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ABSTRACT: We have prepared polyurethane with poly(ε-
caprolactone) (PCL) as the segments of the main chain and
poly(triisopropylsilyl acrylate) (PTIPSA) as the side chains by
a combination of radical polymerization and a condensation
reaction. Quartz crystal microbalance with dissipation studies
show that polyurethane can degrade in the presence of enzyme
and the degradation rate decreases with the PTIPSA content. Our studies also demonstrate that polyurethane is able to hydrolyze
in artificial seawater and the hydrolysis rate increases as the PTIPSA content increases. Moreover, hydrolysis leads to a
hydrophilic surface that is favorable to reduction of the frictional drag under dynamic conditions. Marine field tests reveal that
polyurethane has good antifouling ability because polyurethane with a biodegradable PCL main chain and hydrolyzable PTIPSA
side chains can form a self-renewal surface. Polyurethane was also used to carry and release a relatively environmentally friendly
antifoulant, and the combined system exhibits a much higher antifouling performance even in a static marine environment.
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■ INTRODUCTION

It is well-known that marine biofouling is a worldwide problem
for maritime and aquatic industries.1−3 It increases the
hydrodynamic drag of ships, accelerates the corrosion of a
metallic substrate, blocks the cooling cycle pipe, decreases the
service life of marine equipment, and affects aquaculture
systems. Biocidal coatings containing heavy metals are effective
for combating marine fouling, but they are under environ-
mental scrutiny because they are detrimental to nontarget
organisms and ecologically harmful.4,5 It is urgent to develop
environmentally friendly systems for antibiofouling. For this
purpose, poly(dimethylsiloxane) elastomers,6,7 amphiphilic
nanostructured coating,8−12 zwitterionic polymers,13,14 and
self-generated hydrogel15,16 have been prepared in recent
years. Yet, their antibiofouling ability in a marine environment
needs improvement.
Hydrolyzable polymers have been used for antibiofouling

because their hydrolysis and dissolution can lead to a self-
polishing surface and the release of incorporated biocides.17,18

Silyl acrylate based polymers are typical hydrolyzable polymers
with stable hydrolysis rates and self-smoothing properties.
Moreover, their hydrolysis also positively contributes to the
hydrodynamics of the ship’s hull by reducing frictional drag and
the total amount of fuel consumed. However, the self-polishing
of silyl acrylate based polymers with hydrolyzable side chains
mainly depends on the content of pendant silyl ester groups
and the seawater motion. They generally exhibit poor
mechanical properties and antibiofouling ability, especially in
a static marine environment.1,17,19−21 It is important to

optimize the structure of a silyl acrylate copolymer to improve
its antibiofouling ability under static conditions. Bressy et al.
reported that poly(methyl methacrylate-b-tert-butyldimethylsil-
yl methacrylate) diblock copolymers have better control of the
self-polishing rate compared to random copolymers.22 The
marine coatings based on the diblock copolymers exhibited
good antifouling ability in the Mediterranean Sea for 18
months.23

Recently, we have developed marine antibiofouling materials
based on degradable polyurethane with ε-caprolactone and
glycolide (GA) copolyester oligomer as the segments of the
main chain. The degradation of polyurethane in a marine
environment leads to a self-renewal surface that can stop the
settlement of marine biofouling even in a static marine
environment.24 However, the self-polishing rate is only
modulated by the GA content. This limits its application
because a high GA content would give rise to low adhension
strength and poor mechanical stability. Actually, it is a
contradiction to improve the degradation rate and mechanical
properties of degradable polymers. Here, we present a novel
polyurethane with poly(ε-caprolactone) (PCL) segments in the
main chain and poly(triisopropylsilyl acrylate) (PTIPSA) side
chains, where the former are able to degrade in a marine
environment because of the attack of seawater and micro-
organisms, whereas the latter have been commercially used in a
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self-polishing coating under a sailing state. The self-polishing
rate of the surface constructed by polyurethane determined by
degradation and hydrolysis can be regulated by varying its
composition. Moreover, the introduction of biodegradable PCL
into the silyl acrylate polymers can also improve dissolution of
the hydrolytic moieties without the help of shear force, which
facilitates antibiofouling in the static state. We have investigated
the degradation, hydrolysis, and antifouling property of
polyurethane. Our aim is to develop antibiofouling materials
in both static and dynamic marine environments.

■ EXPERIMENTAL METHODS
Materials. Poly(ε-caprolactone) diol (PCL; Mw = 2000 g/mol)

was from Perstorp. Triisopropylsilyl acrylate (TIPSA) was synthesized
following a procedure elsewhere.25,26 3-Mercapto-1,2-propanediol
(TG), 1,4-butanediol (1,4-BD), and dibutyltin dilaurate were from
Aldrich. L-Lysine ethyl ester diisocyanate (LDI) was from Dahong
Chemical and was used as received. 2,2-Azobis(isobutyronitrile)
(AIBN) was recrystallized twice from methanol. TIPSA was distilled
under reduced pressure before use. PCL was dried under reduced
pressure for 2 h prior to use. Tetrahydrofuran (THF) was refluxed
over CaH2 and distilled prior to use. Lipase PS purchased from Aldrich
was purified by filtration and freeze-drying before use. 4,5-Dichloro-2-
octyl-isothiazolone (DCOIT) was kindly presented by Fangfu
Chemical Co. (Guangzhou). Artificial seawater (ASW) was prepared
according to ASTM D1141-98 (2003). Other reagents were used as
received. The synthesis of degradable polyurethane with hydrolyzable
side chains is illustrated in Scheme 1.
Synthesis of PTIPSA(OH)2. By the introduction of dihydroxyl at

one end and control of the molecular weight, PTIPSA(OH)2 was
prepared by radical telomerization with TG as a chain-transfer
reagent.27,28 Typically, TIPSA (6.384 g, 28 mmol), AIBN (0.0032 g,
0.05 wt % based on monomers), TG (0.432 g, 4 mmol), and THF (15
mL) were introduced into a 100 mL three-necked flask under a
nitrogen purge, and polymerization was carried out at 70 °C for 12 h.

The product was precipitated into methanol, isolated, and dried under
vacuum (yield: 70.0%). 1H NMR (400 MHz, CDCl3, ppm): 3.80
(HOCH2CH(OH)), 3.55−3.67 (HOCH2CH(OH)), 2.78 (CH(OH)-
CH2S), 2.54 (CH2CHCOO), 1.74 (CH2CHCOO), 1.27
(SiCH(CH3)2), 1.05 (SiCH(CH3)2). IR: 3450 (OH), 2950 (CH3),
1730 (CO), 883 (Si−C) cm−1. Mn and PDI of PTIPSA(OH)2
determined by gel permeation chromatography (GPC) are 1400 g/
mol and 1.25, respectively.

Synthesis of Polyurethane with PTIPSA Side Chains.
Polyurethane with PTIPSA side chains was synthesized via a
condensation reaction in THF under a nitrogen atmosphere.29−31

LDI was reacted with PCL at 80 °C for 1 h, yielding a prepolymer.
Subsequently, PTIPSA(OH)2 was introduced, and the reaction was
conducted at 80 °C for another 1 h. Finally, 1,4-BD and DBT were
added as the chain extender and catalyst, respectively, and the mixture
was allowed to react at 90 °C for 3 h. The reaction was monitored by
Fourier transform infrared spectroscopy (FTIR; Figure S1 in the
Supporting Information, SI). The resulting polymer was precipitated
in excess hexane under stirring and allowed to stand overnight. Then,
the precipitate was filtered, washed three times with a little hexane, and
vacuum-dried for 24 h. The yield for polyurethane was above 90%. 1H
NMR (400 MHz, CDCl3, ppm): 4.20 (CHCOOCH2CH3), 4.30
(CHCOOCH2CH3 ) , 1 . 2 7 (CHCOOCH2CH 3 ) , 3 . 1 5
(NCH 2CH2CH2CH2) , 1 .80 (NCH2CH2CH2CH 2) , 1 .64
(NCH2CH 2CH2CH2) , 1 .50 (NCH2CH2CH 2CH2) , 4 .05
(COCH2CH2CH2CH2CH2O), 2.3 (COCH2CH2CH2CH2CH2O),
1 . 6 4 ( C O C H 2 C H 2 C H 2 C H 2 C H 2 O ) , 1 . 3 8
(COCH2CH2CH2CH2CH2O), 3.87 (OCH2CH2CH2CH2O), 1.52
(OCH2CH2CH2CH2O), 1.27 (SiCH(CH3)2), 1.05 (SiCH(CH3)2).
IR: 3360 (NH), 2950 (CH3), 2860 (CH2), 1730 (CO), 883 (Si−C)
cm−1. For convenience, polyurethane with PTIPSA side chains is
designed as PU-Sx, where x is the weight percentage of PTIPSA
estimated by 1H NMR. The characterization data are summarized in
Table 1, and the details can be found in the SI.

Scheme 1. Synthesis of Degradable Polyurethane with Hydrolyzable Side Chains

Table 1. Characterization Data of PU-Sx

sample LDI/PCL/PTIPSA(OH)2/1,4-BD
a PTIPSA content (wt %)b Mn

c (g/mol) Mw/Mn
c Tg (°C)

d Tm (°C)d [ΔHm(J/g)] T50% (°C)e

PU-S0 6.6/1/0/5.6 0 15000 1.6 −51.7 33.5 [1.07] 326
PU-S7 6.6/1/0.25/5.35 7.3 10000 1.4 −52.3 33.0 [0.12] 334
PU-S14 6.6/1/0.5/5.1 13.8 12000 1.3 −52.6 341
PU-S22 6.6/1/0.93/4.67 22.3 13000 1.5 −53.9 346
PU-S32 6.6/1/1.48/4.12 32.4 11000 1.3 −55.8, −20.9 351
PU-S40 6.6/1/2.22/3.38 40.1 12000 1.3 −57.9, −22.6 392

aFeed molar ratio. bDetermined by 1H NMR. cDetermined by GPC. dDetermined by DSC. eTemperature at 50% weight loss as determined by
TGA.
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Characterization. 1H NMR Spectroscopy. 1H NMR spectra were
recorded on a Bruker AV400 NMR spectrometer using CDCl3 as the
solvent and tetramethylsilane as the internal standard.
FTIR. FTIR spectra were recorded over 64 scans with a resolution of

4 cm−1 on a Bruker VECTOR-22 IR spectrometer. The samples were
prepared by a KBr disk method.
GPC. The number- and weight-average molecular weights (Mn and

Mw) and polydispersity index (PDI; Mw/Mn) were determined by
GPC at 35 °C on a Waters 1515 chromatograph using a series of
monodisperse polystyrenes as the standard and THF as the fluent with
a flow rate of 1.0 mL/min.
Thermal Analysis. Differential scanning calorimetry (DSC) was

performed on a Netzsch DSC 204F1 differential scanning calorimeter
under a nitrogen flow of 50 mL/min. Samples were quickly heated to
100 °C, kept for 5 min to remove thermal history, then cooled to −80
°C at a rate of 10 °C/min, and finally reheated to 100 °C at the same
rate. All DSC traces were from the second heat to minimize the effects
of thermal history. The glass transition temperature (Tg) was taken as
the midpoint of the transition. Clearly, Tg decreases with the PTIPSA
content because the PTIPSA side chains can restrict the compatibility
of the hard and soft segments of polyurethane (Table 1). The melting
temperature (Tm) was taken as that corresponding to the maximum
heat flow in the reheating process. The melting enthalpy change
(ΔHm) related to crystallization of the PCL phases was assessed by
integration of the area of the melting peak. Tm and ΔHm decreases as
the PTIPSA content increases (Table 1), indicating that the
introduction of PTIPSA side chains weakens crystallization of the
PCL segments (Figure S7 in the SI).
Thermogravimetric analysis (TGA) was performed on a Netzsch

TG 209F1 instrument under a nitrogen atmosphere at a heating rate of
10 °C/min in the range of 25−800 °C. PU-Sx exhibits a new
decomposition at high temperature (380−400 °C) in comparison with
PU-S0 (Figure S8 in the SI). Moreover, the decomposition
temperature (T50%) increases with the PTIPSA content (Table 1).
Accordingly, the presence of PTIPSA side chains improves the thermal
stability of polyurethane.
Enzymatic Degradation. Enzymatic degradation was monitored by

using a quartz crystal microbalance with dissipation (QCM-D) and
surface plasmon resonance (SPR). The polyurethane films were
prepared by spin casting of the PU-Sx solution in a THF solution (5
mg/mL) on a spin coater (CHEMAT, KW-4) at 4000 rpm in air.
QCM-D and the AT-cut quartz crystal with a fundamental resonant
frequency of 5 MHz were from Q-sense AB (Sweden). The details
about the QCM-D can be found elsewhere.32,33 Briefly, the QCM-D
simultaneously monitors changes in the resonance frequency (Δf) and
dissipation (ΔD) in real time. Δf is related to the change in the mass
attached to the oscillating sensor surface, whereas ΔD is related to the
viscoelasticity of the adsorbed layer. For a rigid film in vacuum or air, if
it is evenly distributed and much thinner than the crystal, Δf is related
to Δm and the overtone number (n = 1, 3, 5, ...) by the Sauerbrey
equation32
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where f 0 is the fundamental frequency, ρq and lq are the specific
density and thickness of the quartz crystal, respectively, and C is the
constant of the crystal (17.7 ng/cm2·Hz). In the present study, ASW
was used as the reference and the lipase PS solution (0.5 mg/mL) was
delivered to the surface at a flow rate of 150 μL/min. The changes in
the frequency (Δf) and dissipation (ΔD) give information about the
degradation and structural change of the polyurethane films. All of the
experiments were performed at 25 °C, and the presented data were
from the third overtone (n = 3). The relative standard deviations for
Δf and ΔD were less than 4.0%.
SPR measurements were performed on a SPR Navi 210A (Bionavis)

instrument equipped with an autosampler accessory at 25 °C. The
amount of mass change on the gold sensor slide can be followed by
monitoring the change in the angular position (angular scan mode)
over time.34,35 The SPR angle shift is linear to the added mass of the

layer with 0.1° ≈ 1 ng/mm2. The Lipase PS solution (0.5 mg/mL) was
delivered to the surface at a flow rate of 50 μL/min. The relative
standard deviation for the angle shift was less than 5%.

Hydrolytic Degradation. The hydrolytic degradation testing was
conducted in ASW at 25 °C. The PU-Sx film on an epoxy resin panel
(20 × 20 mm in size) was prepared via a solution-casting method, as
reported before.24 The weighted sample of each dried coating together
with its panel was incubated in a tank of ASW that was changed every
2 weeks. At predetermined time points, the sample was taken out,
rinsed three times with deionized water, and then dried at 25 °C until
a constant weight. The mass loss (wt %) was estimated with the
equation

=
−

−
×

w w
w w

mass loss (wt %) 100t0

0 panel (2)

where w0, wt, and wpanel are the initial weight of the panel coated with
PU-Sx, the weight of the coated panel at time t, and the weight of the
panel without coating, respectively. With the area of the epoxy resin
panel fixed and the same solid content and volume of the PU-Sx
solution, each film has a weight of ∼116 ± 2 mg. The self-polishing
rate is defined as the mass loss (wt %) per day. For each sample, three
coated panels were prepared and measured, and each data point was
averaged over three successive and consistent measurements.

Contact Angle (CA) Measurement and Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR).
The stationary CA measurement was conducted on a Contact Angle
System OCA40 (Dataphysics) at 25 °C by depositing a water drop of
3 μL on the PU-Sx surface. Five different points on each sample were
tested to obtain an average value. The IR spectra were recorded using
a Bruker Vertex 70 FTIR spectrometer in ATR mode in the 600−4000
cm−1 range at room temperature with a resolution of 4 cm−1 and an
accumulation of 32 scans. The samples were removed from ASW at
different time intervals, rinsed three times using deionized water, and
dried at 25 °C before the CA and ATR-FTIR measurements.

Scanning Electron Microscopy (SEM). The surface morphology of
the PU-Sx film after immersion in ASW as a function of time was
observed by a Quanta 200 scanning electron microscope (Philips-FEI
Corp., The Netherlands) operating at 15 kV. All of the samples were
sputter-coated with gold to minimize sample charging.

Marine Field Test. The field test was performed at the inner Xiamen
bay (24°45′N, 118°07′E) in China following GB 5370-2007. In brief,
the samples applied to the epoxy resin panels (300 × 80 × 3 mm3)
were lowered into seawater at depths of 0.2−2.0 m from a stationary
experimental raft starting on May 07, 2013. After a certain period of
time, the panels were taken out of the sea, carefully washed with
seawater, and photographed, and then they were immediately placed
back into the seawater to continue the test. Panels coated with
polyurethane containing different PTIPSA contents were tested. The
molecular weight (Mn) of PU-Sx varied from 10000 to 15000 g/mol.
Variation of the molecular weight of the samples was attributed to
their difference in the side-chain content and large polydispersity.29

The panels coated with PU-S40 and poly(methyl methacrylate-co-
triisopropylsilyl acrylate) (PMS42) in combination with DCOIT (∼10
wt %) were also examined to evaluate the antifoulant release. PMS42
(Mn = 1.5 × 104 g/mol; PDI = 1.6) with 42.3 wt % of PTIPSA was
prepared by conventional radical polymerization following a procedure
reported elsewhere.22

■ RESULTS AND DISCUSSION
Because the structure of PU-Sx contains a polyester main chain,
it is expected to degrade upon the enzymatic attack of
microorganisms present in the seawater.36,37 We first examined
enzymatic degradation by use of QCM-D. Figure 1 shows the
time dependence of the frequency shift (Δf) and energy
dissipation shift (ΔD) for enzymatic degradation of polyur-
ethane with different PTIPSA contents in ASW. For PU-S0,
after lipase PS is introduced, Δf increases and gradually levels
off. Actually, we can also observe a small decrease in Δf before
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the increase in a short time scale of 0.5 h (not shown),
indicating the adsorption of lipase on the film. It is not
significant in a large time scale because it is too small relative to
the increase of Δf. After rinsing with seawater, Δf exhibits a
marked increase relative to the baseline. It is known that the
increase of mass on the sensor surface causes the frequency to
decrease.38,39 The increase in Δf indicates a mass loss of the
polyurethane film, or the polyurethane film degrades into small
molecules that disperse into the solution. For PU-Sx with a
PTIPSA content of less than 22 wt %, a faster degradation can
be observed, reflected in the bigger increase in Δf than that for
PU-S0. Note that the PCL content in PU-Sx only changes from
56.4 to 51.6 wt % (Figure S4 in the SI). The faster degradation
arises from PTIPSA side chains that destroy the regularity of
PCL segments and hinder their crystallization40 (see Figure S7
in the SI). Further increasing the PTIPSA content leads Δf to
be much smaller (for PU-S32 and PU-S40); that is, the
degraded mass becomes lower because the PCL content
decreases. Another reason is that PTIPSA side chains at higher
content tend to migrate to the polyurethane surface because of
their low surface energy and form a PTIPSA-rich surface, which
prevents PCL segments from enzymatic attack.41 On the other
hand, it is well-known that ΔD increases with the thickness but
decreases with the rigidness of the layer. Namely, a dense and
rigid structure leads to a small dissipation of energy, whereas a
looser structure results in a larger dissipation.33,38 For all of the
PU-Sx films, ΔD increases with time, indicating that enzymatic
degradation leads to a surface with a nonuniform structure. In
the case of PU-S0 with higher crystallinity, the enzyme first
attacks the amorphous region and then the crystalline area, and
the former is faster than the latter, leading to a porous
structure.38 For polyurethane with a PTIPSA content, the

difference of amorphous and crystalline area in the degradation
rate becomes smaller as the crystallinity decreases. However,
PTIPSA side chains and the undegraded PCL form a
nonuniform structure after some PCL segments degrade,
leading ΔD to increase, and the surface rigidity decreases.
Moreover, ΔD increases with the film thickness.42 As the
PTIPSA content increases, the enzymatic degradation
decreases, leaving a thicker film. Consequently, ΔD increases
with the PTIPSA content. Anyhow, the surface constructed by
polyurethane with PTIPSA side chains can be decomposed and
eroded under enzymatic attack in a marine environment.
Enzymatic degradation was also examined by SPR (Figure 2).

After a lipase PS solution is introduced, the SPR angle shows a

sharp decrease and gradually levels off, indicating mass loss of
the films. For PU-S0, the decrease in the SPR angle after rinsing
is ∼0.73°. For PU-S7 and PU-S14 with a PTIPSA content of
less than 22 wt %, larger angle shifts can be observed because
polyurethane has a lower crystallinity and degradation is
enhanced. Further increasing the PTIPSA content (for PU-S32
and PU-S40) leads the angle shift to decrease in that
degradation decreases because of a decrease of the PCL
content or surface passivation induced by migration of the
PTIPSA side chains.41 This is consistent with the QCM-D
results.
The mass loss of the PU-Sx samples can be estimated by the

SPR shift. For PU-S0, PU-S7, PU-S14, PU-S22, PU-S32, and
PU-S40, the mass loss values are 7.3, 18.5, 17.1, 11.4, 6.5, and
5.0 ng/mm2, respectively. We can also estimate the mass loss
via the frequency shift measured by QCM-D in terms of the
Sauerbrey equation. For PU-S0, PU-S7, PU-S14, PU-S22, PU-
S32, and PU-S40, they are 9.5, 18.0, 17.4, 10.3, 6.0, and 4.0 ng/
mm2, respectively. Clearly, the mass loss obtained by SPR is
close to that from QCM-D except that of PU-S0. It is known
that the mass estimated from the Sauerbrey equation is a
hydrodynamic mass that includes those of polymer and coupled
water,33 whereas that estimated from the SPR shift is the mass
of the polymer. PU-Sx, except PU-S0, is hydrophobic and the
coupled water is very limited, so that the mass loss estimated
from SPR is close to that from QCM-D. PU-S0 is more
hydrophilic and can couple more water molecules, which makes
a bigger difference between them.

Figure 1. Time dependence of the frequency shift (Δf) and dissipation
shift (ΔD) for enzymatic degradation of polyurethanes with different
PTIPSA contents in ASW at 25 °C.

Figure 2. Time dependence of the SPR angle shift for enzymatic
degradation of polyurethanes with different PTIPSA contents in ASW
at 25 °C.
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Figure 3 shows the time dependence of the mass loss of
polyurethane with different PTIPSA contents in ASW at 25 °C.

After immersion in ASW for 7 days, all of the PU-Sx films start
to lose weight. In comparison with PU-S0, polyurethane with
PTIPSA side chains generally loses weight faster, indicating a
quicker hydrolytic degradation. Moreover, the hydrolytic
degradation increases with the PTIPSA content. For PU-S0,
the mass loss can be attributed to hydrolysis of the ester linkage
in PCL segments.24,37 In other words, the PCL main chain of
polyurethane can also hydrolytically degrade in seawater. For
PU-Sx, the PCL content decreases from 56.4 to 37.3 wt %
(Figure S4 in the SI); however, polyurethane with higher
PTIPSA content exhibits a higher mass loss. Clearly, hydrolysis
of the silyl ester group contributes to degradation more than
that of the PCL segments. Actually, hydrolysis of PCL and
PTIPSA was studied separately before.22,37 Indeed, the former
hydrolyzes slower than the latter because silyl ester groups are
susceptible to hydrolysis because of the larger polarity of the
Si−O bond. We evaluated the self-polishing rate in terms of the
mass loss per day. It ranges from ∼0.1 to 0.35 wt %/day (see
Figure S5 in the SI). Moreover, it increases with the PTIPSA
content. Thus, we can design a surface with a controlled self-
polishing rate by adjusting the content of PTIPSA side chains.
Figure 4 shows the time dependence of the CA on the

surfaces of polyurethanes with different PTIPSA contents.

Before immersion into ASW, the CAs on the surface of PU-Sx
are larger than that of the PU-S0 surface because the former
have hydrophobic triisopropylsilyl ester groups.43 Moreover, as
the PTIPSA content increases, the CA gradually increases,
indicating that the hydrophobic PTIPSA moieties covered on
the surface increase. After immersion in ASW, the CA for PU-
S0 slightly varies. However, the CA for polyurethane with
PTIPSA side chains gradually decreases and finally levels off
after 7 days. Moreover, as the PTIPSA content increases, the
final CA decreases. As reported before,44,45 hydrolysis of the
PCL in PU-S0 can produce carboxyl or alcohol end groups,
which has a slight effect on the surface hydrophilicity, so the
CA slightly varies. For other PU-Sx, the rapid decrease in the
CA is because hydrolysis of the triisopropylsilyl ester groups
yields anionic carboxylate groups and the surface becomes
more hydrophilic. This is confirmed by ATR-FTIR (Figure S6
in the SI). The peak intensity at 883 cm−1 due to the stretching
vibration of the Si−C bond decreases, and the broad band
appears around 3300−3500 cm−1 due to the stretching
vibration of carboxyls after immersion in ASW for 7 days.
Accordingly, the final CA decreases with the PTIPSA content.
Figure 5 shows the surface morphologies of the polyurethane

films during degradation observed by SEM. For PU-S0, the
surface morphology slightly changes after immersion in ASW
for 7 days. Actually, it did not exhibit a significant change even
after 90 days because PU-S0 has a slow hydrolysis rate due to
the high crystallinity and hydrophobicity of the PCL seg-
ments.46 For PU-S22, the surface became rougher after it was
exposed to ASW for 7 days owing to the larger surface erosion
due to hydrolysis of the triisopropylsilyl ester groups. Yet, the
roughness slightly changes with time, indicating that hydrolysis
has a slight effect on the surface morphology. For PU-S40, the
roughness of the surface also slightly varies with time after
exposure to ASW for 7 days; however, it has a roughness larger
than that of PU-S22 probably because it has a larger hydrolytic
degradation rate (shown in Figure 3). Anyhow, a slight change
in the morphology after hydrolysis further indicates a stable
self-polishing rate (see Figure S5 in the SI).
The antibiofouling of polyurethane was examined by a

marine field test (Figure 6a). For control panels whose surfaces
are constructed of epoxy resin, the surfaces were already
seriously fouled after 90 days, indicating a heavy fouling
pressure. For the panels coated with PU-Sx, the number of
barnacles grown on the surface dramatically decreases as the
PTIPSA content increases, indicating that the antibiofouling
ability increases with the PTIPSA content. As reported before,
the surface constructed by a biodegradable polymer can be
gradually decomposed and eroded under seawater or enzymatic
attack in marine environments, which can lead to a self-renewal
surface polishing the attached living organisms or inorganics
away.24 The antibiofouling ability of PU-S0 is the result of PCL
degradation. However, the enhanced antibiofouling perform-
ance for PU-Sx should arise from hydrolysis of the silyl ester
group in the side chain besides degradation of PCL in the main
chain. In other words, the combination of degradable PCL and
hydrolyzable PTIPSA improves hydrolysis and degradation,
leading to the enhancement of antibiofouling.
We also used PU-S40 as a carrier and controlled release

system for a relatively environmentally friendly antifoulant
(DCOIT). To explore the possibility of applications of
polyurethane, we chose PMS42 as the control sample. It is a
commercial silyl acrylate copolymer containing a content of
silyl ester groups close to that of PU-S40, but it does not have

Figure 3. Time dependence of the mass loss of polyurethanes with
different PTIPSA contents in ASW at 25 °C.

Figure 4. Time dependence of the CA for polyurethanes with different
PTIPSA contents in ASW at 25 °C.
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PCL units. Figure 6b shows that the surface constructed by PU-
S40 containing DCOIT remains clean within 90 days.
However, the surface of the control sample with similar
content of silyl ester groups and the same DCOIT is fouled. We
also prepared polyurethane with undegradable poly-
(tetramethylene oxide) segments in the main chain and
PTIPSA side chains and tested its antibiofouling property in
the absence and presence of DCOIT. As expected, it was also
not able to inhibit the settlement of marine organisms (not
shown). As we know, the mechanism of self-polishing for a silyl
acrylate copolymer involves hydrolysis of the pendant silyl ester
groups via seawater attack and dissolution of the resulting
hydrolyzed polymer.17 The balance of hydrolysis and
dissolution of the silyl acrylate copolymer is critical. However,
dissolution largely depends on shear due to the nonreactive
main chain. Thus, the poor antibiofouling ability of the control
sample is because it cannot dissolve in a timely manner in static
marine environments although it has hydrolyzable PTIPSA
moieties, leading to a low release rate of DCOIT. The PU-Sx
with a PCL main chain can degrade in a marine environment
because of attack by microorganisms and hydrolysis of the ester
linkage, which can significantly improve their dissolution after

hydrolysis, leading to enhanced antibiofouling in static marine
environments.

■ CONCLUSION

We have prepared degradable polyurethane with hydrolyzable
side chains by the combination of free-radical polymerization
and a condensation reaction. Our studies show that polyur-
ethane can enzymatically and hydrolytically degrade in ASW.
As the PTIPSA content increases, the hydrolysis rate increases.
Marine field tests reveal that polyurethane exhibits enhanced
antifouling ability. Polyurethane containing PCL can be used as
a carrier and a controlled release system for a relatively
environmentally friendly antifoulant. The combination of such
a degradable polymer and antifoulant exhibits excellent
antibiofouling ability and the promise to hold long-term
antifouling performance even in static marine environments.
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(39) Rodahl, M.; Höök, F.; Krozer, A.; Kasemo, B.; Breszinsky, P.
Quartz Crystal Microbalance Setup for Frequency and Q-factor
Measurements in Gaseous and Liquid Environments. Rev. Sci. Instrum.
1995, 66, 3924−3930.
(40) Dovrzynski, P.; Li, S.; Kasperczyk, J.; Bero, M.; Gasc, F.; Vert,
M. Structure−Property Relationships of Copolymers Obtained by
Ring-Opening Polymerization of Glycolide and ε-Caprolactone. Part 1.
Synthesis and Characterization. Biomacromolecules 2005, 6, 483−488.
(41) Gu, X. Z.; Wu, J.; Mather, P. T. Polyhedral Oligomeric
Silsesquioxane (POSS) Suppresses Enzymatic Degradation of PCL-
Based Polyurethanes. Biomacromolecules 2011, 12, 3066−3077.
(42) Vogt, B. D.; Eric, K. L.; Wu, W. L.; Christopher, C. W. Effect of
Film Thickness on the Validity of the Sauerbrey Equation for
Hydrated Polyelectrolyte Films. J. Phys. Chem. B 2004, 108, 12685−
12690.
(43) Hong, F.; Xie, L. Y.; He, C. X.; Liu, J. H.; Zhang, G. Z.; Wu, C.
Effects of Hydrolyzable Comonomer and Cross-linking on Anti-
Biofouling Terpolymer Coatings. Polymer 2013, 54, 2966−2972.
(44) Fay,̈ F.; Renard, E.; Langlois, V.; Linossier, I.; Valleé-Reh́el, K.
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