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A series of perfluoropolyether/poly(ethylene glycol) (PFPE/PEG) triblock copolymers PEG/PFPE/PEG (P1-P3) and 

PFPE/PEG/PFPE (P4-P5) were prepared via thiol-ene click reaction in high yields. Their chemical structures, molecular 

weights and thermal stability were characterized by 
1
H nuclear magnetic resonance (NMR) spectroscopy, gel permeation 

chromatography (GPC) and thermogravimetric analysis (TGA), respectively. The spin coated polymer films were 

characterized in terms of scanning electron microscopy (SEM), atomic force microscopy (AFM) and contact angle 

goniometer. The polymer P1-P4 showed wrinkle-like surface morphology at film state, but P5 exhibited segregated 

morphology due to its poor solubility in the casting solvent. Polymers P1-P4 at thin film state displayed high hydrophilicity 

with water contact angles in the range of 10.2-12.3° and surface energy of 52.7-55.2 mN/m even though hydrophobic PFPE 

segments were present in the polymer backbone. The anti-bacterial properties of the spin-coated films (P1-P3) were 

tested against E. coli and S. aureus on Si surface and remarkable anti-bacterial properties were observed for this series of 

polymers, particularly for P3 that almost completely prohibits the growth of E. coli and S. aureus, rendering this type of 

PEG/PFPE/PEG triblock polymers as high performance antimicrobial coating materials. 

Introduction 

Both fluoropolymers and poly(ethylene glycol) (PEG) are among the 

most widely explored functional polymers for biofouling-release 

coating materials
1-6 

which have wide applications for marine anti-

fouling coating and anti-bacterial biomedical device. 

Fluoropolymers are active to repel bio-organisms mainly due to 

their low surface energy and a low Young’s modulus.
7-9

 PEG based 

materials are well known for their ability to inhibit protein as well as 

cell adsorption because of the electrostatic repulsion and a 

hydration effect at the interface.
10-15

 Due to good water solubility of 

PEG, a rational design strategy to prepare robust anti-biofouling 

material, is to chemically combine PEG and low surface energy 

fluoropolymers, which would render an intriguing class of 

amphiphilic materials with potent controllable self-assembly 

behavior. This strategy has been explored by Wooley,
16-22

 Ober,
23-31

 

and DeSimone.
9, 32-36

 Wooley and DeSimone mainly focused on 

fluoropolymer-PEG co-network polymers for fouling release 

coating. Ober also demonstrated side-chain block copolymers 

consisting of grafted ethoxylated fluoroalkyl chains that were able 

to release both sporelings of Ulva and diatoms. Despite that 

fluoropolymer-PEG based materials have previously been reported, 

the self-assembly behavior of these amphiphilic materials has 

seldom been investigated in detail. Furthermore, how an 

amphiphilic material assembles and how its morphology of the 

coated material correlates to the anti-fouling or anti-bacterial 

properties need be addressed. A thorough investigation of these 

issues would provide more insights for the better understanding 

and further development of anti-fouling and anti-bacterial 

materials.  

 

Herein we report a new strategy to prepare perfluoropolyether 

(PFPE) and PEG based nonfouling coating materials. We adopted a 

highly efficient thiol-ene click chemical strategy
37-41

 to covalently 

link PFPE and PEG together to synthesize a series of triblock 

copolymers. Amphiphilic block copolymers
42

 are a rather intriguing 

class of materials due to their controllable molecular weight, well-

defined molecular geometry and self-assembly behavior.
43-49

 PFPE-

PEG triblock copolymers have been reported to prepare water-in-

fluorocarbon emulsions
50-52

 which can serve as efficient delivery 

system for T-cells.
53

 This novel class of materials, however, has not 

been studied as nonfouling coating materials despite the great 

potential. In our current study, we synthesized a series of A-B-A (P1-

P3) and B-A-B (P4-P5) type triblock copolymers with different 

molecular weights based on PFPE and PEG. The spin coated thin 

films exhibited an interesting wrinkle-like morphology as revealed 

by scanning electron microscopy (SEM). It was unexpected that the 

polymer thin films were more hydrophilic than neat PEG polymer 

even though hydrophobic PFPE fragments were present in the 

polymer backbone. The anti-fouling properties of this batch of 
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triblock copolymers were tested against common pathogens E. coli 

and S. aureus on Si surface. Remarkably strong anti-fouling 

properties of P3 were observed, hence rendering PFPE/PEG based 

triblock copolymers as a promising class of nonfouling coating 

materials. 

Experimental 

General 

1
H nuclear magnetic resonance (NMR) spectra were recorded on a 

Bruker DRX 400 MHz spectrometer in CDCl3 at room temperature. 

Spectrometer operating frequency was at 400.13 MHz (
1
H). 

Tetramethylsilane was used as an internal standard for 
1
H spectra. 

Thermal analysis was performed in a Perkin-Elmer 

thermogravimetirc analyzer (TGA 7) in nitrogen at a heating rate of 

20
o
C/min. Molecular weights were determined using Waters Model 

2690 Gel Permeation Chromatography (GPC) in HPLC-grade 

tetrahydrofuran (THF) against PMMA as standard. Scanning 

electron microscope (JEOL LVSEM 6360LA) was used for 

observation thin film surface morphology. A Bruker Dimension 

Icon
TM

 atomic force microscope was used for AFM imaging. A 

contact angle goniometer, model 100-00, (Ramé-Hart, Inc. USA) 

was used for the determination of static water contact angles. The 

reported angle was the average of five measurements on different 

area of each sample. The surface free energy parameters were 

calculated according to the references.
54, 55

 Dynamic light scattering 

(DLS) measurements were performed with a Brukholder device 

equipped with a HeNe 633 nm laser and a scattering angle of 90˚. 

Fluorescent spectra were recorded using a Shimadzu 

spectrophotometer (RF-5301PC). 

Materials 

3-Aminopropyltriethoxysilane, poly(methyl vinyl ether-alt-maleic 

anhydride), pyrene, LB broth (10g of tryptone, 5g of yeast extract, 

and 10g of NaCl), toluene, THF, ethanol, and ally bromide were 

purchased from Sigma-Aldrich. 2,2'-((Oxybis(1,1,2,2-

tetrafluoroethane-2,1-diyl))bis(oxy))bis(2,2-difluoroethanol) (1) and 

perfluoropolyether diol Z-DOL (3) (Mn: 2500, PDI<1.1) were 

purchased from Matrix Scientific and Solvay Solexis, Inc., 

respectively. 2,2-Difluoro-2-(1,1,2,2-tetrafluoro-2-(1,1,2,2-

tetrafluoro-2-(trifluoromethoxy)ethoxy)ethoxy)ethanol (5) and 

perfluoropolyether mono-alcohols (7) (Mn: 3745, PDI<1.1) were 

bought from Exfluor Research Corp. and Daikin Industries, Ltd., 

respectively. PEG-monothiol (Mn: 1000) were bought from Nanocs 

Inc. PEG-dithiol (Mn: 1000 or 2000) was purchased from Aldrich. All 

other chemicals for preparation of polymers were purchased from 

commercial vendors without any further purification. 

Synthesis 

Compounds 6,6,8,8,9,9,11,11,12,12,14,14-dodecafluoro-

4,7,10,13,16-pentaoxanonadeca-1,18-diene (2) and 

1,1,1,3,3,4,4,6,6,7,7,9,9-tridecafluoro-2,5,8,11-tetraoxatetradec-13-

ene (6) were synthesized according to a reported method.
56

 Bis-allyl 

terminated Z-DOL (4) and mono-allyl terminated perfluoropolyether 

(8) were synthesized using a similar method (Scheme 1). 

Commercial perfluoropolyether alcohol (3 or 7) (1.984 mmol 1 or 

0.982 mmol 3) was transferred into a 100 mL two-necked round 

bottom flask. Sodium hydroxide (20.0 mL, 6.875 mol/L) was added, 

followed by phase transfer catalyst Aliquot 336® and then the 

reaction mixture was allowed to react at 40°C for 2 h. After 2 h, allyl 

bromide (7.0 mL, 41.33 mmol) was added and the reaction mixture 

was maintained at 40°C for a further 6 h. Fluorinated solvent FC77® 

(10.0 mL) was used to extract the product, followed by washing 

with deionized water (40.0 mL, 5 times) to remove excess allyl 

bromide. The FC77® layer was washed again with chloroform (20.0 

mL, 2 times) to remove phase transfer agent Aliquot 336®. The 

FC77® layer was evaporated and the remaining oil was dried by 

vacuum in an oven at room temperature overnight. Compound (4): 

Yield (92%). 
1
H NMR (CDCl3, 400 MHz): δ = 5.89-5.81 (m), 5.32-5.23 

(m), 4.13-4.11 (d, J = 5.6 Hz), 3.82-3.77 (t, J = 9.6 Hz). Compound (8): 

Yield (94%). 
1
H NMR (CDCl3, 400 MHz): δ = 5.88-5.81 (m), 5.33-5.23 

(m), 4.13-4.12 (d, J = 5.6 Hz), 3.82-3.78 (t, J = 9.6 Hz).  

Synthesis of polymers P1-P3 

The A-B-A conformation triblock copolymers (P1-P3) were 

synthesized using bifunctional perfluoro-precursor and 

poly(ethylene glycol) thiol, via a thiol-ene click reaction. 

Bifunctional perfluoro-precursor 2 or 4 (0.3110 g, 0.1244 mmol) and 

poly(ethylene glycol) mono-thiol (0.2490 mmol) (Mn: 1000) were 

weighed into a 25 mL three necked round bottom flask. Distilled 

THF (10.0 mL) was injected via septum and the system was purged 

with argon gas for 30 min. Azobisisobutyronitrile (AIBN) (0.0010 g, 

0.006707 mmol) was added into the system and then purged for an 

additional 15 min. Reaction was left to reflux at 80 °C overnight. 

After cooling down to room temperature, the solvent was removed 

by rotary evaporation and the residue was dissolved in minimal 

amount of chloroform and dropped into hexane. The dissolved 

sticky precipitate was collected and dried by vacuum.  

P1: Yield (95%). 
1
H NMR (CDCl3, 400 MHz): δ (ppm) = 3.74-3.71 (m), 

3.60 (s), 3.56-3.53 (m), 3.37 (s), 2.92-2.86 (m). GPC: calculated 2490 

g/mol, Mn = 2250 g/mol, Mw = 2613 g/mol, PDI = 1.16. 

P2: Yield (93%). 
1
H NMR (CDCl3, 400 MHz): δ  (ppm) = 3.74-3.70 (m), 

3.64 (s), 3.55-3.53 (m), 3.37 (s), 2.89-2.86 (m). GPC: calculated 4580 

g/mol, Mn = 4100 g/mol, Mw = 4470 g/mol, PDI = 1.09. 

P3: Yield (90%). 
1
H NMR (CDCl3, 400 MHz): δ (ppm) = 3.74-3.70 (m), 

3.64 (s), 3.55-3.53 (m), 3.37 (s), 2.89-2.86 (m). GPC: calculated 6580 

g/mol, Mn = 6181 g/mol, Mw = 6914 g/mol, PDI = 1.12. 

Synthesis of P4 and P5 

The B-A-B conformation triblock copolymers (P4-P5) were 

synthesized using monofunctional precursor 6, or 8 and 

poly(ethylene glycol) dithiol, via a thiol-ene click reaction. 

Monofunctional precursor 6 or 8 (0.2 mmol) and poly(ethylene 

glycol) dithiol (0.1 mmol) were weighed into a 25 mL three necked 

round bottom flask. Distilled THF (10.0 mL) was injected via septum 

and the system was purged with argon gas for 30 min. AIBN (0.0010 

g, 0.006707 mmol) was added into the system and then purged for 

an additional 15 min. Reaction was left to reflux at 80°C overnight. 

For P4, after cooling down to room temperature, the solvent was 

removed by rotary evaporation and the residue was dissolved in 

minimal amount of chloroform and dropped into hexane. The 

undissolved sticky precipitate was collected and dried by vacuum. 

For P5, after cooling down to room temperature, the solvent was 

removed by rotary evaporation and the residue was dissolved by 
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Scheme1. Synthesis of tribock copolymers P1-P5. 

 

10ml of FC 77®. The FC77® solution was extracted with water and 

the fluorinated portion was collected and dried by vacuum. 

P4: Yield (96%) 
1
H NMR (CDCl3, 400 MHz): δ (ppm) = 3.83-3.80 (m), 

3.74-3.71 (m), 3.64 (s), 3.56-3.54 (m), 3.38 (s), 2.90-2.86 (m). GPC: 

calculated 1876 g/mol, Mn = 1774 g/mol, Mw = 1920 g/mol, PDI = 

1.08. 

 

P5: Yield (88%) 
1
H NMR (CDCl3, 400 MHz): δ (ppm) = 3.75-3.71 (m), 

3.65 (s), 2.90-2.86 (m), 2.03 (s), 1.25 (m). GPC: calculated 8570 

g/mol, Mn = 7849 g/mol, Mw = 9110 g/mol, PDI = 1.16. 

Solubility Test 

The solubility test of P1-P5 was purely qualitative, based on the 

appearance of the polymer in various common solvents. 

Approximately 10.0 mg of polymer was dissolved in 1.0 mL of 

solvent. Cloudy suspensions are put into an ultrasonic bath at room 

temperature for 1 min in order to dissolve the polymer as much as 

possible. Solubility was estimated by cloudiness of the resultant 

solution relative to the clear solvent. A clear solution is marked as 

soluble, and cloudy solution is marked as poorly soluble, whereas 

solubility smaller than 0.1mg/mL is marked as very poorly soluble. 

Polymer thin film preparation 

Polymer thin films for surface characterization were prepared by 

spin coating a 10% (w/v) chloroform solution of the series triblock 

copolymers on silicon using a G3P-8 model spin coater (SCS, UK) at 

2000 rpm for 30 seconds. 

Polymer surfaces (P1-P3) for antibacterial assay were prepared on 1 

cm × 1 cm silicon substrate. The silicon substrates were cleaned in 

piranha solution (Sulphuric acid: hydrogen peroxide = 7:3 v/v) 
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Figure 1. Normalized GPC curves of starting material PEG-2000 and 

polymer P3 before purification.  

 

Table 1. Composition, molecular weight, yield and thermal property of P1 - P5. 

Polymers Conformation 
PEG (A) 

Mw 

PFPE (B) 

Mw 

Calc. 

Mw
 a

 

Expt. 

Mn
b
 

PDI
c
 

Yield 

(%) 

Purity 

(%)
d
 

Td (
o
C)

e
 

P1 

A-B-A 

ca 1000 490 2490 2250 1.16 95.0 95.0 284 

P2 ca 1000 ca 2580 4580 4100 1.09 93.0 97.4 244 

P3 ca 2000 ca 2580 6580 6181 1.12 90.0 94.5 270 

P4 
B-A-B 

ca 1000 438 1876 1774 1.08 97.0 97.6 254 

P5 ca 1000 ca 3785 8570 7849 1.16 88.0 90.2 236 

a: 
Calculated molecular weight; 

b: 
Experimental number-average molecular weight from GPC; 

c: 
polydispersity index (PDI); 

d: 
polymer 

purity was estimated by 
1
H NMR spectroscopy(Supporting Information); 

e: 
thermal decomposition temperature (Td) is defined as the 

temperature at which 5% weight loss occurs. 

 

followed by rinsing with deionized water and drying with N2. The Si 

substrates were then soaked in the toluene solution containing 1% 

(w/v) of 3-aminopropyltriethoxysilane for 4h, and then rinsed with 

ethanol and dried with N2. The above treated substrates were 

immersed in a THF solution of poly(methyl vinyl ether-alt-maleic 

anhydride) 1% (w/v) under nitrogen environment for 4h. The 

substrates were removed from the solution, rinsed rigorously with 

THF and dried with nitrogen. All the substrates were further spin 

coated with polymer solutions to prepare the thin film. After casting 

the thin film, all the samples were baked at 150
 ○

C for 2h in vacuum. 

Antibacterial test 

To study the bacterial attachment of Escherichia coli and 

Staphylococcus aureus on uncoated and polymer coated Si surfaces, 

the surfaces were incubated with bacterial containing broth 

solution and then examined using SEM. 

Escherichia coli (E. coli, ATCC#: 53868) and Staphylococcus aureus 

(S. aureus, ATTC#: 25923) were obtained from American Type 

Culture Collection, ATCC (USA). The bacterial strains were cultured 

in LB broth (10 g of tryptone, 5 g of yeast extract, and 10 g of NaCl) 

at 37 °C for about 16h before harvest. The bacteria-containing 

broth was centrifuged at 3000 rpm for 10 min, and after the 

removal of the supernatant, the cells were washed twice and re-

suspended with phosphate-buffered saline (PBS, pH = 7.4). 

After incubation with bacterial suspension for 1h, the samples were 

washed three times with PBS before fixing with 3% glutaraldehyde 

for 5h at 4 ºC. After the fixation, substrates were rinsed with DI 

water to remove the remaining glutaraldehyde and then dried at 60 

°C in the oven for 24h. The dried samples were coated with gold 

and then imaged with a SEM. 

Results and Discussion 

Synthesis 

The synthetic routes of the PEG (A) – PFPE (B) triblock copolymers 

are shown in Scheme 1. The A-B-A triblock copolymers were 

synthesized from PFPE polymers 1 with two hydroxy terminal 

groups. The terminal OH groups were first converted to allyl group 

and then the thiol-ene click reaction was applied to link thiol 

terminated PEG polymers to the two terminal sides of the PFPE 

polymer. Similar to the preparation of A-B-A type triblock 

copolymers, the end OH group of PFPE polymer 3 was first 

converted to allyl group, followed by adopting the same thiol-ene 

click reaction to connect two PFPE polymers to a thiol terminated 

PEG polymer. PEG and PFPE polymers with different molecular 

weights were used and five polymers (P1-P5) were prepared 

accordingly. The triblock polymer compositions, synthetic yields, 

purity, molecular weights and thermal properties of P1-P5 are 

summarized in Table 1. All polymers P1-P5 were obtained in good 

yields by thiol-ene click reaction (> 88%) and they showed 

moderate thermal stability with degradation temperatures in the 

range of 236-284 
o
C (obtained from TGA experiments). The purity of 

polymers P1-P5 was estimated by using 
1
H NMR spectroscopy and 

the details were included in the supporting information. Polymers 

P1-P4 showed very good purity of 94-98%, but the purity of 

polymer P5 was relatively low (ca. 90%) probably due to low 

reactivity of mono-allyl-substituted perfluoropolyether (8) with 

large molecular weight. The experimental molecular weights of 

polymers P1-P5 with relatively low PDI in the range of 1.08-1.16 

were in good agreement with the theoretical values. 

The thiol-ene click approach could be monitored by GPC analysis 

with polymer P3 as an example shown in Figure 1. The starting 

polymer PEG-2000 had a retention time at 16.3 minutes and this 

peak gradually depleted during the thiol-ene click reaction process 

and a new peak with a retention time at 15.8 minutes appeared. 

After the reaction was finished, the peak corresponding to the 

starting polymer almost diminished and the triblock polymer P3 

was fully formed.   

The solubility of polymers P1-P5 was examined in various solvents 

and the results are summarized in Table 2. For polymers P1, P2 and 
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Table 2. Summary of the solubility of polymers P1 - P5 

Solvent P1 P2 P3 P4 P5 

Water √ √ - √ -- 

Ethanol √ √ - √ -- 

Acetone √ √ √ √ - 

Chloroform √ √ √ √ - 

THF √ √ - √ - 

Hexane -- -- - -- - 

FC-77® -- -- - -- √ 

√ soluble or dispersed well; -, poor; --, very poor) 

P4, due to the relatively low molecular weights, these three 

polymers were soluble in water and polar organic solvents (ethanol, 

THF, chloroform, acetone). In comparison with P1-P2, polymer P3 

has limited solubility in water, ethanol and THF because of its 

higher molecular weight, but good solubility in chloroform and 

acetone due to its higher PEG content. For P5, it is only soluble in 

fluorinated solvents, for example, FC-77
®
, mainly owing to its very 

high fluorine content as well as high molecular weight.  

Surface morphology 

The amphiphilic triblock copolymer can self-assemble into micelles, 

fiber, etc. depending on the molecular structure and self-assembly 

environment in order to minimize energetically unfavourable block-

block selective solvent interactions.
57, 58

 In chloroform solution, the 

PFPE/PEG copolymer was envisaged to self-assemble into core-shell 

bilayer spherical micelles as proposed by Platzman et al.
53

 In this 

work, in order to study the properties of micelle, dynamic light 

scattering (DLS) measurements were performed. The particle sizes 

and the critical micelle concentration (cmc) data are summarized in 

Table 3. All the results were obtained from aqueous solutions.  

 

 

 

 

 

 

 

 

The self-assembled micelle sizes of P1-P5 were in the range of 100-

260 nm with broad particle size distributions. For A-B-A type 

polymers P1-P3 and B-A-B type polymers P4-P5, the results 

suggested that the average particle sizes increase with the increase 

of polymer molecular weights. This is in fact consistent with 

theoretical study of surfactant micellles.
59, 60

 The morphology of 

spin coated polymer dispersions in chloroform was imaged by AFM. 

In Figure 2a, isolated sphere particles were observed when diluted 

P1 dispersion was used (0.5 mg/ml). When the dispersion 

concentration increased to 2 mg/ml, the typical AFM image of spin 

coated surface was displayed in Figure 2b. It can be distinctly seen 

that the block copolymer P1 formed isolated but elongated 

structure with a diameter around 30-100 nm. The copolymer 

particles anisotropically aggregated and assembled into elongated 

structure with the collapse of PEG shell.  

 

 

 

 

 

 

 

 

 

The surface morphologies of copolymer films were also investigated 

by SEM in a large area. Figure 3 shows the surface morphology of 

P1 dispersion as prepared by spin coating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

It was noteworthy that heterogeneous surface was observed. At 

area A, distinctly spherical micelles were formed, and at area B, the 

spherical micelle started to aggregate and elongate into ellipse 

shape. In comparison, wrinkle like dense polymer coating was 

observed at area C. The difference in morphologies could be 

resulted from the polymer surface concentration variance during 

the spin coating process as concentration at area A, which is close 

to the sample edge, is lower than that at area C, which is close to 

the sample center.   

 

Instead of inhomogeneous surface as obtained in a diluted solution, 

high concentrations of dispersions were casted and the formed 

dense polymer coatings are shown in Figure 4. For polymers P1 to 

P4, the polymer coatings showed a wrinkle-like continuous surface 

(Figure 4a-d). For P5, it exhibited a segregated morphology, which 

was different from the rest of polymers and is possibly due to the 

poor solubility of the polymer in the casting solvent (chloroform). 

As P5 has very poor solubility in chloroform, the polymer would 

aggregate during the casting process and hence only separated 

patches were observed on the Si surface after solvent evaporation 

Table 3. Micelle size and cmc characterization 

 

Polymer  Size (nm) cmc 

(mg/ml) 

P1: PEG1000-PFPE400-PEG1000 100.5 ± 74.2 0.014 

P2: PEG1000-PFPE2500-PEG1000 174.0 ± 117.2 0.012 

P3: PEG2000-PFPE2500-PEG2000 209.9 ± 120.6 0.011 

P4: PFPE400-PEG1000- PFPE400 241.8 ± 173.6 0.010 

P5: PFPE3745-PEG1000-PFPE3745 255.5 ± 117.3 0.101 

 

 

Figure 2. AFM images of P1 self-assembled micelles as prepared 

by spin coating of their diluted dispersions in chloroform. a) 0.5 

mg/ml; b) 2 mg/ml, scan size: 0.5×1µm, z = 20 nm 

 

 

Figure 3. SEM image of spin coated P1 (2mg/ml) film. 
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(Figure 4e). In a control experiment, neat PEG polymer exhibited a 

homogeneous and amorphous film (Figure 4f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the block copolymer solution spin-coated with high 

concentration dispersion (solid content at 15 mg/ml), a continuous 

wrinkle like polymer coating was formed (with diameter around 800 

– 1000 nm and aspect ratio around 8-10). For polymers with good 

solubility in chloroform (P1-P4), the attributes of the polymers, such 

as the molecular weight and the length of amphiphilic segments, 

have minor influence on the final morphology and no significant 

variation of the wrinkle width for P1-P4 was observed. Wrinkle-like 

morphologies are interesting features for block copolymers and are 

promising in a wide range of applications.
61-65

 The occurrence of 

such morphology would originate was attributed to the balance 

between the isotropic coalescence and the anisotropic self-

assembly of core/shell (micelle) particles. With the fast evaporation 

of solvent, the block copolymer micelles were concentrated. The 

aggregation of the micelles happened. The shell layer of PEG block 

from different micelles would collapse and coalesce to larger 

particles. This process would lead to entropy reduction due to the 

increasing overlap volume between the molecular chains on micelle 

shell layer.  Thus, in order to depress the contribution of entropic 

reduction due to the collapse and coalescence of PEG shell, the 

micelles tended to anisotropically assemble and formed the wrinkle 

like structure.
61, 66

 The self-assembly process is illustrated by a 

cartoon as shown in Scheme 2. 

 

 

 

 

 

 

 

 

 

PEG and PFPE segments are mutually incompatible due to their 

different hydrophobicity. The surface topography and phase image 

of the casting films in sub-micrometer scale were investigated using 

tapping mode atomic force microscopy (AFM) (Figure 5). In P1-P4, 

height images (Figure 5a, 5c, 5e, 5g), wrinkle-like structures were 

observed which was consistent with the SEM results. In phase 

images, phase contrast appeared to be homogenous. It is possible 

that the formation of these wrinkle patterns is due to the self-

organization of PEG-PFPE chains at the CHCl3/air interface during 

spin coating process. The hydrophilic PEG segments tended to 

migrate into air/CHCl3 surface. The PFPE segments tended to 

embed into the bulk layer. These results further proved that the 

balance between the isotropic coalescence and anisotropic self-

assembly resulted in PEG enrichment winkle like film surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surface energy study 

The PEG chains presumably grant some flexibility in the block 

copolymer. In a high humidity environment, (humidity around 70%), 

to minimize the enthalpy, the hydrophobic PFPE segments are 

preferably buried under the PEG groups. Thus the PEG segments 

show a substantial preference for enrichment at the air interface. In 

order to ascertain the orientation of the hydrophobic (PFPE) and 

hydrophilic (PEG) fragments on the substrate surface, static water 

contact angle analysis was performed. Surfaces for static water 

contact angle analysis were prepared on silicon wafers by spin 

coating 15% (w/v) solution of triblock copolymer in chloroform at 

2000 rpm for 30 s. The results are summarized in Figure 6 and Table 

4. It is interesting that all five polymers, given different length of 

PEG and PFPE fragments, exhibited hydrophilic nature on Si surface. 

For P1-P4, all water contact angles were less than 15
o
. For P5 with 

the highest fluorine content, the water contact angle is only about 

58
o 

whereas neat PFPE film typically gives water contact angle > 

110
o
.
67

 During the self-assembly process, the hydrophobic PFPE 

fragments of the triblock copolymer serve as the core of the micelle 

in chloroform solution
53

 and during the micelle aggregation process 

 

Figure 4. SEM images of (a) P1; (b) P2; (c) P3; (d) P4; (e) P5; 

and (f) neat PEG thin film morphology. Scale bar: 10 µm 

 

Scheme 2. Illustrative description on the self-assembly process 

of the triblock copolymers (P3 as example). 

 

Figure 5. AFM images of triblock copolymer film. a) P1 

height; b) P1 phase; c) P2 height; d) P2 phase; e) P3 height; f) 

P3 phase; g) P4 height; h) P4 phase; i) PEG height; and j) PEG 

phase; Scan size: 0.5µm×1µm. 
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Figure 6. Water contact angle images of the polymers P1-P5 

and control Si substrate 

Table 4. Summary of water contact angles of P1-P5. 

Polymer Contact Angle (
o
) 

P1 12.3±1.7 

P2 10.8±1.2 

P3 10.6±1.5 

P4 10.2±2.1 

P5 58.5±4.3 

 

Figure 7. Average settlement of E. coli and S. aureus on coated 

polymer surface with Si substrates. 

 

they have a much higher tendency to stay close to the Si surface, 

with the hydrophilic PEG fragment exposed to solution. One driving 

force for such a kind of orientation would be the different solubility 

of the PFPE and PEG fragments in the casting solvent (chloroform). 

Since the PEG fragments are more soluble in chloroform compared 

with the PFPE fragments, the PEG blocks of the polymer have higher 

tendency to be surrounded by the solvent molecules and stay on 

the film/solution interface whereas the PFPE fragments will 

precipitate out and accumulate on the Si surface. For neat PEG film, 

the water contact angle was ca. 60
o
.
68

 Surprisingly for P1-P4, even 

though there were hydrophobic PFPE fragments present in the 

copolymer backbone, the contact angle was smaller than 15
o
 for all 

four polymers, which is much smaller than that of pure PEG 

polymers. The wetting behaviour of these films was determined by 

film chemical composition as well as morphology. The increased 

hydrophilicity compared with PEG film would most likely originate 

from the wrinkle-like morphology of the self-assembled films. It is 

well known that for a given chemical composition, increasing the 

roughness would result in more hydrophobic or more hydrophilic 

surface depending on the wettability of the material in the smooth 

state.
69-72

 For hydrophilic PEG rich surface, the microstructure is 

readily immersed by water with no air entrapped. Thus the surface 

can accommodate the full volume of the water and is fully wetted 

(Wenzel-type roughness effect).
73, 74

 For polymer P5, as it exhibited 

poor solubility in chloroform, the self-assembly process has limited 

effect on its morphology and the distribution of the PFPE and PEG 

fragments in the film is hence envisaged to be more random. As a 

result, the water contact angle is about 58
o
, which is higher than 

that of P1-P4, and the surface energy was lower due to higher 

concentration of fluorinated fragments on the surface. 

Antibacterial study 

PFPE and PEG polymers have been well investigated as 

antimicrobial and fouling-release coating materials.
1-6

 In this regard, 

the PFPE/PEG triblock copolymers are rather intriguing as potential 

antibacterial polymers due to the synergistic effect of the two 

components. Rather than the inclusion of biocidal components, the 

combination of environmentally benign materials, PFPE/PEG block 

copolymer is certainly regarded as a better choice. For fouling-

release and antibacterial coating materials for domestic and 

biomedical applications, inhibition of the colonization of common 

pathogens, such as E. coli and S. aureus, is the key criteria to judge 

the effectiveness of the coating material.
75

 A qualitative analysis of 

the antimicrobial activities against E. coli and S. aureus of the 

prepared PFPE/PEG triblock copolymers was carried out on silicon 

surface. P1-P3 thin films were spin coated onto the Si surface. The 

SEM images of the investigated surfaces are used to analyse the 

bacterial attachment. The quantitative analysis data are 

summarized in Figure 7. For E coli on Si surfaces, all three polymers 

coating exhibited vivid antimicrobial properties with a very limited 

number of bacterial adhered on the coated substrates which clearly 

demonstrates the superior antimicrobial nature of this series of 

PFPE/PEG tri-block copolymers. After a settlement of 24 h, the 

percentage of attached bacterial ranged between 0% - 3% after 

coating with P1-P3 on Si surface. For S. aureus, decreased bacterial 

attachments on P1-P3 surfaces were observed as well. P3 showed 

very good performance on prohibition of S. aureus attachment over 

P1 and P2. This is because P3 has high molecular weight as well as 

the longest PEG chain. For P3, the PEG segment has a MW of ca. 

2000 g/mol whereas for P1 and P2, the PEG segment is about half 

the length and only has a MW of ca. 1000 g/mol. The superior 

antibacterial performance of the triblock copolymer is hypothesized 

to result from the PEG rich surface. PEGylated surfaces have been 

well studied for their resistance to protein adsorption, hence 

inhibiting the adhesion and colonization of cells on the coated 

surfaces.
10-15

 Increasing the chain length of the hydrophilic PEG 

segments in P1-P3, was surmised to enhance the fouling resistance. 

These promising results indicate that combining PFPE and PEG 

together to prepare block copolymers would be a rational strategy 

to achieve high performance antibacterial coating materials. 

Given the understanding of PEG-based anti-fouling materials,
9, 32-36

 

the potential of swelling of such thin films due to their 

hydrophilicity would decrease the coating robustness for 

permanent sterile coating applications. Embedment of the 

hydrophobic PFTE component would resist water uptake and help 

improve the long-term applicability of the newly developed coating 

materials. This issue will be subject to further investigation to assess 
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the durability of these triblock copolymers as anti-bacterial coating 

materials. 

Conclusions 

In summary, we have prepared a series of PFPE/PEG triblock 

copolymers (P1-P5) with controllable polymer geometry via thiol-

ene click reaction in good yields. The self-assembly behavior of this 

group of newly developed amphiphilic polymers was investigated in 

detail by SEM and AFM. Polymers P1-P4 were found to be soluble in 

organic solvents whereas P5 was only soluble in fluorinated solvent. 

The self-assembled films of P1-P4 on Si surface exhibited an 

intriguing wrinkle-like cross-linked morphology. The water contact 

angle and surface energy measurement indicated that the self-

assembled films were more hydrophilic than neat PEG films, even 

though hydrophobic PFPE fragments were present in the 

copolymers. This was mainly due to the enrichment of the PEG 

fragments on the surface of the film and the specific orientation 

was envisaged due to the different solubility of the PEG and PFPE 

fragments in the casting solvent (chloroform). The antimicrobial 

properties of P1-P3 were also investigated against E. coli and S. 

aureus on Si surfaces. Vivid antimicrobial properties of this series of 

copolymers were observed, indicating that the block copolymers of 

PFPE and PEG are potential high performance antimicrobial coating 

materials. 
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Graphical Abstract 

 

Perfluoropolyether/poly(ethylene glycol) triblock copolymers with 

controllable self-assembly behaviour for highly efficient anti-bacterial 
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