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ABSTRACT: Superhydrophobic surfaces were fabricated via surface-initiated atom transfer radical polymerization of fluorinated
methacrylates on poly(ethylene terephthalate) (PET) fabrics. The hydrophobicity of the PET fabric was systematically tunable
by controlling the polymerization time. The obtained superhydrophobic fabrics showed excellent chemical robustness even after
exposure to different chemicals, such as acid, base, salt, acetone, and toluene. Importantly, the fabrics maintained
superhydrophobicity after 2500 abrasion cycles, 100 laundering cycles, and long time exposure to UV irradiation. Also, the
surface of the superhydrophobic fabrics showed excellent antifouling properties.
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1. INTRODUCTION

Nature-inspired superhydrophobic surfaces, showing a water
contact angle (CA) higher than 150° and a sliding angle (SA)
lower than 10°, have attracted tremendous attention over the
past decade in both academic and industrial areas.'™'® Their
emerging applications include antireflective glass,'* oil—water
separation,ls’16 protection of electronic devices,17 anti—icing,18
and avoiding fluid drag in microfluidic devices.'”” Compared
with other artificial superhydrophobic surfaces, water repellent
fabric is considered to be among the most promising ones.
However, many superhydrophobic surfaces lose easily their
superhydrophobicity due to suffering from special chemical
environments, strong light, or physical rubbing.zo’21 Therefore,
fabrication of durable, robust superhydrophobic fabrics
becomes one of the hotspots of academic research.>*

Up to date, several methods have been proposed to fabricate
mechanically robust and laundering-durable superhydrophobic
fabrics. One approach involves simple coating of low-surface-
energy materials on the roughening fibrous substrates.”> > The
other strategy is to bond hydrophobic compounds covalently
into/onto the fibers.”*> Forming covalent bonds between
fibers and low-surface-energy compounds is considered to be
an effective way to enhance the abrasion and laundering
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durability of the superhydrophobicity and, as a consequence, to
prolong the lifespan of the superhydrophobic fabrics.

The “grafting from” technique is an important method to
bonding polymers covalently onto substrates, in which polymer
chains grow from initiating sites or immobilized initiators on
the surfaces. This is, in most cases, called surface-initiated
polymerization, which can be conducted by atom transfer
radical polymerization (ATRP). As one of the most widely used
controlled/living radical polymerizations, ATRP is a versatile
and compatible method for a wide range of vinyl monomers
and solvents, providing polymers with controlled molecular
weights and low polydispersities.** > Surface-initiated ATRP
(SI-ATRP), as a kind of surface modification method, has also
been used for the modification of a variety of other
substrates,">**™* thus it should be suitable for adjusting the
hydrophobicity of fabrics by controlling the polymerization.

In this work, we report the modification of poly(ethylene
terephthalate) (PET) fabrics by chemical etching of the fiber
surfaces and grafting of fluorinated methacrylate polymers via
SI-ATRP, as shown in Figure 1. The hydrophobicity of the PET
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Figure 1. Schematic illustration of the fabrication of superhydrophobic
fabrics.

fibers was tuned by controlling the polymerization to obtain
superhydrophobic fabrics. Wettability tests showed that the
superhydrophobic fabrics were robust to different chemicals
and maintained superhydrophobicity after severe abrasion,
laundering, and long time exposure to UV irradiation. And the

surface of the superhydrophobic fabrics showed excellent
antifouling properties.

2. EXPERIMENTAL SECTION

2.1. Materials. PET fabric was purchased from a local factory. a-
Bromoisobutyryl bromide (BiBB, 98%), ethyl 2-bromoisobutyrate
(EBiB, 98%), copper(I) bromide (Cu(I)Br, 99%), and bipyridine
(bpy) were purchased from Aladdin. 2,2,2-Trifluoroethyl methacrylate
(TFEMA) was purchased from Harbin Xeogia Fluorine—Silicon
Material Co., Ltd. (China). Glucose and sodium hydroxide were
purchased from Tianjin Hengxing Chemical Reagent Co., Ltd.

2.2. Chemical Etching of PET Fabrics. First, the PET fabrics (7.5
g 15 cm X 25 cm) were washed with deionized water to remove the
impurities and immersed in 25 g/L sodium hydroxide solution with a
liquor-to-fabric ratio of about 35:1. Then the solution was heated at
120 °C for 60 min. At last, the fabrics were washed with an abundant
amount of water until the pH of the fabric surfaces reached 7 and dried
at 80 °C without any tension. The chemically etched sample was
denoted as E-PET.

2.3. Immobilization of ATRP Initiators on the Etched PET
Fabrics. A solvent-free condition was used to immobilize ATRP
initiators on the E-PET fabrics. First, E-PET fabrics were placed into a
container with only 0.02 mL of BiBB added. The container was sealed
and mounted in an infrared-ray heating machine which is commonly
used to dye fabrics in our lab as well as in a fabric dyeing manufactory
for sampling before large-scale production. Then, the reaction
temperature was programmed for heatin§ to 90 °C and held for 1.5
h, according to the reported procedure.” Finally, the samples were
taken out, washed successively with anhydrous ethanol and deionized
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Figure 2. (a) XPS spectra of the pristine PET, PET-Br, and PET-g-P(TFEMA) fabrics. C 1s XPS spectra with fitting curves of the (b) pristine PET,

(c) PET-Br, and (d) PET-g-P(TFEMA) fabrics.
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Figure 3. SEM images of (a) pristine PET, (b) E-PET, (c) PET-g-P(TFEMA) (4 h), and (d) PET-g-P (TFEMA) (8 h).

water, and dried at 80 °C to obtain initiator immobilized fabrics,
denoted as PET-Br.

2.4. Grafting of Fluorinated Methacrylate Polymers from
PET-Br. The polymer coated PET fabric was ?repared according to a
modified procedure reported previously.>' PET-Br fabric was
immersed in a container with added THF (100 mL), TFEMA (9.5
g 56.5 mmol), Cu(I)Br (3.8 mg, 0.017 mmol), bpy (7.6 mg, 0.0
mmol), glucose (0.04 g, 0.2 mmol), and EBiB (13.3 mg, 0.068 mmol).
Then the container was sealed and mounted in the infrared-ray heating
machine, heated at 60 °C for a given time. Finally, the sample was
rinsed with THF, anhydrous ethanol, and water. The resultant fabric
was dried at 80 °C and denoted as PET-g-P (TFEMA).

The growth kinetics of the polymers from the PET-Br fabrics via SI-
ATRP was investigated by degree of grafting (DG). DGs of the grafted
fabrics were determined as the weight increase of the samples,
according to the following equation:

w; — W,
DG (%) = —= x 100
Wo

where w;, and w, are the weights of the samples after and before
grafting, respectively.

2.5. Characterization. Scanning electron microscopy (SEM)
images were obtained on a Hitachi S-4800 field emission scanning
electron microscope. Samples were sputter-coated with gold prior to
examination. X-ray photoelectron spectra (XPS) on the surfaces were
obtained by using a K-alpha thermo Fisher Scientific. Water contact
angles (CA) of the fabrics were measured with a deionized water
droplet of S 4L on a video optical contact angle system (OCA 20, Data
Physics, Germany) at room temperature. The reported values of CA
and SA were determined by averaging values measured at six different
points on each sample surface.

2.6. Chemical and Mechanical Resistance of Superhydro-
phobic PET Samples. The chemical durability of the super-
hydrophobicity was evaluated by immersing the samples into aqueous
solutions of different pH values and into various organic solvents. The
samples were rinsed and dried at 80 °C for CA measurement after
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immersion into the liquid for 72 h. The chemical durability of the
superhydrophobicity was also evaluated by extracting the samples with
THF, ethanol, and acetone for 24 h, followed by rinsing with water
and drying at 80 °C.

The abrasion tests were performed according to a modified
procedure based on the AATCCA Test Method 8-2001. Using a
pure nylon fabric cloth as the abrasion partner, the sample was fixed
onto the stainless steel column and moved repeatedly with a load
pressure of 45 kPa (20 cm for one cycle).

The washing durability was tested by a standard procedure
according to AATCC Test Method 61-2003 Test No. 1A. Samples
were washed using a laundering machine (SW-12 E, Fang Yuan,
China) at 40 °C in the presence of 10 stainless steel balls with the
existence of 0.37 wt % soap powder. One washing cycle (45 min) is
approximate to five instances of commercial laundering. The washed
fabrics were rinsed with abundant water to remove the residual
detergent and dried at 80 °C.

UV-Durability was conducted by irradiation using an artificial light
source (UV lamp, Osram Ultra Vitalux 300 W) emitting a Gaussian-
shaped spectrum which peaked at 370 nm with a cutoff at 290 nm.
Fabrics were placed under the UV lamp for continuous irradiation.

3. RESULTS AND DISCUSSION

3.1. Characterization of the SI-ATRP Modified Fabrics.
In order to immobilize the initiator successfully, PET fabrics
were treated with sodium hydroxide to produce hydroxyl and
carboxyl groups at the fiber surface due to the breaking down of
ester groups of PET polymers.”® BiBB can react both with the
hydroxyl groups at the fiber surfaces caused by alkaline
hydrolysis and with end groups of PET macromolecules
under solvent-free conditions, resulting in covalent bonding of
BiBB on fibers to form initiator immobilized fabrics, namely
PET-Br. After immobilization of the initiator, grafting of

DOI: 10.1021/acsami.5b01426
ACS Appl. Mater. Interfaces 2015, 7, 8251—8259


http://dx.doi.org/10.1021/acsami.5b01426

ACS Applied Materials & Interfaces

Research Article

(a)

Degree of grafting (%)

4 6
Time (h)

10

CA(®)

160 (b) {/E/%\I <
i - C‘.\
1501 - 40
-
1 L30 %
140 ;g
20
1301 l—____i\ - ; »
i
1204
Lo
2 4 6 8 10
Time (h)

Figure 4. (a) The relationship between the DG and the SI-ATRP time. (b) The relationship between the CA/SA and the SI-ATRP time.
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Figure S. Digital images of dyed water droplets on (a) pristine and (b) PET-g-P(TFEMA) (8 h) fabrics.

polymers from fibers got easier via SI-ATRP with different
monomers to tune the hydrophobicity of the fabrics.

The chemical composition of the fabric surfaces was
determined by X-ray photoelectron spectroscopy (XPS; Figure
2). The surface of pristine PET fabrics shows the C 1s and O 1s
signals, while the surfaces of PET-Br and PET-g-P(TFEMA)
dominate new Br 3d and F Is signals (Figure 2a). This
demonstrated that BiBB and TFEMA were successfully
incorporated onto the surface of the PET fibers. Figure 2b
shows that the C 1s core-level spectra of pristine PET fiber can
be curve-fitted into four peak components with binding
energies (BEs) at about 284.6, 286.6, 288.7, and 290.7 eV,
attributable to the C—H, C—0-C, C=0, and C=C of
benzene species, respectively. A Br 3d signal at BE of about 71
eV, characteristic of covalently bonded bromine, appeared in
the PET-Br fabrics. The weak Br 3d signal for the PET-Br
surfaces is consistent with the nature of the single BiBB
monolayer on the PET-Br fabric surface. And a new curve-fitted
peak component with BE at about 284 eV appeared,
attributable to C—Br. Figure 2d corresponds to the C 1s
core-level spectra of PET-g-P(TFEMA) fabrics. Different from
Figure 2b and ¢, the sample displayed a new peak belonging to
C—F (2923 €V), and the peak of C=C disappeared. The
above results indicated that P(TFEMA) brushes have been
successfully grafted on the fabric.

Scanning electron microscopy (SEM) was employed to
characterize the pristine PET, E-PET, and PET-g-P(TFEMA)
fabrics. It was found that the fibers of the pristine PET fabric
were smooth with an average diameter of about 11.5 um
(Figure 3a). However, after treatment with sodium hydroxide,
pits were formed on the fibers with the diameter reduced to 8.5
pum. It should be noted that modification with BiBB changed
the morphology of the fiber surfaces little because BiBBs are
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small molecules which form a single molecular layer by
covalently binding on the etched fibers surface. Figure 3c
suggests that graft polymerization with TFEMA for 4 h leveled
small pits of the etched fibers and resulted in small lumps on
the fiber surfaces which were caused by the accumulation of
graft chains. Further polymerization to 8 h increased the
diameter of the fibers to 9.5 ym and coated the fibers densely
with polymer brushes, decreasing the surface roughness a little.

3.2. Hydrophobicity Property of SI-ATRP Modified
Fabrics. The hydrophobicity of surfaces can be tuned by
controlling the amount or chain length of the hydrophobic
molecules. ATRP is a very robust and versatile synthetic
technique for preparation of polymers with precisely controlled
architecture and site specific functionality. By immobilizing
initiators on fiber surfaces, the hydrophobicity of the fabrics
could be adjusted by controlling the polymerization of
fluorinated methacrylates. In this experiment, the amount of
monomers was overloaded; therefore an approximately linear
increase in DG of the P(TFEMA) on the initiator-modified
PET fabrics was observed with increasing polymerization time,
as shown in Figure 4a. And the CA of the fabrics with water was
increased correspondingly, converting the hydrophilic fabrics
(Figure Sa) to superhydrophobic ones (Figure Sb) with a CA
of 160.5° + 3° and SA of 7° + 2°, making water droplets roll
easily. However, further prolonging the time of polymerization
decreased the CA and increased the SA, although the DG
increased. This might be because that further increase of DG
caused dense and uniform coating of fibers, resulting in leveling
of the pits of the etched fibers and lowering of the roughness of
the fabrics.

In order to show visually the water repellency of the
superhydrophobic PET fabrics, pristine and PET-g-P(TFEMA)
fabric samples were immersed into water. It is interesting that
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Figure 6. (a) Free immersion of pristine PET and PET-g-P(TFEMA) fabrics in dyed water. (b) Immersion of pristine PET and PET-g-P(TFEMA)
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Figure 7. CA of the PET-g-P(TFEMA) fabrics treated by (a) immersion in different pH solutions for 72 h, (b) immersion in various organic solvents
for 72 h, and (c) extraction with different solvents for 24 h. SEM images of PET-g-P(TFEMA) fabrics after soaking in (a) sulfuric acid solution, pH =
1; (b) sodium chloride solution, pH = 7; (c) sodium hydroxide solution, pH = 14.

the pristine fabric sunk under water, while the PET-g-
P(TFEMA) sample floated on the surface of water after release
of force (Figure 6a). When the samples were stuck on a glass
plate and put into the water, there is an obvious bright plastron
layer on the surface of the PET-g-P(TFEMA) fabric, due to the
total reflectance of light at the air layer trapped on the surface.
This trapped air can effectively prevent a wetting on the fabric
surface underwater. By contrast, pristine PET displayed no
bright plastron layer. This phenomenon indicated that the
PET-g-P(TFEMA) fabrics possessed typical Cassie mode
superhydrophobicity.

3.3. Stability of the Superhydrophobic Fabrics. For
practical applications, the durability of superhydrophobic
surfaces is a major consideration. Figure 7a shows that the
CAs of PET-g-P(TFEMA) fabrics remained above 150° after
immersion in different pH solutions for 72 h, although a slight
decrease of CA after immersion in a solution at pH 14 was
observed, which might be caused by some hydrolysis of the
ester groups of polymeric fluorinated methacrylates under
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strong alkaline conditions. The SEM images of PET-g-
P(TFEMA) fabrics after immersion in solutions of pH 1, pH
7, and pH 14 were also given, and surface morphologies did not
alter significantly before and after soaking (Figure 7b,c,d).
Additionally, immersion for 72 h (Figure 7b) and even
extraction for 24 h (Figure 7c) of the superhydrophobic
PET-g-P(TFEMA) with various organic solvents did not greatly
change the CAs. The CAs of the samples remained above 155°,
although the superhydrophobic PET-g-P(TFEMA) fabrics
showed weaker resistance against THF solution than other
organic solvents.

Figure 8 shows the CA changes of superhydrophobic PET-g-
P(TFEMA) fabrics with UV irradiation time. It was found that
the CA increased a little from 160.5° & 3° to 163.7° + 2° after
the first 144 h of UV exposure, which might be due to the
migration of fluoroalkyl chains caused by the temperature rising
under UV exposure. However, the CA and SA showed no great
change for further irradiation, indicating excellent resistance of
the PET-g-P(TFEMA) to UV light.
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Figure 8. CA and SA changes of superhydrophobic PET-g-P(TFEMA)
fabrics with UV irradiation time.

The resistance against mechanical damage of the super-
hydrophobic PET fabrics was further evaluated by a laundering
test with 0.37 wt % of detergent (Figure 9). It was found that
the superhydrophobicity was maintained after the super-
hydrophobic PET fabrics were laundered for 20 cycles,
approximate to 100 cycles of commercial laundering. Figure
9a shows that polymers on the fabric surface were partially
removed after 100 cycles of commercial laundering, causing
only a slight decrease of CA, as shown in Figure 9c. However,
the SA increased from 7° + 2° to 57° + 1°. There are two
reasons for this phenomenon. On the one hand, as laundering
cycles increased, the amount of polymer on the PET-g-P
(TFEMA) surface decreased. On the other hand, with severe
mechanical laundering, some protruding fuzzes appeared on the
surface of the sample, causing some force or adhesion to the

water on the fabric. Thus, the SA increased with increasing the
laundering cycles. Figure 9b showed that water droplets
remained spherical on the fabric surface both before and after
laundering.

We also tested the mechanical stability of the modified PET
fabrics by abrading the superhydrophobic samples back and
forth under 45 kPa of force for repeated cycles (Figure 10).
After the modified PET fabric was abraded over given friction
cycles, the sample was carefully cut into strips (1 cm X 6 cm)
including the abraded area and attached to a glass slide with
double-sided adhesive tape. The reported value was the average
of at least six trials measured using deionized water droplets
that were placed at a different collapsed position on the sample.
It was found that the CA of the PET-g-TFEMA fabrics
decreased from 160.5° + 3° to 155.6° + 1° (Figure 10d), which
is ascribed to the partial removal of the polymer at the fiber
surface (Figure 10b). Although severe abrasion of 2500 cycles
broke and distorted some of the fibers and made the sample
worn out, increasing the SA from 7° + 2° to 55° + 2°, the
water droplet maintained a spherical form on the worn part.
The results further confirmed that the prepared super-
hydrophobic surface had excellent resistance against mechanical
damage.

All of these results have demonstrated that the super-
hydrophobic PET-g-P (TFEMA) fabrics by SI-ATRP were
highly stable and robust. And the preparation process of
superhydrophobic fabrics has the following characteristics: (1)
Preparation was done without using any nanoparticles in
construction of the rough structure. (2) A solvent-free
condition was used to immobilize ATRP initiators on the E-
PET fabrics. (3) In comparison with other highly fluorinated

T
0 20 40
Laundering cycles

T
60 80 100

Figure 9. (a) SEM image of PET-g-P (TFEMA) fabrics after laundering test of 100 cycles. (b) Photograph of a water droplet on the PET-g-P
(TFEMA) fabrics before and after laundering test. (c) Changes of CA and SA of PET-g-P(TFEMA) fabrics with washing cycles.
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Figure 10. (a) SEM image of PET-g-P (TFEMA) fabrics after abrasion test of 2500 cycles. (b) Higher magnification of a. (c) Photograph of a water
droplet on the PET-g-P (TFEMA) fabrics after 2500 cycles. (d) Changes of CA and SA of PET-g-P (TFEMA) fabrics with abrasion cycles.

polymers that are often used for fabricating superhydrophobic
surfaces, P(TFEMA) polymers were both inexpensive and
more environmentally friendly. (4) Most importantly, SI-ATRP
is a surface modification method with mild reaction conditions.

3.4. Antifouling Property of the Superhydrophobic
Fabrics. For a superhydrophobic surface to be antifouling, a
sliding angle lower than 10° is necessary.”'~* As shown in
Figure 114, a coffee droplet maintained a spherical form on the
PET-g-TFEMA fabric. To further investigate stain resistance,
we immersed PET-g-TFEMA fabric in coffee with pristine
fabric as the reference. After 12 h, the fabrics were taken out
and dried. The result showed that the pristine fabric was stained
heavier than the PET-g-TFEMA fabric (Figure 11c). Figure 11d
showed, compared with the pristine fabric, that the PET-g-

(b)

immersed in
coffee

Figure 11. (a) Coffee droplets on the PET-g-P(TFEMA) fabric,
photos of (b) pristine (left) and PET-g-P(TFEMA) (right) fabrics, (c)
fabrics after being soaked in coffee solution and drying, (d) rinsed and
dried fabrics.
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TFEMA fabric was easily cleaned by water rinsing, with
superhydrophobicity changed little. The excellent stain
resistance of the PET-g-TFEMA fabric here suggests that it
could be useful for the application of an antifouling material.

4. CONCLUSIONS

In summary, we have demonstrated a novel and general
strategy, namely, SI-ATRP, for producing superhydrophobic
PET fabrics. It was shown that the superhydrophobicity of the
modified fabrics is resistant to UV irradiation, chemical etching,
mechanical laundering, and abrasion. Importantly, the surface
of the superhydrophobic fabrics showed excellent antifouling
properties. This method might be suitable for other hydro-
phobic monomers for fabrication of superhydrophobic fabrics,
paving a way for generating durable and robust super-
hydrophobic surfaces through chemical bonding between the
hydrophobic substances and the substrates.
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