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ABSTRACT 

A hydrophobic surface or coating is required for surface protection, anti-fouling, adhesion, 

and other applications. For the achievements of the hydrophobic properties, fluorine-based 

coatings, such as the introduction of trifluoromethyl or difluoromethylene groups, are 

conventionally employed. The recent developments in synthetic chemistry have indicated other 

organic fluoroalkyl groups that are suitable for achieving a more hydrophobic surface. In this study, 

we focused on the hydrophobic properties of the pentafluorosulfanyl (−SF5) group. We 

synthesized polymethacrylates with −SF5 groups or other functional groups (−CF3, −CH3 and −H) 

in their side chains and evaluated their hydrophobicity based on contact angles of water and 

ethylene glycol, and the affinities of their films to water through neutron reflectivity measurements 

to demonstrate the superior hydrophobic properties of the −SF5 group. The water contact angle on 

the polymethacrylate film with −SF5 groups was larger, which suggested that the surface free 

energy was lower than those of the other polymethacrylate thin films with pendant side chains of 

−CF3, −CH3, and −H. In addition, the fitting analyses of the neutron reflectivity profiles of the thin 

polymer films in contact with air and water revealed the lowest affinity between water and the 

surface of polymethacrylate films with −SF5 groups among the films of the synthesized polymers. 

Thus, we demonstrated the potential of pentafluorosulfanyl groups as advanced hydrophobic 

groups.  
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Introduction 

A hydrophobic surface is a surface with low surface free energy that highly desired for many 

applications such as anti-fouling surfaces,1–3 self-cleaning materials,4–6 medical materials7,8 and 

anti-icing surfaces.9–11 Fluorine coating one of the most typical methods to fabricate a hydrophobic 

surface, and is widely accepted in wide fields of industrial production and household items in our 

daily life.12,13 Fluorine coating mitigate the performance deterioration of products and increase 

their lifetime.14–19 It is well known that fluorine has the highest electronegativity of all the elements 

and a very small atomic radius. Therefore, fluorine can form a stable covalent bond with other 

atoms, and fluorine-containing compounds not only exhibit hydro-/oleo-phobicity but also other 

excellent properties, such as resistance organic solvents, weather resistance, and lubricity, while 

maintaining their bulk properties. 

Zisman et al. reported that the surface free energy is highly affected by the type of chemical 

species and concentrations of functional groups, and decreases in the order of −CH2−＞−CH3＞

−CF2−＞−CF2H＞−CF3. This order indicates that well-aligned trifluoromethyl (−CF3) groups 

should exhibit the “lowest” surface free energy on a solid material. In fact, the critical surface 

tension of −CF3 has been reported to be ~6 mJ/m2 based on extrapolation.20,21 In a previous study, 

a vapor-deposited n-perfluoroeicosane (C20F42) film was fabricated, and its surface was composed 

of completely aligned  −CF3 groups with a highly dense hexagonal packing. The surface free 

energy of this film was measured to be 6.7 mJ/m2, which is almost equal to the reported critical 

surface free energy of the −CF3 group. Therefore, this surface was deemed to show the “lowest” 

surface free energy among the solid surfaces fabricated using general organic substituents.22 

However, recent developments in synthetic chemistry23 have provided tools for preparing various 

advanced functional groups with lower surface energies than that of −CF3.  
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It has been reported that pentafluorosulfanyl (−SF5) group,24–26 with more fluorine atoms in its 

chemical structure than −CF3, has higher electronegativity27 and significantly higher lipophilicity 

(Hansch hydrophobicity constant, π is 1.51 for SF5 and 1.09 for CF3).28 In previous studies, 

aromatic compounds containing a −SF5 substituent were reported to be less water soluble, and thus 

more hydrophobic than the corresponding  −CF3 derivatives.29 Moreover, a self-assembled 

monolayer of SF5-perfluoroalkyl thiol on gold surface fabricated by Gard et al.30 had a water 

contact angle of 112°. In addition, Gard et al. also reported that a cast film of a polymer with –

(CF2)n–SF5 groups in its side chains exhibited a water contact angle of 112° as well.31 This value 

is comparable to that of polytetrafluoroethylene (PTFE), a well-known hydrophobic material. 

These results suggest the great prospect of −SF5 as a hydrophobic group. However, detailed 

insights on its physical parameters are not available, and a direct comparison of the effects of −SF5 

and −CF3 group-containing compounds on surface properties has not been made. Furthermore, the 

differences between −SF5 and −CF3 group-containing compounds in contact with water are still 

not sufficiently clarified. 

In this study, to experimentally demonstrate the higher hydrophobicity of the −SF5 groups 

compared to other reported fluorine-based hydrophobic groups, we investigated the surface free 

energies and affinities to water of poly(methacrylate) with −SF5 groups in its side chains, 

comparing with poly(methacrylate) derivatives containing other functional groups, viz., −CF3, 

−CH3, and −H. We evaluated the dynamic contact angles of water and ethylene glycol on the thin 

films of poly(methacrylate) derivatives with different functional groups and their neutron 

reflectivities (NRs) in contact with water.  
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Experimental 

Materials 

4-Pentafluorosulfanyl phenol (97%) was purchased from Alfa Aesar. 4-trifluoromethyl phenol 

(97%) and deuterium oxide (D2O, 99.9% D) were obtained from Sigma-Aldrich. p-Cresol (99.0%), 

phenyl methacrylate (>88%), tetrahydrofuran (THF, deoxidized, >99.5%), and chloroform (super-

dehydrated, >99.0%) were purchased from Wako Pure Chemical Industries, Ltd. Triethylamine 

(≥99.0%) and 2,2’-azobis(isobutyronitrile) (AIBN, ≥98%) were purchased from Nacarai Tesque, 

Inc. Methacryloyl chloride (>90%) was purchased from TCI Chemicals. All the chemicals were 

used without further purification. 1H NMR (400 MHz) measurements were carried out by a JEOL 

ECZ400 spectrometer in CDCl3. The chemical shifts are expressed in ppm; the signal of CHCl3 

(7.26 ppm for 1H) was used as the internal standard. The 13C NMR (100 MHz) measurements in 

CDCl3 solvents were performed, and the signal of CDCl3 (δ = 77.7 ppm for 13C) was used as the 

internal standard. 19F NMR (376 MHz) spectra were recorded using hexafluorobenzene (δ = 

−164.9 ppm for 19F) as the internal standard in CDCl3. To measure the molecular weight and 

polydispersity of the synthesized polymethacrylates, Gel Permeation Chromatography (GPC) 

(CBM-20A, Shimadzu) was carried out using a reflectivity index detector at 40 °C. The GPC 

apparatus consisted of a TSK guide column, HXR-H column, and TSK-gel GMHHR-M column 

(TOSOH Co., Ltd.). THF was used as the eluent. Before the GPC measurements of the prepared 

samples, polystyrene samples with different molecular weight (TOSOH Co., Ltd., Mw = 2,630, 

9,100, 37,900, 96,400, 190,000 and 355,000) were used as standards for the calibration curve. 

 

 

Synthesis of monomers and polymers 
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Synthesis of monomers 

Three monomers, 4-pentafluorosulfanylphenyl methacrylate, 4-trifluoromethylphenyl 

methacrylate, and 4-methylphenyl methacrylate, were synthesized with a similar esterification 

reaction. The synthetic procedure of 4-pentafluorosulfanylphenyl methacrylate is described as a 

representative. First, a mixture of 4-pentafluorosulfanyl phenol (1.0 g, 4.5 mmol) and methacryloyl 

chloride (0.47 g, 4.5 mmol) was dissolved in chloroform (30 mL) under N2 gas. Then, 

triethylamine (3.0 mL) was added ito the solution under stirring, and the resulting mixture was 

stirred further for about 8 hours at room temperature under N2 gas. The reaction was terminated 

by letting air into the reactor, and the mixture was washed with H2O and then a saturated brine 

solution, three times respectively. After drying over MgSO4, the organic layer was evaporated 

under reduced pressure, and the residual solid was purified by silica gel column chromatography 

using hexane/ethyl acetate (1 : 20) as the eluent, and the yield was 69%. 1H NMR (400 MHz, 

CDCl3) : δ (ppm) = 7.80 (d, JHH = 9.2 Hz, 2H), 7.24 (d, JHH = 9.2 Hz, 2H), 6.38 (s, 1H), 5.82 (t, 

JHH = 1.4 Hz, 1H), 2.07 (s, 3H). 13C NMR (101 MHz, CDCl3)): 165.2, 152.9, 151.0, 135.4, 128.3, 

127.6 (t, JCF = 4.3 Hz), 122.0, 18.4. 19F NMR (282 MHz, CDCl3)): 84.2 (quintet, JFF = 155 Hz), 

63.5 (d, JFF = 143 Hz). 

4-Trifluoromethylphenyl methacrylate 

Yield : 65%.  1H NMR (400 MHz, CDCl3) : δ (ppm) = 7.67 (d, JHH = 9.1 Hz, 2H), 7.25–7.27 

(m, 2H), 6.38 (s, 1H), 5.81 (t, JHH = 1.4 Hz, 1H), 2.07 (s, 3H). 13C NMR (101 MHz, CDCl3)): 

165.4, 153.6, 135.5, 128.1 (q, JCF = 33 Hz), 128.0, 126.8 (q, JCF = 4 Hz), 125.4, 122.6, 122.2, 119.9, 

18.3. 19F NMR (282 MHz, CDCl3)): -62.3. 

4-Methylphenyl methacrylate32 
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Yield : 66%.  1H NMR (400 MHz, CDCl3) : δ (ppm) = 7.18 (d, JHH = 8.4 Hz, 2H), 6.99 (d, JHH 

= 8.0 Hz, 2H), 6.34 (s, 1H), 5.74 (t, JHH = 1.4 Hz, 1H), 2.35 (s, 3H), 2.06 (s, 3H).  

Synthesis of polymers 

All the monomers were polymerized by the conventional radical polymerization method using 

AIBN as the initiator. Here, only the synthesis of poly(4-pentafluorosulfanylphenyl methacrylate) 

(P(SF5)) is described as an example. 

Synthesis of P(SF5) 

Briefly, 4-pentafluorosulfanylphenyl methacrylate (0.5 g, 1.7 mmol) and AIBN (2.8 mg, 17 

μmol (1 mol%)) were first dissolved in THF (10 mL) under N2 gas. Then, three cycles of freeze-

pump-thaw processes were conducted to remove the residual air in the solution and reactor. After 

stirring at 70 °C for 8 h under N2 gas, the reaction was terminated by freezing the reactor with 

liquid N2. The product was purified by three cycles of reprecipitation from chloroform using 

hexane as the poor solvent, and the converted sample was dried under vacuum for 1 day. The yield 

was calculated as 50%. 1H NMR (400 MHz, CDCl3) : δ (ppm) = 7.78–7.57 (br, 2H), 7.21–7.05 

(br, 2H), 2.60–1.67 (br, 2H), 1.67–1.18 (br, 3H). 13C NMR (101 MHz, CDCl3)): 174.9, 174.6, 

174.2, 174.0, 152.0, 151.5, 151.3, 151.1, 150.9, 127.7, 127.5, 121.8, 121.5, 121.3, 54.7, 54.2, 45.8, 

31.7, 22.8, 20.6, 19.4, 19.1, 14.2. 19F NMR (282 MHz, CDCl3)): 82.0-84.5 (br), 63.3 (d, JFF = 143 

Hz). Mn : 9.9k, Mw : 12.1k, Mw/Mn : 1.2. 

Poly(4-trifluoromethylphenyl methacrylate) (P(CF3)) 

Yield : 58%. 1H NMR (400 MHz, CDCl3) : δ (ppm) = 7.63–7.38 (br, 2H), 7.21–7.05 (br, 2H), 

2.60–1.67 (br, 2H), 1.67–1.30 (br, 3H). 13C NMR (101 MHz, CDCl3)): 175.1, 174.8, 174.1, 152.8, 

128.7, 128.5, 127.0, 126.8, 125.0, 122.3, 121.9, 121.7, 121.5, 45.9, 31.7, 22.8, 20.5, 19.0, 18.9, 

14.2. 19F NMR (282 MHz, CDCl3)): -62.4. Mn : 13.0k, Mw : 17.4k, Mw/Mn : 1.3. 
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Poly(4-methylphenyl methacrylate) (P(CH3)) 

Yield : 55%. 1H NMR (400 MHz, CDCl3) : δ (ppm) = 7.16–6.86 (br, 4H), 2.60–1.79 (br, 5H), 

1.66–1.30 (br, 3H). 13C NMR (101 MHz, CDCl3)): 176.2, 175.8, 175.6, 175.2, 148.5, 135.6, 130.1, 

121.2, 121.0, 120.8, 54.6, 45.9, 45.8, 31.7, 22.8, 21.0, 20.0, 18.2, 14.2. Mn : 6.9k, Mw : 9.3k, 

Mw/Mn : 1.3. 

Poly(phenyl methacrylate) (P(H)) 

Yield : 54%. 1H NMR (400 MHz, CDCl3) : δ (ppm) = 7.38–6.97 (br, 4H), 2.60–1.79 (br, 2H), 

1.70–1.30 (br, 3H). 13C NMR (101 MHz, CDCl3)): 176.0, 175.6, 175.3, 175.0, 150.6, 129.9, 129.6, 

129.5, 126.0, 121.6, 121.3, 121.1, 54.6, 46.0, 45.8, 20.0, 18.2. Mn : 5.2k, Mw : 7.5k, Mw/Mn : 1.4. 

Film preparation for contact angle measurements and X-ray diffraction measurements 

First, 1 wt% THF solutions of the four types of synthesized polymethacrylates were prepared. 

Then, thin films were fabricated on silicon wafers (20 mm × 20 mm, 625 μm thick) by spin-coating 

2 mL of each solution. Spin-coating was performed using a spin coater (ABLE Co., Ltd.) at a 

rotating speed of 1500 rpm for 12 s to spread the solution over the silicon wafer, followed by 3000 

rpm for 48 s. The films were dried overnight at room temperature after coating. 

X-ray diffraction measurements of thin films 

Small angle incidence X-ray diffraction measurements were performed with SmartLab (Rigaku 

Co.) with 30 mA and 40 kV. The CuKα X-ray beam (wavelength of 1.5418 Å) was irradiated on 

the surface with the incident angle of 0.20°, which is larger than the critical angles of the 

synthesized polymers. The detector of X-ray beam was a scintillation counter. The detector 

scanned in the out-of-plane direction. The small angle incidence X-ray diffraction measurements 

were performed with larger incident angle of X-ray beam than the critical angle. Therefore, the 

bulk structures of the thin films were investigated with large footprints.  
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Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

Thermogravimetry (Thermo Plus EVO2, Rigaku Co. Ltd.) was performed at a heating rate of 

10 °C/min under N2 flow. The temperature with 5% thermal weight loss (Td5) is defined as the 

thermal decomposition temperature. The glass transition temperatures (Tg) of all the 

polymethacrylate derivatives were measured by DSC. Tg was defined as the temperature at which 

the baseline changes during the heating process. DSC profiles were recorded using a Rigaku 

DSC8230 with 5 mg of the sample at the scan rate of 10 °C/min under dried N2. 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using an ULVAC-PHI PHI X-tool-F instrument to 

investigate the chemical composition of the surfaces. Al Kα radiation generated at 15 kV and 0.26 

mA was irradiated on the samples. 

Dynamic contact angle 

To investigate the wettability of each film, the dynamic contact angles of deionized water and 

ethylene glycol were measured at room temperature. The advancing contact angle (θa) was 

measured while the droplet (<1 mm in diameter) was enlarged (<2 mm in diameter) upon injecting 

the liquid from a microsyringe onto the film surface until the contact area increased. The receding 

contact angle (θr) was measured when the contact area decreased by withdrawing the liquid slowly. 

An average of 15 measurements were performed on different locations of the film surface for each 

liquid, and the average value is reported. 

In order to evaluate the wettability of the film surface, the average contact angle (θav) was 

calculated using Eq. (1) 

𝜃𝜃𝑎𝑎𝑎𝑎 = arccos[(cos 𝜃𝜃𝑎𝑎 + cos 𝜃𝜃𝑟𝑟) /2] (1) 
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The surface free energy, γs was calculated from the contact angles, using Eq. (2) and (3).33,34  

(1 + cos 𝜃𝜃𝑎𝑎𝑎𝑎) × 𝛾𝛾L /2 = �𝛾𝛾S𝑑𝑑 × 𝛾𝛾L𝑑𝑑 + �𝛾𝛾S𝑝𝑝 × 𝛾𝛾L𝑝𝑝   (2) 

 

𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑑𝑑  + 𝛾𝛾𝑠𝑠𝑝𝑝    (3) 

where γL is the surface free energy of the liquid, and γL
d and γL

p are the dispersion and polar 

components of the liquid, respectively. The γL
d and γL

p values of water are 21.8 and 51.0 mJ/m2 , 

respectively and those of ethylene glycol are 29.3 and 19.0 mJ/m2, respectively.35 γs
d and γs

p are 

the dispersion and polar components of the surface, respectively. 

NR measurements 

Sample preparation  

The thin films for NR experiments were fabricated from 1 wt% THF solutions of the four types 

of polymethacrylates in the spin-coating method. Cylindrical silicon blocks with a diameter of 76 

mm and height of 10 mm were used as substrates. The rotating speed during the process was set 

to 1000 rpm for 60 s. All film samples were dried at room temperature overnight after fabrication.  

After the initial NR measurement in air, NR measurements was performed in water to 

investigate the structural changes in each film in contact with water and discuss the affinity 

between each polymer and water. In these experiments, pure D2O or a D2O/H2O mixture 

(D2O:H2O = ~7:3) was employed instead of H2O for a clear contrast with the polymers. After the 

measurement in air, the same samples were sandwiched between two pieces of metal plates, and 

D2O or the D2O/H2O mixture was injected from a spout on the top of the upper metal plate. The 

samples in contact with water were left to stand for more than 2 h before the measurement which 

is sufficient for equilibration, as reported.36 

Measuring apparatus and conditions 
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The NR measurement was carried out at 25 °C with a Soft Interface Analyzer (SOFIA, BL-16, 

Materials and Life Science Facility (MLF), Japan Proton Accelerator Research Complex (J-

PARC)).37,38 Neutron beams with  wavelengths ranging from 0.20 to 0.88 nm were irradiated onto 

the film from the air side for the measurements in air and from the substrate side for measurements 

in D2O. The q range in the NR measurements was from 0.01 to 0.16 Å−1. The incident angles of 

the neutron beams were 0.30°, 0.75° and 1.80°. MOTOFIT software was used to fit the 

experimental results. Global fitting was performed on the NR profiles of the polymer thin films in 

contact with D2O and D2O/H2O. In the global fitting, the thickness, volume fraction of water and 

roughness at every layer of the polymer thin film in contact with water were linked. In the fitting 

process, the scattering length density (SLD) of the polymer in air was employed as the SLD of the 

polymer layers in contact with water.  
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Results and Discussion 

Four polymethacrylate derivatives with different side chains, viz., P(SF5), P(CF3), P(CH3), and 

P(H) with −SF5, −CF3, −CH3, and –H in their side chains, respectively, through conventional 

radical polymerization in 50 to 60% yields, as shown in Figure 1. The obtained polymers were 

characterized by 1H, 13C, and 19F NMR spectroscopies and their molecular weights were estimated 

using GPC. In their NMR spectra as shown in Figure S1–S17 in the Supporting Information, all 

the peaks were assigned. In the 19F NMR spectrum of P(SF5), the two peaks at 63 and 83 ppm were 

assigned to fluorine atoms at the equatorial and axial positions of the −SF5 groups, respectively. 

The peak positions were similar to those of the monomer. This indicates that the −SF5 group has 

high stability and durability toward radical polymerization and purification processes. In addition, 

the weight-average molecular weights of the synthesized polymers ranged from 7.5k to 17.4k. 

These molecular weights are suitable for solubilizing them in conventional organic solvents for 

spin-coating thin films to evaluate their surface properties and structures. For the investigation of 

the crystallinity of their thin films, we performed X-ray diffraction measurements. The diffraction 

profiles of their polymers are shown in Figure 2a. In the profiles of the thin films of all the polymers, 

there were only amorphous halos, not diffraction peaks, which meant that the synthesized polymers 

were amorphous. The thermal properties of the polymers were evaluated by TGA and DSC 

measurements. The decomposition temperatures of the synthesized polymers, Td5, at which 5% 

mass was lost during heating, are presented in Table 1 and Figure S18 in the Supporting 

Information. The Td5 of P(SF5) was higher than 250 °C, and comparable to that of P(CF3). This 

result suggested that the −SF5 group possessed sufficient thermal stability to be used in various 

circumstances, as it does not decompose of at around 200 °C. In DSC thermograms of all the 

polymers in Figure 2b, the endothermic peaks of melting points were not observed. These results 
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corresponded to those of X-ray diffraction measurements. In addition, the DSC measurements 

revealed the glass transition temperature (Tg) of P(SF5) to be 134 °C, being higher than those of 

the other synthesized polymers, as shown in Table 1. The reason is for the bulky structure and 

polarity of the −SF5 groups in its side chains. Actually, it is estimated that the volume and 

electronegativity of the −SF5 group were 49.20 cm3/mol and 3.65, which were larger than 20.49 

cm3/mol and 3.36 of a −CF3 group.27,39–42 

 

O
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SF5

n
O

O

CF3

n
O

O

CH3

n
O

O

H

n

P(SF5) P(CF3) P(CH3) P(H)  

Figure 1. Chemical structures of the synthesized polymethacrylates. 

 

Table 1. Thermal decomposition temperatures (Td5) and glass transition temperatures (Tg) of the 

synthesized polymethacrylates. 

Sample 
Td5

 Tg 

°C °C 

P(SF5) 276 134 

P(CF3) 278 77 

P(CH3) 216 83 

P(H) 190 53 
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Figure 2. (a) X-ray diffraction profiles, (b) DSC thermograms and (c) XPS profiles of P(SF5), 

P(CF3), P(CH3), and P(H). 

 

Thin flat films were prepared on silicon wafers/blocks in spin-coating methods using a 1 wt% 

THF solution of the synthesized polymers for the measurements of dynamic contact angles and 

NR. The XPS profiles exhibited peaks from all the elements in their synthesized polymer structures, 
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as shown in Figure 2c. In the XPS profile of P(SF5) and P(CF3), F1s peaks were observed at 687 

and 688 eV, respectively. In addition, two S1p peaks were detected at 172 and 164 eV for P(SF5), 

corresponding to the bonding of S with F atoms at the equatorial and axial positions in the −SF5 

group. 

 

Table 2. Dynamic contact angles and surface free energies of the four spin-coated films. 

Sample 

Dynamic contact angle θav  Surface free energy 

Water Ethylene glycol  𝛾𝛾d 𝛾𝛾p 𝛾𝛾 

degree  mJ/m2 

P(SF5) 102 ± 1 85 ± 2  11.8 3.1 15.0 

P(CF3) 96 ± 1 73 ± 2  19.7 2.7 22.4 

P(CH3) 92 ± 2 68 ± 5  20.9 3.8 24.7 

P(H) 81 ± 2 57 ± 2  21.0 8.3 29.3 
𝛾𝛾d : Dispersion component of the surface free energy. 𝛾𝛾p : Polar component of the surface free 

energy.  : Total surface free energy. 

 

For the investigation on the surface properties, we measured dynamic contact angles of water 

and ethylene glycol droplets on the prepared thin films and calculated the surface free energies of 

their polymers.33–35 Table 2 shows dynamic contact angles of water and ethylene glycol droplets 

on the polymer surface along with their surface free energies of the polymers and their components 

of dispersion 𝛾𝛾d and polar 𝛾𝛾p components. The advancing and receding contact angles of water and 

ethylene glycol droplets are listed in Table S2 in the Supporting Information. The polymer thin 

films containing fluorinated groups in their side chains possessed higher dynamic contact angles 

of water and ethylene glycol droplets; that is, they had lower surface free energies than the thin 

films of the obtained polymers without any fluorine atoms in their side chains. The thin films of 
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P(SF5) and P(CF3) exhibited larger contact angles for both liquids. It is revealed that both the 

hydrophobicity and oleophobicity of P(SF5) and P(CF3) were higher than those of P(CH3) and 

P(H). In particular, P(SF5) represented the largest dynamic contact angles of water and ethylene 

glycol droplets and the lowest surface free energy, which implies that it has the highest 

hydrophobicity and oleophobicity of P(SF5) among the synthesized polymers. In the components 

of their surface free energies, the polar components 𝛾𝛾p were lower for the two polymers with 

fluorine side chains, while the dispersion component 𝛾𝛾d of P(SF5) was declined relative to those of 

the other polymers including P(CF3). These results unequivocally suggest that P(SF5) has the 

lowest surface free energy. Thus, the larger the number of fluorine atoms in the functional group 

is, the lower the surface free energy is and hence higher the hydrophobicity is. 

It is worth noting that the surface free energies of P(SF5) and P(CF3) are however larger than 

those of polymethacrylates with perfluoroalkyl side chains.43–48 The latter surface free energies 

were lower than 10 mJ/m2. The reason is that the volume fractions of the perfluoroalkyl groups 

are larger than those of P(SF5) and P(CF3), and the perfluoroalkyl side chains self-assemble and 

align at the surface, because of the rigid structure originated from larger fluorine atoms than 

hydrogen. Further appropriate molecular designs for the backbone of −SF5 groups could lead to 

much more hydrophobic properties and lower surface free energies. 
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Figure 3. Neutron reflectivity profiles (circles) of the spin-coated films of (a) P(SF5), (b) P(CF3), 

(c) P(CH3), and (d) P(H) in contact with air (bottom) and D2O (upper) and D2O/H2O (middle), and 

the fits (lines) using a single layer or double-layer model for air, and double- or triple-layer model. 

For clarity, the curves are offset by a decade. 
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Figure 4. Fitting models of polymer thin films in contact with (a) air and (b) D2O or D2O/H2O. 

SLD profiles of the spin-coated films of (c) P(SF5), (d) P(CF3), (e) P(CH3), and (f) P(H) in air, 

D2O, and D2O/H2O.  

 

For a detailed analysis of the affinity of the polymer P(SF5) to water, we performed NR 

measurements of the spin-coated thin films in contact with air, deuterated water (D2O), and 

D2O/H2O mixture at SOFIA (BL-16, MLF, J-PARC)37,38 and evaluated the structures of the thin 

films at 25 °C. The NR profiles and the corresponding fits are shown in Figure 3. The smaller 

Kiessig fringes were observed in the NR profiles of P(SF5) and P(CF3) in the contact with air, 

relative to P(CH3) and P(H), because the SLD values of P(SF5) and P(CF3) were similar to the 

SLD value of the silicon substrate. In the fitting of all the thin films, except that of P(H), in contact 

with air, we could analyze the observed NR profiles of the thin films as single polymer layer model, 

as shown in Figure 4a. This fitting model consists of air, the polymer layer, the natural oxidized 

layer (SiO2) and the silicon substrate, along the pathway of the incident neutron beam. On the 

contrary, for the P(H) in contact with air, its NR profile fitting analysis fitted better with the double-

layer model, rather than single-layer model. The structural parameters, including the thickness, 

roughness, and SLD values were estimated from the fitting curves, as shown in Table S3 in the 

Supporting Information. The thickness of these polymer thin films ranged from 40 to 75 nm, and 

the roughness was less than 1 nm for all cases. The low surface roughness of these polymer films 

would exclude its effect on dynamic contact angle. From the NR results, it is concluded that the 

smooth thin films were prepared and the reasonable values of thickness and SLD of their thin films 

were obtained.  
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For the evaluation of the interactions between the synthesized polymers and water, we 

measured NRs of the polymer films in contact with D2O, and D2O/H2O (D2O:H2O volume ratio = 

7:3). As shown in Figure 3, the contact with D2O or D2O/H2O and polymer thin films provided 

clear Kiessig fringes in the NR profiles because of the large difference in the SLD values of the 

polymer thin films and D2O or D2O/H2O. The polymer layers in the fitting models illustrated in 

Figure 4b are composed of an adsorbed layer and a bulk layer for P(CF3) and P(SF5), or a water-

adsorbed layer (ads), a polymer bulk layer (bulk), and a top surface layer (top) for P(H) and P(CH3), 

from interface with the silicon wafer substrate, that is, the neutron beam incidence side.36,49 The 

fitting analyses were performed via global fitting of the obtained NR profiles of all the polymers 

in contact with D2O and D2O/H2O. For global fitting, we assumed that the thickness, volume 

fraction of water and roughness at each layer had no difference between the polymer thin films in 

contact with D2O and D2O/H2O. In addition, the volume fractions of water in the polymer thin 

films in contact with water were calculated using the SLD values of the polymers in contact with 

air. 

The fitting parameters of the four thin polymer films in contact with water are listed in Table 

S4 in the Supporting Information. In Figure 4c-4f, SLD profiles of the polymers in contact with 

air, D2O, and D2O/H2O mixture are summarized. Table 3 shows the thickness and SLD of the 

polymer thin films under air atmosphere, and thickness, volume fraction of water, values of the 

films and roughness in contact with water. The NR profiles of P(CF3) and P(SF5) were fitted with 

the double-layer model, while those of P(H) and P(CH3) were fitted with the triple-layer model.   

 

Table 3. Thickness, SLD, and volume fractions of water of P(SF5), P(CF3), P(CH3), and P(H) thin 

films in contact with air and D2O or D2O/H2O. 
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Sample 
tair

a SLDair
b tads

c tblk
c ttop

c Φads
d Φblk

d Φtop
d Rtop

e 

nm ×10-4 nm-2 nm nm nm vol% vol% vol% nm 

P(SF5) 40.8 
± 0.2 

2.29 
± 0.00 

0.6 
± 0.2 

41.1 
± 0.3 — 56.2 

± 7.9 
7.0 

± 0.3 — <0.1 
± 2.7 

P(CF3) 43.0 
± 0.1 

2.28 
± 0.00 

1.4 
± 0.4 

41.9 
± 0.5 — 22.3 

± 2.7 
6.1 

± 0.3 — 0.4 
± 0.0 

P(CH3) 72.4 
± 0.3 

1.63 
± 0.00 

1.7 
± 1.3 

70.8 
± 0.6 

3.1 
± 1.8 

20.1 
±12.6 

3.9 
± 0.3 

81.1 
±17.9 

1.7 
± 0.9 

P(H) 66.3 
± 2.6f 

1.77 
± 0.01g 

2.2 
± 0.2 

66.0 
± 0.1 

3.8 
± 0.5 

34.6 
± 2.4 

9.8 
± 0.6 

60.2 
± 2.3 

4.4 
± 0.3 

a Thickness of the polymer layer in contact with air. 
b SLD of the polymer layer in contact with air. 
c Thicknesses of the adsorbed layer (tads), bulk layer (tblk), and top surface layer (ttop) in contact 
with water.  
d Volume fractions of water in the adsorbed layer, bulk layer (Φblk), and top surface layer (Φtop) in 
contact with water, for Φads, Φblk, and Φtop, respectively. Φx is defined as Φx (%) = 100 × (volume 
of water)x / [ (volume of water)x +  (volume of polymer)x]. Φx was calculated using relationship: 
SLDx = [Φx × SLDwater + (100 − Φx) × SLDair] / 100. 
e Roughness of the surface in contact with water. 
f Total thickness of bulk layer 1 and bulk layer 2, as shown in Table S3 in the Supporting 
Information. 
g SLD of the main bulk layer 1, as shown in Table S3 in the Supporting Information. 

 

The total thickness of all the polymer films were increased in the contact with water (D2O or 

D2O/H2O), indicating that all of them included water. The reason is that water molecules 

penetrated the thin films. In the water-adsorbed layers, a number of water molecules aggregated 

and formed ultra-thin layers at the interface between the polymer and substrate.36,50 For proof of 

the formation of the water-adsorbed layers, we performed fitting analyses, assuming that these 

layers were composed of only aggregated polymer chains.51,52 The SLD values of the adsorbed 

layers, SLDads, in contact with D2O and D2O/H2O were clearly different; the SLDads value obtained 

with D2O was larger than that obtained with D2O/H2O. In the case of aggregation of polymer 

chains, both the SLDads values in the contact with D2O and D2O/H2O would be same. These results 

indicated that the adsorbed water layer would be formed at the interface between the polymer film 

and substrate.  
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For the discussion of the surface properties of the polymer thin films, we focused on the top 

surface layers in the triple-layer fitting model and the surface roughness in the double-layer fitting 

model. According to the fitting results, the uppermost surface regions of P(H) and P(CH3) 

contained much larger volume fractions of water, Φtop, relative to those in the bulk layers. As the 

Φtop values decrease to 0 vol%, the top surface layer is composed of only polymer chains, while, 

with an increase of Φtop to 100%, a layer composed of only water is formed. The volume fractions 

of the polymers at the top surface layers of P(H) and P(CH3) were 40% and 19%, respectively. In 

the thin films of P(H) and P(CH3), polymer chains and water were mixed at the top surface layers. 

Next, the global fitting for NR profiles of P(SF5) and P(CF3) in contact with water was performed 

using the double-layer model without a top surface layer and the better results for NR profiles of 

P(CF3) and P(SF5) were obtained relative to those using the triple-layer model. The lower affinity 

of P(CF3) and P(SF5) toward water were clarified through these fitting into the double-layer model. 

In the P(CF3) film, the roughness at the interface between the bulk layer and water increased. This 

suggested that the narrow surface region was slightly swollen. On the other hand, for the P(SF5) 

thin film, the roughness of the top surface in contact with water was very slight, indicating that 

there was little affinity between the top surface of this film and water. These results mean that the 

top surface regions of the P(H) and P(CH3) thin films were swollen significantly by water because 

of the stronger interaction of the polymer chains with water. Meanwhile, the polymer chains at the 

top surface of P(CF3) were swollen only slightly, whereas the surface of P(SF5) did not possess 

swollen polymer chains, as shown in Figure 5. 

The global fitting for the NR profiles of P(SF5) and P(CF3) in contact with water was also 

performed using the triple-layer model with a top surface layer. The fitting results for NR profiles 

of P(SF5) and P(CF3) are shown and summarized in Figure S19 and S20, and Table S5 and S6 in 
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the Supporting Information. P(SF5) showed abrupt changes in the SLD at the interface between 

the bulk and top surface layer, and the surface layer was composed of almost only water because 

the value of Φtop was >99%. In the case of P(CF3), the SLD changed substantially at the interface 

between the bulk and top surface layer, but a small number of polymer chains were included in the 

top surface layer. These results correspond to the fitting parameters from double-layer model. 

 

 

Figure 5. Schematic models of the surfaces of thin films of (a) P(H) and P(CH3) (b) P(CF3) and 

P(SF5) in contact with water. 

 

From these comparisons of the top surfaces of the polymer films in contact with water, it is 

revealed that the affinity of the surface of P(SF5) to water was the lowest among these examined 

polymers. These results corresponded to the hydrophobicity and surface free energies of their 

polymers. These suggested that water-affinity and hydrophobicity of the polymer thin films were 

evaluated by analyzing the topmost surfaces of the polymer thin films at the molecular scale 

through NR measurements and analyses. Moreover, −SF5 group itself possesses hydrophobicity, 

which leads to hydrophobic property at the macro scale. It is suspected that appropriate alignment 
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of the −SF5 group at the surface might provide higher hydrophobicity beyond trifluoromethyl −CF3 

group. 
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CONCLUSIONS 

We investigated the hydrophobic properties of the −SF5 group through the evaluation of its 

surface contact angle and neutron reflectivity. The polymethacrylates with −SF5 groups and other 

functional groups in their side chains were synthesized and characterized, and thin films were 

prepared by spin coating. The −SF5 groups possessed durability against thermal and radical under 

reaction. The synthesized polymer with −SF5 groups in side chain was amorphous, corresponding 

to the other synthesized polymethacrylates. The glass temperature of the polymer with −SF5 groups 

was more than 130 °C, the highest among all the synthesized polymers. This highest glass 

transition temperature was originated from the bulky structure and polarity of the −SF5 groups. 

The contact angle measurements of water and ethylene glycol on the thin films were performed 

and their surface free energies were calculated. The surface free energy of the polymethacrylate 

film with −SF5 groups was lower than those of the other polymer thin films, and its hydrophobicity 

was the largest. Moreover, the neutron reflectivity measurements and analyses of the polymer thin 

films in contact with water were performed. The polymethacrylate film with −SF5 and −CF3 groups 

in the contact with water formed no swollen top surface layer, whereas the polymer without 

fluorine groups possessed the swollen layers at the top surface. In addition, the sharpness of the 

interface of the polymethacrylates with −SF5 groups with water was increased, relative to that of 

the polymethacrylates with −CF3 groups. These results proved that the −SF5 group possessed lower 

affinity toward water than the other synthesized polymers and the lower affinity of −SF5 groups 

directly connected to hydrophobicity of the polymethacrylates with −SF5 groups. The −SF5 group 

is an inherently promising chemical entity for developing hydrophobic materials. 
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