solidified into coatings after curing. In order to examine
whether the incorporation of DC-PDMS into the crosslinked net-
works was successful, solvent extraction of the thermo-cured
coatings was performed in chloroform before further character-
izations. All the coatings with DC-PDMS contained a low amount of
extractables, i.e., non-covalently bonded species, typically, less than
1 wt% (Table 2). This indicates that all the coatings with DC-PDMS
were nearly fully crosslinked with successful incorporation of DC-
PDMS into the networks. The Tg values obtained via DSC mea-
surements (Table 2) were similar to the model systems containing
Rf8-PCL16 dangling chains, and indicated a considerable network
flexibility.

3.3.2. Hydrophobicity of the original coating surfaces
The DC-PDMS surface segregation in the liquid formulations has

been demonstrated by the surface tension reduction. Accordingly,
the original coating surfaces were expected to exhibit improved
hydrophobicity after thermal curing. As shown in Fig. 4A, the CAadv
of all the samples were enhanced when DC-PDMS was added. This
Table 2
Properties of the original thermal cured coatings containing DC-PDMS, based on the sam

wt% of solvent extractable Tg (� C) (DSC)

PDMS500-PCL16 0.7 �54
PDMS500-PCL32 0.8 �54
PDMS1000-PCL16 0.6 �53
PDMS1000-PCL32 0.7 �53
PDMS2000-PCL32 0.8 �53
hydrophobicity enhancement is directly related to the surface
segregation of the DC-PDMS. XPS quantitative element analysis
confirmed this explanation as the Si/C ratios measured on the
surfaces were much higher than the bulk average values (Table 2).
In accordance with the trends observed in the liquid formulations
(Fig. 3), the hydrophobicity of PDMS500-based coating surfaces
showed a gradual increment with the PDMS content, while on the
surfaces based on long PDMS blocks, i.e., PDMS1000-PCL16,
PDMS1000-PCL32 and PDMS2000-PCL32, the contact angle increased
to their maximal levels already at very low concentration of PDMS
(0.1 or 0.2 wt%).

In terms of CA hysteresis (Fig. 4B), an interesting trend was also
observed. While the CAadv probes mostly the presence of the low
surface energy species at the air interface, the CA hysteresis, given
by the difference between CAadv and CArec, provides information
associated with the surface rearrangement. Theoretically, the ex-
istence of dangling chains in the crosslinked network enhances the
surface reorganization ability, leading to higher hysteresis. In the
CA measurements of the studied coatings, adding dangling chains
did not lead to higher hysteresis in all cases. As shown in Fig. 4B,
only the coatings containing PDMS500-PCL16 and PDMS2000-PCL32
showed an increased hysteresis by 5e10� with increasing amount
of DC-PDMS. The rest of the coatings displayed an apparent sup-
pression of the hysteresis to different extents. Furthermore, when
comparing systems containing the same PDMS block, it was
consistently observed that a longer PCL spacer (DP ¼ 32) reduces
the hysteresis. So far, there are two hypotheses to explain these
phenomena. One explanation is that a longer dangling chain length
creates a larger span for the surface reorganization which occurs
during the dynamic CA measurements. Under the same water
probing time for CA measurements, it takes more time (i.e., more
than thewater exposure time) for longer dangling chains to fold the
low surface energy block into the bulk due to the larger spatial
span, as compared to the shorter DC. Such difference in the
necessary time to complete surface reorganization could be effec-
tively manifested by a hysteresis difference. To investigate this
explanation further, the DRCA method was used to disclose the
evolution of the CAadv in time. The details of this study will be
covered in Section 3.4. Another explanation might be the presence
of a certain hindering force for surface reorganization, such as
physical locks formed by crystallization, which will be discussed
next.

3.3.3. Crystallinity investigation
When the coatings cooled to room temperature after the ther-

mal curing, most of them were transparent. However, the coatings
based on PDMS1000-PCL16 and PDMS1000-PCL32 showed a slight
haziness. By analyzing these coatings under the polarized light
optical microscope (POM), some structures were identified on the
top surface (Fig. 5). It should be noted that this haziness dis-
appeared upon heating up to 60 �C. These observations strongly
suggest the existence of crystalline domains in the coatings con-
taining DC-PDMS. Considering the chemical compositions of the
coatings, only the PCL block could crystallize at room temperature.
Hence, the common techniques for investigating the presence of
e PDMS weight content (1.5 wt%).

Si/C ratio (bulk average) Si/C ratio (original surface)

0.003 0.137 ± 0.011
0.003 0.132 ± 0.004
0.003 0.206 ± 0.006
0.003 0.204 ± 0.008
0.003 0.173 ± 0.005



Fig. 4. Dynamic water contact angles measured on the original surfaces of the prepared coatings with DC-PDMS.

Fig. 5. Polarized optical microscope images of the coatings, 1 day after the thermal curing, focusing at the top surfaces. Some crystal patterns can be identified in coatings with DC-
PDMS, while no crystals were observed in coatings with Rf8-PCL16 dangling chains. All the studied coatings contained the same dangling chain/precursor mole ratio. Scale
bar ¼ 50 mm.
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crystals, such as DSC and WAXD, were performed on the coatings.
Surprisingly, no or little signals for crystallinity were detected by
both methods (Fig. 6). In DSC, no melting peaks were detected
between 30 and 50 �C, which is the typical Tm range for PCL [34]. In



Fig. 6. DSC thermograms for the first heating run and WAXD spectra measured on the coatings with DC-PDMS.

Y. Zhang et al. / Polymer 107 (2016) 249e262 257
the wide angle X-ray diffraction (WAXD) patterns, only broad
amorphous bands were observed and no distinguishable crystal
peaks could be identified. These results could not provide solid
evidence for the occurrence of crystallization and they diverged
from the POM observation on the top surface. Since both DSC and
WAXD are bulk techniques, crystallinity is difficult to detect when
the crystals are formed preferentially on the top surface. Hence, a
detection-depth resolving method, grazing incidence X-ray
diffraction (GI-XRD), was applied. By adjusting the incidence of the
angle of X-ray beam, the penetration depth can be reduced to layers
of tens of nanometers from the air-interface inwards, i.e., only very
shallow top layers will be probed [35,36].

As expected, the presence of crystals was successfully revealed
by this technique. Fig. 7A shows the X-ray diffraction patterns
collected under various incident angles from 1.6� down to 0.1�,
corresponding with decreasing detection depth. It is clear that at
the high incidence angle of 1.6�, the sample showed an amorphous
character, similar to what we learnt from the WAXD study. Besides,
a clear peak from the Al substrate was observed at 2q ¼ 38.5�,
which was expected, since at this incidence angle the X-ray
detection covered not only the coating layer, but also part of the Al
substrate (as depicted in Fig. 7B).When the incidence angle became
lower, the detection depth was reduced to a thinner layer close to
the air/coating interface. Accordingly, the Al peak became weaker
and then vanished as the X-ray incidence angle decreased. On the
other hand, the characteristic peaks for PCL crystals at 2q ¼ 21.4�

and 23.7� [34] grew stronger and were visible, especially at the
Fig. 7. A) X-ray diffraction spectra of the original surface of the PDMS1000-PCL32 coating m
resolved WAXD set-up, showing the possibility to probe different layers, from the depth re
lowest incidence angle, corresponding to the thinnest surface layer
probed. These results clearly indicate that the PCL crystals observed
by POM formed preferentially at the air interface and the overall
crystallinity of the whole coatings bulk was very low. The prefer-
ence to form PCL crystal at the air interface can be explained by a
so-called “sub-Tg layer”. Compared to the bulk, the air interface
possesses more free volume and a lower Tg [37e39]. Hence, the PCL
crystals can form more easily at the surface than in the bulk.

To confirm further the presence of these PCL crystals, the coat-
ings were heated up to 60 �C with the real-time observation by
POM on the coating top. As expected, the crystalline part at the air/
coating interface was no longer visible at 60 �C and therefore the
PCL crystals were molten. Interestingly, when the coatings were
cooled to room temperature at 10 �C/min, the surface could re-
crystallize very quickly, either during cooling or isothermal at
room temperature, in the time scale of minutes (Fig. 8). However,
surface crystallization and recrystallization after melting was
neither observed in coatings without dangling chains (neat PU
network), nor in the ones with Rf8-PCL16 dangling chains, when
submitted to the same thermal history. These results indicate that
the presence of the PDMS block in the dangling chains could induce
the PCL spacer to crystallize at the air interface. Such surface
crystallization could also happen very quickly close to room tem-
perature. Due to the difficulty to characterize the surface crystal-
linity, and since this was not the main focus of the current study, no
quantitative crystallinity results were pursued.
easured with decreasing incidence angle from 1.6 to 0.1�. B) Schematic of the depth-
aching the substrate till the top shallow layer, as the incidence angle decreases.



Fig. 8. Polarized optical microscope images taken for A) the original surface after preparation, B) the crystalline part of the coatings melted at 60 �C and C) the coatings cooled down
to 20 �C and isothermal for a few minutes.
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3.4. Dangling chains surface reorganization by DRCA

Another important prerequisite for the self-replenishing ability
is the surface reorganization of the dangling chains. The dynamic
recovery contact angle (DRCA) method was utilized to demonstrate
the DC-PDMS ability to reorganize at the surface. It has been re-
ported [40,41] that crystallization of the side chains could suppress
the surface reorganization upon contacting with different media. A
low amount of crystals, formed by the PCL spacer in the coatings
based on DC-PDMS, was detected. These PCL crystals form rapidly
at ambient temperature and preferentially at the air interface. To
avoid the interference of the DC spacer crystallization which could
hinder surface reorganization, all the immersion steps for DRCA
method and CA measurements were carried out at 50 �C, which is
above the Tm of PCL.

Prior to the DRCA measurements, all the coatings were
immersed in water for 2 days to force the dangling chains inwards
the bulk. After 2 days immersion, there was no further decrease of
the CAadv for all the samples, meaning that the surfaces had reached
a new equilibrium. Afterwards, the surfaces were exposed to air for
various periods. The CAadv recovery values are plotted against the
air exposure time te in Fig. 9. It should be mentioned that there is a
probing temporal limit with the current method. Due to the 30 s
duration of the steps to measure the CAadv (injecting 15 mL at the
rate of 0.5 mL/s), the edge of the wet area (i.e., wet by the measuring
water droplet) was exposed to air for at least 30 s, even though the
te was defined as zero. Therefore, hydrophobicity recovery within a
real time of 30 s cannot be probed. Theoretically, the low surface
energy chain ends offer the driving force to re-orient the dangling
chains towards newly exposed air interfaces. The type of chain ends
does play a role on the recovery kinetics when comparing the re-
sults with the same PCL spacer length (DP ¼ 16) in Fig. 9A. The
CAadv of all the three coatings (Rf8-PCL16, PDMS500-PCL16 and
PDMS1000-PCL16) recover to their initial levels completely, but
within different time-frames. For example, it took the PDMS500-
PCL16 dangling chains around 600 s to recover to its initial hydro-
phobicity level while for PDMS1000-PCL16 the CAadv was already
recovered to its initial level at te ¼ 0 s (which also occurred for
PDMS2000-PCL32). Knowing that there is a probing time limit of 30 s,
most likely the PDMS1000-PCL16 could reorganize completely
within 30 s under the DRCA measurement environment, i.e., 50 �C
and 80% RH. As explained above, the longer PDMS block offers a
stronger driving force. This explains why the hydrophobicity re-
covery in PDMS1000-PCL16 is faster than for PDMS500-PCL16.

From Fig. 9A, it is also clear that the DC-PDMS self-reorganized
at the interface faster than the Rf8-PCL16 dangling chains. Both Rf8
and PDMS are low surface energy moieties, but they differ signifi-
cantly in chain length. The Rf8 group is a very short block, consisting
of 8 carbon-carbon bonds. For PDMS, even the lowest molecular
weight PDMS500 among the investigated ones contains at least 14
Si-O bonds. Hence, it is likely that the Rf8 rod-like group possesses
better miscibility with the bulk, favored by entropy of mixing, than
the coil-like PDMS, as also experienced during the preparation of
the initial formulations, and indicated by the tensiometric mea-
surements on the liquid formulations. Therefore, the driving force
of the Rf8 group was weaker than that of PDMS.

Finally, the length of the PCL spacer also influences the time
necessary for complete surface reorganization. As can be seen in
Fig. 9B, PDMS500-PCL32 and PDMS1000-PCL32 took a longer time to
reach their initial hydrophobicity levels than PDMS500-PCL16 and
PDMS1000-PCL16, respectively. This difference is believed to be
caused by the different spatial range for reorganization, associated
with their chain length, as hypothesized before in Section 3.3. With
the same low surface energy chain ends, the driving force for sur-
face reorganization should be at the same level. Assuming similar
kinetics, longer chains lead to a longer time for complete hydro-
phobicity recovery. The results discussed above clearly show the
surface reorganization ability of the DC-PDMS, and the chain end
type and spacer length effect on the surface reorganization, as
assessed by the DRCA method.

3.5. Self-replenishing behavior

The self-replenishing of the model system containing Rf8-PCL16
dangling chains can occur in short time (~ 30 min) [24] at ambient
temperature (20 �C). The hydrophobicity can be self-recovered as a



Fig. 9. Contact angles measured on the wet (water soaked) coating surfaces recovering
over time by exposure to air. The recovery kinetics differ with A) different low surface
energy chain ends and B) different PCL spacer lengths.
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consequence of the replenishment of the surface chemical
composition, which is realized by the dangling chains reserved in
the bulk that reorient towards new air interfaces created by dam-
age [8].

Following the design principles for self-replenishing, the coat-
ings with DC-PDMS satisfied several prerequisites for self-
replenishing ability, namely, system flexibility (low Tg), the sur-
face segregation and reorganization ability, as demonstrated in the
previous sections. The self-replenishing of the coatings containing
DC-PDMS with constant PDMS content (1.5 wt%) was finally
examined by inflicting intentional damages with cryo-microtoming
at �40 �C on all the coatings. As discussed before, microtoming at a
temperature close to the Tg of the material can largely avoid addi-
tional surface roughness artifacts caused by the damage [8,33].
Hence, the hydrophobicity measured by the water CA, which is
highly correlated with surface roughness, can in principle be
compared without interferences. In the case of the coatings with
DC-PDMS, when the surfaces were allowed to recover for 2 h after
the damage, the CAadv values observed were not comparable with
the initial ones. Instead, there was a significant drop in CAadv

(Fig. 10). For the majority of the coatings, even after longer periods
of recovery, up to 13 days at room temperature (20 �C), the CAadv
measured on the damaged surfaces were still less than 90�, i.e., far
below the initial levels of the non-damaged coatings (dashed lines
in Fig. 10). The PDMS2000-PCL32 coatings were the only exception,
for which the CAadv stayed at a relatively higher level, around 98�,
but still 7� below its original value.

The Si/C atomic ratios on the damaged surfaces kept at room
temperature were obtained by XPS measurements. From the ana-
lyses of the results (Fig. 11), it is evident that the new air/coating
interfaces created by the damage are enriched with PDMS, as their
Si/C atomic ratios were significantly higher than the bulk average
(estimated Si/C ratio if all the DC-PDMS were homogeneously
distributed throughout the bulk). Besides, this also indicates that
there was a DC-PDMS reservoir in the bulk to replenish the surface
chemical compositions. When compared to the initial surfaces, the
Si/C atomic ratio measured on the damaged surfaces immediately
after the microtoming was very similar, approximately 70e100% of
their initial levels. This apparent PDMS surface enrichment at the
damaged interface was surprising, and in contradiction to the non-
restored hydrophobicity as revealed by CA (Fig. 10). It was also in
contrast to our expectation of what should be happen at room
temperature, i.e., substantially above the Tg of the coatings.

Due to the preferred surface segregation of dangling chains
upon film formation, the surface number density of dangling chains
at the initial surface is not expected to be the same as that of the
damaged surfaces. However, it is not easy to provide an estimate for
this surface number density without introducing further assump-
tions. For the bulk, the mole ratio between the precursor and
dangling chains can be obtained from the SI (Table S4).

Notwithstanding, there were clear improvements in CAadv re-
covery, when the damaged surfaces were exposed to higher tem-
peratures (Fig. 10). When the recovery temperature increased, the
rate and extent of CAadv recovery also increased. At 75 �C, the CAadv
recovery was very fast and within 30 min it reached maximum
values which were higher than the maximum values measured at
40 �C (Fig. 10). Accordingly, the Si/C atomic ratios were also
measured for the damaged surfaces recovered at various temper-
atures. However, the Si/C ratio measured at the respective higher
temperatures, by the standard XPS method (take-off angle 90�,
corresponding to about 9 nm detection depth), showed small dif-
ferences which fall within the error margins. Also in this case, a
poor correlation was found between the improved CAadv (Fig. 10)
and the Si/C ratios (Fig. 11).

The hydrophobicity of coatings is mainly determined by the
0.5e2.0 nm top layer of the air-solid interface [42,43]. With the
current XPS method, the Si/C ratio results covered not only the top
2 nm but also the ~ 7 nm thick layer below. Thus, it cannot
distinguish effectively chemical composition changes within the
2 nm only. To investigate if the enhancement of the CAadv was a
consequence of the surface composition change, shallower layers of
the damaged surfaces were measured using a take-off angle of 15�,
corresponding to an ~ 2.3 nm thick top layer. In Fig.11, it can be seen
that the Si/C ratio was clearly higher when probing only the top
2.3 nm, indicating a more pronounced PDMS enrichment within
this top thin layer. Besides, it also shows that with increasing
temperature, the top 2.3 nm are more PDMS-enriched than the
~ 9 nm deep layer.

The temperature dependence of the hydrophobicity recovery
could be due to the hindrance caused by the PCL spacer crystalli-
zation near the air interface. As shown in Section 3.3, the PCL
spacers in the dangling chains preferentially crystallize at the
original air interface because of the higher free volume and the
possible induction effect of PDMS. For the dangling chains in the
bulk, the crystallization of the PCL spacer might not happen as
easily as at the interface, due to the limited free volume. When
surface damage occurs, these dangling chains are exposed to the
newly created air interfaces with an enhanced free volume and thus
crystallization of the PCL spacer could also be expected. Therefore,



Fig. 10. Hydrophobicity recovery, characterized by CAadv, of the DC-PDMS coatings after the microtoming damage in function of recovery time, at various temperatures, i.e., room
temperature (20 �C), 40 �C and 75 �C. The dashed lines, initial level, correspond to the CAadv of the coatings before damage. The zero recovery time values correspond to the
damaged surfaces measured immediately (i.e., in the nearest time possible) after the damage.
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for the damaged coatings, both dangling chain reorientation and
PCL crystallization can occur simultaneously and compete against
each other. Hence, the rates of both events eventually determine
the final extent of dangling chains reorientation, most likely
influencing the surface hydrophobicity, i.e., the more extensive the
reorientation of the dangling chains, the higher the surface
hydrophobicity.

Based on the DRCA results, the dangling chain reorganization up
to a new equilibrium at 50 �C could take from 1 min to a few hours.
However, at room temperature, due to lower chain dynamics, this
process can take much longer. On the other hand, the PCL spacer
crystallization at the interface occurred within minutes at room
temperature. According to the Si/C ratio measured on the damaged
surfaces, clear evidence of PDMS enrichment was observed. Hence,
the dangling chain reorientation was not completely suppressed
but considering that the crystallization time is much shorter than
the reorganization time, most likely the dangling chains could not
reorient further due to the physical confinement from the PCL
crystals, leading to a less recovered CAadv at room temperature
(Fig. 10).

In this case, it is highly plausible that early surface PDMS
enrichment is enabled by the PDMS block itself (Scheme 2). First,



Fig. 11. Si/C atomic ratios for PDMS1000-PCL32 estimated from XPS measurements on
initial (non-damaged) and damaged surfaces after 2 days of recovery, at different
temperatures: 20 �C, 40 �C and 75 �C, within the top 2.3 nm and 9.0 nm (take-off
angles of 90� (back row) and 15� (front row), respectively). The bulk average columns
correspond to the estimated Si/C ratio if all the DC-PDMS are homogeneously
distributed throughout the bulk. For the other coatings, see the SI, Figure S3.

Scheme 3. Schematic comparison between the “theoretical” mobility span of dangling
chains with PDMS end (DC-PDMS) and the PDMS blocks only.
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PDMS is highly flexible with sufficient mobility (Tg ¼ �120 �C),
regardless of the constraint of the PCL spacer crystals. Second, the
chain-like structure provides PDMS with a certain mobility span.
Nevertheless, to reach a high CAadv an even larger mobility span,
i.e., a longer chain length, could be required to form a highly PDMS
enriched surface. This hypothesis can also explain why PDMS2000-
PCL32 could recover to higher CAadv as compared to coatings with
shorter PDMS blocks, even if PCL crystal constraints also exists in
this case. Due to longer chains a larger mobility span arises, so that
a PDMS enriched surface for PDMS2000-PCL32 could form more
easily after damage (Scheme 3).

Other than the temperature dependence of the self-replenishing
Scheme 2. Schematic of the temperature dependence of CA recovery at damaged coating su
before the dangling chains fully reorient. Hence, CA recovery was hindered. Full CA recove
dangling chain reorientation.
ability, the PDMS block length was found to influence the self-
replenishing efficiency (Table 3). For the coatings with constant
1.5 wt% PDMS content, there was an obvious trend that there is less
PDMS preserved in the bulk with increasing PDMS block molecular
weight. For the short block PDMS500, the PDMS content at the
damaged surface could be recovered up to 95%, as compared to its
original surface, while for PDMS2000 the self-replenishing efficiency
dropped to 71%. After the relaxation of dangling chain reor-
ientation, i.e., when a new equilibrium was reached after damage,
the PDMS content measured on the damaged surfaces actually
represents the level of dangling chains preserved in the bulk.
Hence, less dangling chains are distributed in the bulk as a reservoir
in coatingswith longer PDMS blocks. Note that according to the XPS
measurements on the microtomed slices at cutting depths ranging
from 20 to 80 mm, there was no PDMS content gradient within the
bulk (SI, Figure S2).

As discussed in the previous section, the amount of PDMS at the
original surfaces is determined by the competition between the
driving force for surface segregation and locking of DC-PDMS into
the bulk by the crosslinking reaction. The experimental results by
rfaces containing DC-PDMS. The PCL spacer might crystallize easily at the sub-Tg layer
ry could be achieved upon heating due to the removal of PCL crystal restraints on the



Table 3
Self-replenishing efficiency based on the ratio between Si/C values measured on the damaged and the original coating surfaces by XPS (take-off angle 90�).

PDMS500 -PCL16 PDMS500 -PCL32 PDMS1000 -PCL16 PDMS1000 -PCL32 PDMS2000 -PCL32

Self-replenishing efficiency (%) 91 95 83 85 71
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tensiometry shown in Section 3.2 have clearly shown that a longer
PDMS block in the DC-PDMS results in a lower surface tension at
constant PDMS concentration. Thus, for longer PDMS, the drive for
surface segregation could further prevail over the crosslinking ef-
fect. Hence, with the same overall content of PDMS in the system, it
is logical that less PDMS could be kept in the bulk due to the
stronger driving force provided by the longer PDMS.

To sum up, the self-replenishing ability of DC-PDMS was
demonstrated by PDMS enrichment at damaged surfaces. A strong
dependence of surface hydrophobicity recovery on temperature
was observed. This temperature dependence was believed to be
caused by the hindrance formed by PCL spacer crystals which
rapidly recrystallize at the newly created air interface after damage.
Accordingly, when the environmental temperature increased above
the Tm of PCL spacer, full recovery of the hydrophobicity could be
achieved. Last but not least, due to the stronger driving force from
the longer PDMS block, less DC-PDMS could be preserved in the
bulk for DC-PDMS with longer PDMS blocks, hence, showing a
lower self-replenishing ability.

4. Conclusions

Following the design requirements for self-replenishing hy-
drophobic coatings, the typical 8-fluorinated carbon end group
(Rf8) used in low surface energy dangling chains was replaced by a
more environmentally friendly PDMS block. After successfully
synthesizing dangling chains containing PDMS as chain ends (DC-
PDMS), polyurethane (PU)-based coatings were prepared by ther-
mal curing. For these coatings, the surface segregation ability of DC-
PDMS was demonstrated for both its liquid non-cured formula-
tions, via surface tension measurements, and the solidified coating
surfaces after curing, by water contact angles and related hydro-
phobicity measurements. DC-PDMS showed a strong tendency to
crystallize with the PCL spacer, preferentially at the air interface,
thereby influencing the reorientation of the PDMS block. The sur-
face reorganization ability of DC-PDMS in the PU crosslinked net-
works was demonstrated by the dynamic recovery contact angle
method. Upon intentional surface damage, self-replenishing
behavior was observed with clear evidence for a PDMS-enriched
surface. However, the hydrophobicity recovery was strongly
dependent on the environmental temperature. This is believed to
be due to the hindrance by PCL spacer crystals formed at the new
air interfaces created by the damage. Only at higher temperature
(above Tm of PCL crystals), fully recovered hydrophobicity could be
achieved as a consequence of full dangling chain reorientation.
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