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Abstract 

Long-term anti-fogging capability of plasma-coatings obtained from hydrophilic 

precursor, such as 2-(dimethylamino)ethyl methacrylate or acrylic acid, and hydrophobic 

monomer, 1H,1H,2H-perfluoro-1-decene, deposited on polycarbonate is studied for two 

different aging. These films, when freshly prepared, show simultaneous hydrophilicity / 

oleophobicity for HDFD concentrations < 50 %. They fulfill anti-fogging criteria: low water 

contact angle (< 20°), high hexadecane contact angle around 70° and preservation of optical 

transparency after water vapor contact. Depending on their chemical structure, only p-AA-co-

HDFD with 20 - 40 % of HDFD retain their anti-fogging properties after a thermal aging while 

all of them are altered when dipped in hot water. p-AA-co-HDFD is more efficient than p-

DAME-co-HDFD reducing airborne contamination and improving the long-term anti-fogging 

performance.  

 

Key words: plasma co-deposition; hydrophilic / oleophobic; anti-fogging; wetting; aging. 
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I. Introduction 

Anti-fogging property is defined as the ability to avoid condensation of water vapor onto 

material surface at ambient atmosphere saturated of humidity, so-called fog that restricts the 

light transmission. [1-3] Elaboration of anti-fogging surfaces which induces the growth of an 

uniform water thin film rather than droplets’ condensation was studied for various applications. 

[4-7] Prevention of fog formation by controlling the surface wettability can be reached with 

hydrophilic surface since such a surface has high surface free energy and therefore, is able to 

promote droplets’ spreading. However, this type of anti-fogging surface can be easily 

contaminated by the airborne hydrocarbon present at ambient air leading to its hydrophilicity 

disappearance. [8-9] In order to improve the long-term anti-fogging properties, two main 

solutions are proposed.  

The first one involves superhydrophilic coatings which can be organic or inorganic ones. 

[10-13] However, the inorganic superhydrophilic coatings have shown better long-term anti-

fogging property than the organic ones. Indeed, the poly(ethylene terephthalate) (PET) treated 

by dioxygen plasma and indium tin oxide (In2O3-SnO2)-coated glasses (ITO) treated by an 

electrochemical method were prepared as organic and inorganic superhydrophilic surfaces, 

respectively, with WCA (water contact angle) nearly zero. After 7 days, an increase of WCA 

to 40° on PET surface and to only 18° on ITO glass was observed. [12] One of the more stable 

superhydrophilic inorganic surfaces is the hierarchical nanoporous layer of silicate glass etched 

by an alkaline solution with a WCA at about 5° for more than one year. [14] In the case of 

superhydrophilic organic thin coating, the polydiethylene glycol bis(allyl carbonate) treated by  

Ar ions implantation under dioxygen partial pressure can retain its anti-fogging property during 

only the first 2000 h to attain a WCA  40°. [8]  
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On the other hand, in order to preserve hydrophilicity of the surface from organic 

contamination, oil-repellent or oleophobic properties are requested. Thus, the second type of 

long-term anti-fogging surface is based on coatings with simultaneous hydrophilic / oleophobic 

properties. Such a surface is generally grafted by hydrophilic polymers and fluorinated 

surfactants, thus the hydrophilic perfluorinated copolymers and perfluopolyether polymers are 

good candidates for this type of surface. [15-17] But until now, it is rare to find a report describing 

long-term anti-fogging capability of such a surface. In our knowledge, just only one study on 

different perfluoropolyethers (PFPE) showed that the anti-fogging properties are retained after 

14 aging days with (HOCH2CF2O-[CF2CF2O]m-[CF2O]n-CF2CH2OH) coating whose 

hexadecane contact angle (HCA) = 70.1 ± 0.9°, whereas another type of PFPE (CF3CF2O-

[CF2CF2O]m-[CF2O]n-CF2CF3) with lower oleophobocity (HCA = 32.6 ± 0.5°) is not anti-

fogging. [17] Moreover, no explanation is given for such a behavior. 

This work focuses on the long-term anti-fogging properties of hydrophilic / oleophobic 

coatings, deposited thanks to the pulsed-plasma polymerization technique. These coatings are 

elaborated from mixture of 2-(dimethylamino)ethyl methacrylate (DAME) or acrylic acid (AA) 

used as hydrophilic monomer and 1H,1H,2H-perfluoro-1-decene (HDFD) as hydrophobic 

monomer. [18] Plasma-deposited fluorocarbon films are known to rearrange and to be oxidized 

after elaboration. Surface rearrangement of the polymeric chains is frequently investigated by 

air / water contact angles measurement [19,20] whereas post-oxidation due to free radicals in the 

plasma coatings, by X-ray photoelectron spectroscopy (XPS). [21-23] Thus, in this study, thermal 

stability and wet surrounding resistance of hydrophilic / oleophobic plasma films deposited on 

polycarbonate (PC) substrates are carried out by wettability measurements and XPS analysis. 

The anti-fogging properties of aged surfaces are also examined by water vapor contact test. 
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II. Experimental part  

II.1. Elaboration of p-DAME-co-HDFD and p-AA-co-HDFD coatings 

All the chemical products were used without any purification. 2-(dimethylamino) ethyl 

methacrylate (DAME, CH2=C(CH3)COOCH2CH2N(CH3)2, 99 % purity) was purchased from 

Acros Organics (France) while acrylic acid (AA, CH2=CHCOOH, 99 % purity) and 1H,1H,2H-

perfluoro-1-decene (HDFD, CF3(CH2)7CH=CH2, 99 % purity) were purchased from Sigma 

Aldrich (France). 

Plasma polymerization process was carried out with a capacitively coupled RF (13.56 

MHz) reactor (MG300S, Plassys). Substrates were located on the lower cathode in cylindrical 

aluminum chamber (28 cm diameter and 6.15 L volume) with two parallel circular electrodes 

(20 cm diameter with 12.8 cm gap). The argon gas and precursor vapors (DAME, AA, HDFD) 

were injected through an electrode-integrated shower above the reaction chamber. To improve 

adhesion of the polymer layers on the substrate, the latter was pre-treated by Ar plasma 

(discharge power P = 100 W, flow Fl = 10 sccm, duration t = 30 s). The first precursor was 

then injected until required partial pressure was attained. The second one was then added to 

obtain total pressure (p) of 0.02 Torr. The pressure was controlled by a Baratron gauge. p-

DAME-co-HDFD and p-AA-co-HDFD coatings with different % HDFD and deposition times 

(Table 1) were deposited using the pulsed plasma technique with a discharge power P = 10 W. 

The pulse on-time (ton) and pulse off-time (toff) were 17 µs and 150 µs, respectively, which 

correspond to an applied frequency f = 6 kHz and a duty cycle d.c. (defined as the ratio of pulse 

on-time to period) = 10 %. 

 

Table 1. p-DAME-co-HDFD and p-AA-co-HDFD at different HDFD proportions (%) and deposition 

times with % F and F / C, O / C ratios of fresh coatings determined by XPS analyses. 
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HDFD 

(%) 

Deposition time 

(min) 
Sample F / C O / C 

F 

(%) 

Film 

thickness 

(nm) 

p-DAME-co-

HDFD 

10 

10 

D1 0.22 0.21 14.4 58.2 

20 D2 0.34 0.18 21.4 37.7 

30 D3 0.34 0.19 21.3 n-meas 

40 D4 0.36 0.22 21.7 n-meas 

50 D5 0.42 0.19 25.1 14.2 

20 
20 D6 0.33 0.19 20.8 55.4 

30 D7 0.38 0.17 23.5 72.2 

p-AA-co-HDFD 

10 

10 

A1 0.40 0.43 22.0 68.4 

20 A2 0.42 0.41 22.8 38.6 

30 A3 0.54 0.34 28.5 n-meas 

40 A4 0.54 0.36 28.4 n-meas 

50 A5 0.54 0.36 28.3 15.6 

 50 30 A6 0.67 0.28 34.3 103.3 

n-meas : not measured 

II.2. Film characterization 

X-Ray Photoelectron Spectroscopy (XPS) 

Plasma codeposits onto PC substrate were analyzed by XPS instrument (Kratos Axis 

Nova, UK at the Institut des Matériaux de Nantes, France) with a monochromatic Al K beam. 

The core-level signals were obtained at electron emission take-off angle of 90° relative to the 

sample surface. The curve fitting was achieved using CasaXPS software with a constant value 

of the full width at half-maximum (FWHM) for the Gaussian peaks for all atomic components. 

The quantification was determined from high resolution peak area ratios and was reliable to ± 

5 %. Since the XPS are run one day after the plasma-deposition, all samples are kept under 

vacuum prior to their analysis. 

Layer thickness measurement 

Thickness measurement of the different layers deposited on Si/SiO2 wafers was done 

thanks to atomic force microscopy (AFM, Bruker Innova). Before deposition, the substrate was 

partially masked. After deposition, the mask was removed and the created step was 
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representative of the deposit thickness. Images (50 x 50 µm2) were scanned in tapping mode at 

ambient air. The film thickness was determined using the Gwyddion software. 

Wettability measurement 

Static contact angle measurements of extremely pure water (WCA) (MilliQ Water 

System, resistivity 18 M cm-1) and n-hexadecane droplets (HCA) (CH3(CH2)14CH3, Sigma-

Aldrich France,  99 %) on the just-prepared plasma layers were carried out thanks a 

goniometer with 3 µL of liquid. For each reported contact angle, ten values taken on both sides 

of five drops were averaged. 

 

II.3. Anti-fogging characterization 

Anti-fogging properties of thin films were measured as described in the ISO standard EN 

168 protocol. [19] The sample was maintained 5 cm over hot water at 60°C for 1 min then, the 

water condensation was defined as “fogging” or “slightly fogging” or “anti-fogging” (Figure 

1). 

 

Figure 1. Illustration of a) “fogging” or b) “slightly fogging” or c) “anti-fogging” surface exposed 1 min to water 

vapor. 

 

II.4. Anti-fogging plasma codeposits aging  

Coated PC was aged by two different processes. The first one (so-called 5CF) was based 

on a thermal effect at humid atmosphere while the second was associated to the wet surrounding 

a) b) c)
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(so-called WS) in order to study stability of the anti-fogging property as well as the film 

transmittance. Concerning the 5CF aging, the sample was exposed to 5 cycles of different 

durations, temperatures and relative humidity [(16 h at 85°C and 95 % of humidity) - (3 h at - 

20°C and 75 % of humidity) - (6 h at 85°C and 5 % of humidity)]. For the WS aging, the films 

were immersed in water at 60°C during 10 days.  

After such an aging, the coated PC was stored in ambient environment for 24 h then, the 

anti-fogging property was measured as described in the previous paragraph. 

 

III. RESULTS AND DISCUSSION 

p-DAME-co-HDFD and p-AA-co-HDFD thin films are deposited by low pressure plasma 

method with different HDFD proportions in the plasma phase (10 - 50 %) and various durations 

(i.e. thicknesses). Whatever the plasma conditions are, the fresh coatings show hydrophilic - 

oleophobic properties with low WCA (around or less than 20°) and HCA value in the range of 

52° to 70°. We also noticed that p-AA-co-HDFD (WCA < 5°, HCA = 64° - 70°) co-deposits 

are more hydrophilic and more oleophobic than p-DAME-co-HDFD films (WCA = 5 - 20°, 

HCA = 52° - 64°). These coatings show then anti-fogging properties where PC transparency is 

preserved through the formation of a continuous water film after water vapor contact (Figure 

1c). 

In order to study stability and durability of their anti-fogging properties, different 

synthesized layers are aged according to the two processes: 5CF (thermal effect) and WS (wet 

surrounding) then their anti-fogging properties are analyzed by wettability and transmittance 

measurements.  

 

III.1. Evolution of contact angles of the polymeric layers after aging  
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After 5CF aging, water contact angle (WCA) of aged p-DAME-co-HDFD increases 

slightly (except D6) and reaches almost the same value of around 25.7° - 29.7° (Figure 2) 

whatever the initial surface chemistry. In a different manner, hydrophilicity of the aged p-AA-

co-HDFD appears to be less altered since WCA is only increased for samples bearing high 

amount of fluorinated groups. The obtained value of WCA around 26.9° for the aged p-AA-co-

HDFD (50 % HDFD) is close to that of aged p-DAME-co-HDFD. Beside this hydrophilicity 

alteration of both aged polymers, their HCA value does not significantly change whatever their 

surface chemistry; their oleophobic character is then preserved after such a thermal aging. Since 

WCA remains lower than 40° and HCA is around 60° - 70°, all these aged surfaces are still 

hydrophilic / oleophobic even if they are less hydrophilic compared to fresh ones. The small 

hydrophobicity increase could be due to the rearrangement of hydrophobic segments (so-called 

“hydrophobic recovery”) in the film [24-26], the cross-linking of radicals remained in fresh 

plasma films, the contamination of airborne hydrocarbon or the exsudation of additives from 

PC substrate. Moreover, previous studies on poly(perfluorocarbon) reported that perfluoroalkyl 

groups with a low surface free energy could move to the surface during the aging at room 

temperature. [27,28] Li et al. [29] showed that heating polymer layers promotes the motion of 

fluorinated chains towards air - polymer interface in order to minimize surface free energy of 

the layer. In the aging process of our films, the temperature raises to 85°C enhancing the chain 

mobility and increasing the disorder of the bulk polymer. This phenomenon is exacerbated by 

plasticizing effect of absorbed water due to humid surrounding atmosphere (relative humidity 

of 20 %) and by the hydrophilic character of the layer. [12] Indeed, the absorbed water molecules 

may increase the free volume of polymeric film and thus may favor the chain turn-over. As a 

result, the perfluorocarbon groups may easily move towards material surface, leading to the 

observed aging effect. This mobility is all the more favored that plasma polymers are known as 

amorphous films. However, the plasticization due to absorbed water is controversial as 
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described in [30], where the motion of polyurethane segments of fluorinated poly(amide 

urethane) is less important than that of fluorinated chains.  

Besides, the hydrophilicity decrease of p-DAME-co-HDFD samples is independent on 

the fluorinated segments proportion in plasma phase whereas the p-AA-co-HDFD layers only 

age at a threshold plasma-concentration of HDFD (around 50 %). Their different behavior 

towards thermal aging could be explained either by flexibility of hydrophilic segment or by 

contamination resistance of the fluorinated chains (which will be discussed in XPS part). As 

described in [31,32], the incorporation of a polar group, such as amine one in DAME monomer, 

induces the formation of intermolecular hydrogen bonds that strongly reinforce the interactions 

between side chains and makes DAME main chains more rigid than AA main ones. Thus, any 

local or long distance motion towards the surface will be mostly promoted by the fluorinated 

segments in p-DAME-co-HDFD even in low concentrations. [33] Furthermore, the observed 

threshold of 50 % of HDFD plasma-concentration, from which p-AA-co-HDFD becomes more 

hydrophobic, could be assigned to a higher extreme surface fluorine concentration after 

reorientation of perfluorocarbon chains during aging. 
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Figure 2. Water (black) and hexadecane (red) contact angles of fresh (circle) and 5CF aged (square) of p-
DAME-co-HDFD (a) and p-AA-co-HDFD (b) films (standard deviation of all samples CA values ≤ 1 °). 

 

Concerning WS aging where the layers are immersed during 10 days in water at 60°C, all 

p-DAME-co-HDFD and p-AA-co-HDFD coatings become more hydrophobic since WCA 
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increases from less than 20° to 44.7° - 59.0°. Besides, hexadecane drops completely wet on 

almost all aged plasma polymer surfaces. Such behavior may be explained by either 

reorganization of hydrophilic / hydrophobic chains, exsudation of additives from the PC 

substrate or delamination of thin film in aqueous environment. 

 

III.2. Anti-fogging properties of the aged polymeric layers 

5CF-aged films are exposed to water vapor in order to determine their anti-fogging 

properties (Table 2). Although all these aged p-DAME-co-HDFD and p-AA-co-HDFD layers 

meet anti-fogging standards, [34] i.e. WCA lower than 40° and HCA around 70°, only four aged 

coatings (A2, A3, A4, A6) remain transparent and a partial condensation is observed with A1, 

D6 and D7 samples. The same phenomenon is observed with a copolymer of hydroxyethyl 

methacrylate and perfluorosurfactants which was prone to fogging, even if its WCA < 10 ° and 

HCA around 60 - 70 °. [35] This illustrates the scale difference between a fog droplet, much 

smaller than that one recommended for the wettability measurement (around 1.7 mm of 

diameter) and, as a consequence, the fog droplet, as a liquid probe for wettability measurements 

is more sensitive than the conventional one and could be able to detect few hydrophobic chains 

while the other measure averages over a higher area. 

As observed with contact angle measurements, the hydrophobic recovery phenomenon 

may be a reason which leads to the fog appearance. The WCA increase is less pronounced with 

p-AA-co-HDFD coatings than with p-DAME-co-HDFD ones. After thermal aging, and above 

the threshold HDFD plasma-concentration of 20 %, p-AA-co-HDFD is hydrophilic / 

oleophobic and anti-fogging (except A5) while no p-DAME-co-HDFD is transparent. In an 

opposite manner, the less efficiency of p-AA-co-HDFD (10 %) could be explained by a too low 

proportion of the oleophobic monomer.  



-11- 
 

Table 2. Influence of thermal 5CF-aging on the anti-fogging properties of p-DAME-co-HDFD 

and p-AA-co-HDFD coatings. 

Sample Anti–fogging test  Sample Anti–fogging test 

D1 Fogging  A1 Slightly fogging 

D2 Fogging  A2 Anti-fogging 

D3 Fogging  A3 Anti-fogging 

D4 Fogging  A4 Anti-fogging 

D5 Fogging  A5 Fogging 

D6 Slightly fogging  A6 Anti-fogging 

D7 Slightly fogging    

 

Concerning the WS aging, all aged samples of p-DAME-co-HDFD and p-AA-co-HDFD, 

whose WCA value is higher than 40°, show fog formation after being exposed to water vapor. 

 

III.3. Evolution of surface chemistry of the polymeric layers after aging  

XPS analyses are performed in order to investigate surface modification during the aging 

(Figure 3). F/C ratio tends to increase with increasing HDFD in the plasma mixture and it is 

more important in the case of p-AA-co-HDFD than p-DAME-co-HDFD. O/C ratio of p-

DAME-co-HDFD seems not to be influenced by the HDFD amount and it is lower than that of 

p-AA-co-HDFD for which it decreases when HDFD proportion rises. F/C ratios of aged p-

DAME-co-HDFD are found random around 0.21 - 0.42 and are lower than those of the fresh 

layers (except D1) whereas the O/C ratios are higher (0.21 - 0.23 against 0.17 - 0.21 for fresh 

layers). However, we have shown previously that WCA increases after 5CF treatment. These 

contradictory observations could be explained by the different depth of the two analyses. The 

contact angle measures the extreme surface while the XPS analyzes around 10 nm of thickness. 

Therefore, the motion of the fluorocarbon chains during aging does not change the total amount 

of fluorine analyzed by XPS but makes the extreme surface more hydrophobic. However, the 

decrease of F/C ratio for aged p-DAME-co-HDFD could be due to contamination that increases 

the C content. The increase of O/C ratio could be associated to post-oxidation during aging that 
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seems to be more important than contamination. [21,36,37] Concerning the acrylic acid-based co-

deposits, no significant change of F / C and O / C ratios is observed between fresh and aged 

coatings which are from 0.33 to 0.67 and from 0.24 to 0.43, respectively. These observations 

indicate that the aging effect is less marked for p-AA-co-HDFD than p-DAME-co-HDFD; in 

other words, p-AA-co-HDFD resists to hydrocarbon contamination more efficiently than p-

DAME-co-HDFD.  

 

Figure 3. F/C (top) and O/C (bottom) ratios for p-DAME-co-HDFD (left) and p-AA-co-HDFD (right) 

fresh and thermal aged  

 

To uncover the underlying mechanisms governing the chemical composition alteration of 

p-DAME-co-HDFD and p-AA-co-HDFD coatings before and after thermal aging, their C 1s 

high resolution XPS spectra are decomposed. These high resolution C1s peaks exhibit seven 

bands as shown in Figure 4 with their assignment. Only C1s XPS spectra of fresh and 5CF aged 

A5 and D5 are shown here (Figure 4). As an oleophobic layer is expected to resist to 
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contamination in order to keep its hydrophilicity, we suggest to study the long-term anti-fogging 

property by (i) the sum of CF2 and CF3 C1s XPS components (CF2 + CF3) to evaluate the 

amount of fluorocarbon groups and (ii) the ratio of CF2 / CF3 to estimate the length of 

fluorocarbon chains for p-DAME-co-HDFD and p-AA-co-HDFD coatings (Figure 5).  

 

Figure 4. C1s high resolution XPS spectra of D5 and A5 before and after thermal aging 

 

For each HDFD plasma-proportion, the sum of CF2 and CF3 of p-DAME-co-HDFD 

coating is lower than that of p-AA-co-HDFD when the fluorocarbon chains of the two types of 

co-deposits have about the same length (CF2 / CF3 comprised between 4 and 5). This could 

mean that the density of fluorocarbon chains in p-AA-co-HDFD is higher than that in p-DAME-

co-HDFD. A higher [CF2 + CF3] amount in A2, A3, A4 and A6 samples (15.2 %, 23.3 %, 22.3 

% and 30.2 % in fresh coatings respectively) than in A1 (13.7 % in fresh coating) and p-DAME-
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co-HDFD coatings (4.7 % - 13.9 % in fresh coating) improves long-term anti-fogging property 

of plasma coating, as expected. But 5CF aged A5 forms fog after the water vapor contact 

whereas the fresh coating contains a high [CF2 + CF3] amount (22.5 %). It implies that high 

density of fluorocarbon groups is not the only factor which improve long-term anti-fogging 

properties. Moreover, A2, A3, A4 and A6 coatings keep their anti-fogging properties after 

thermal aging although their fluorocarbon chains length is in the range of the other p-AA-co-

HDFD coatings (3.2 to 5.0), close to that of p-DAME-co-HDFD (3.7 to 4.7). Therefore, the 

long-term anti-fogging improvement of p-AA-co-HDFD compared to p-DAME-co-HDFD is 

not due to fluorocarbon chains length.  
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Figure 5. (CF2 + CF3) sum and CF2 / CF3 ratio (both calculated from C1s XPS peak) of p-DAME-co-HDFD 

(left) and p-AA-co-HDFD (right) fresh and thermal aged.  
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In conclusion, no significant change in the chemical composition after 5CF aging is 

observed by XPS analyses. Moreover, all plasma co-deposited layers are still hydrophilic / 

oleophobic as shown by contact angle measurements but only A2, A3, A4 and A6 aged surface 

retain their anti-fogging properties. From there, we may conclude that an anti-fogging surface 

is defined not only by the two wettability criteria: low WCA ( 40°) and HCA  70° but its 

transmittance has also to be preserved after water vapor contact. Even if the different observed 

behaviors of wettability and surface chemistry for these aged layers are related to the different 

analyzed thicknesses (first monolayer with contact angle and 10 - 20 nm with XPS), these 

analyses support the idea that chain motion may play a major role in the aging resistance as 

observed for anti-fogging property explained by the so-called “flip flop mechanism”. [38] 

Indeed, the hydrophilicity decrease and the loss of anti-fogging property of all p-DAME-co-

HDFD coatings may be due to slight flexibility of hydrophilic segments as with AA chains. 

[31,32] In order to give evidence of the influence of the polymeric chains motion on anti-fogging 

properties, p-AA-co-HDFD codeposits ([HDFD] = 20 %, t = 10 min) were prepared in such 

conditions that crosslinking should take place during the plasma-deposition. Within such a goal, 

some plasma parameters were increased as the discharge power from 10 W to 30 W, or the 

plasma pulse from 10 % up to 50 %, even more an argon plasma post-treatment was also 

applied. After the co-deposition and 5CF treatment, these layers are not anymore anti-fogging. 

Therefore, it may assume that quenched radicals formed during plasma co-deposition may react 

under aging process and may constrain chain motion required for keeping anti-fogging 

property. Furthermore, little hydrophilic chains must be flexible in order to form a durable layer. 

Finally, long-term anti-fogging behavior of p-AA-co-HDFD (20 % - 50 % HDFD) is mostly 

dependent on important flexibility of hydrophilic chains rather than its surface chemical 

composition. 



-16- 
 

The two types of co-deposited layers were dipped in hot water for 10 days and then 

analyzed by contact angle measures and XPS analyses. As all the aged p-DAME-co-HDFD 

([HDFD] = 10 – 50 %, P = 10 W, f = 6 kHz, d.c. = 10 %, t = 10 - 30 min) and p-AA-co-HDFD 

([HDFD] = 10 - 50 %, P = 10 - 30 W, f = 6 kHz, d.c. = 10 - 50 %, t = 10 - 30 min) coatings 

show about the same wettability properties, we only present XPS data of WS-aged D2 and A2. 

Wide XPS spectra of p-DAME-co-HDFD (20 %) after 10 days of immersion in water show a 

low fluorine proportion (0.4 %). Carbon concentrations increase from 62.6 % to 81.9 % and 

from 54.6 % to 79.5 % for WS aged amino-acrylate-based or acrylic acid-based plasma films 

while the oxygen percentages go from 11.5 % to 17.7 % and from 22.6 % to 19.4 %, 

respectively. These XPS data are close to those obtained for pristine polycarbonate showing 

81.6 % of C and 18.4 % of O. It means that delamination of films from PC substrate occurs 

after wet surrounding aging, even if SEM pictures of aged samples (not shown here) did not 

confirm this. 
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Figure 6. XPS survey spectra of a) D2 and b) A2 WS aged and coated on PC; c) pristine PC. 
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IV. Conclusion 

Long-term anti-fogging properties of coatings plasma-synthesized from DAME / HDFD 

or AA / HDFD precursors were examined for two types of aging; the first one corresponds to a 

thermal effect while the second is focused on aqueous immersion.  

Although the copolymer surfaces are still hydrophilic / oleophobic after the thermal aging 

with low WCA (< 30°) and HCA  60° - 70°, only few p-AA-co-HDFD retain their good anti-

fogging performances. Such a behavior is interpreted as a consequence of higher flexibility of 

hydrophilic segments in p-AA-co-HDFD compared to p-DAME-co-HDFD. This promotes 

hydrophilic / hydrophobic rearrangement in air - polymer interface allowing the formation of 

an uniform water layer after vapor water contact. We also demonstrated that with a HDFD 

plasma-concentration of 10 %, p-AA-co-HDFD does not retain its anti-fogging properties after 

aging. Post-oxidation and airborne contamination which lead to fog formation on all aged p-

DAME-co-HDFD are detected by XPS analyses through the decrease of F/C and the increase 

of O/C ratios after 5CF treatment. Thermal stability of p-AA-co-HDFD with 20 - 40 % of 

HDFD in plasma phase was proved to not be influenced by fluorocarbon chains length but by 

the density of fluorocarbon groups even if it is not the only factor that can improve long-term 

anti-fogging properties. 

After 10 days of immersion in water, all coatings lose their hydrophilic character by an 

increase of WCA to 47° - 59° and therefore their optical properties are altered with the fog 

formation. The contact angle and XPS results indicate that plasma coatings delaminate from 

the substrate. 

 

Acknowledgment 

The authors thank BPI France and FUI project for their financial support. 

 



-18- 
 

References 

[1] J.G. Pieters, J.M. Deltour, M.J. Debruyckere, Light transmission through condensation 

on glass and polyethylene, Agric. For. Meteorol., 85 (1997) 51-62. 

[2] K. Zhu, L. Pilon, Transmittance of semitransparent windows with absorbing cap-shaped 

droplets condensed on their backside, J. Quant. Spectrosc. Radiat. Transf. 201 (2017) 53-63. 

https://doi.org/10.1016/j.jqsrt.2017.06.016. 

[3] K. Zhu, S. Li, L. Pilon, Light transfer through windows with external condensation, J. 

Quant. Spectrosc. Radiat. Transf. 208 (2018) 164-171. https://doi.org/10.1016/j.jqsrt.2018.01. 

019. 

[4] I. Rodríguez, G. Laroche, Water drop-surface interactions as the basis for the design of 

anti-fogging surfaces : theory , practice , and applications trends, Adv. Colloid Inter. Sci. 263 

(2019) 68-94. https://doi.org/10.1016/j.cis.2018.11.005 

[5] C.R. Cording, Anti-fog refrigeration door and method of making the same, US Patent 

8 613 179 B2, 2013. 

[6] M.P. Bradford, T. Perrotta, Windshield temperature control system, U.S.Patent 5 496 

989, 1996. 

[7] S.V.D. Bergh, R. Hart, B.P. Jelle, .A. Gustavsen, Window spacers and edge seals in 

insulating glass units: A state-of-the-art review and future perspectives, Energy Build. 58 

(2013) 263-280. https://doi.org/10.1016/j.enbuild.2012.10.006 

[8] G. Grosu, L. Andrzejewski, G. Veilleux, G.G. Ross, Relation between the size of fog 

droplets and their contact angles with CR39 surfaces, J. Phys. D: Appl. Phys., 2004, 37(23), 

3350-3555. https://doi.org/10.1088/0022-3727/37/23/019. 

[9] K. Oguri, N. Iwataka, A. Tonegawa, Y. Hirose, K. Takayama, Y. Nishi, Misting-free 

diamond surface created by sheet electron beam irradiation. J. Mat. Res. 16(2) (2001) 553-557. 
https://doi.org/10.1557/JMR.2001.0079. 

[10] S. Wang, K. K. Meng, L. Zhao, Q. Jiang, J.S. Lian, Superhydrophilic Cu-doped TiO2 

thin film for solar-driven photocatalysis, Ceram. Int. 40(4) (2014) 5107-5110. 

https://doi.org/10.1016/j.ceramint.2013.09.028. 

[11] A.A. Kruger, P. Chartier, Anti-fogging coating composition, product coated with sad 

composition and method for preparation of sad product, US Patent 5 578 378, 1996. 

[12] P. Patel, C.K. Choi, D.D. Meng, Superhydrophilic surfaces for antifogging and 

antifouling microfluidic devices, J. Assoc. Lab. Autom. 15(2) (2010) 114-119. 

[13] X. Du, J. He, Structurally colored surfaces with antireflective, self-cleaning, and 

antifogging properties, J. Colloid Inter. Sci., 381(1) (2012) 189-197. 

https://doi.org/10.1016/j.jcis.2012.05.037 

[14] T. Fujima, E. Futakuchi, T. Tomita, Y. Orai, T. Sunaoshi, Hierarchical nanoporous glass 

with antireflectivity and superhydrophilicity by one-pot etching, Langmuir 30 (2014) 14494-

14497. https://doi.org/10.1021/la502873d. 

[15] P.S. Brown, O.D.L.A. Atkinson, J.P.S. Badyal, Ultra-fast oleophobic–hydrophilic 

switching surfaces for anti-fogging, self-cleaning, and oil - water separation, ACS Appl. Mat. 

Interf. 6(10) (2014) 7504-7511. https://doi.org/10.1021/am5015327. 

[16]  S.J. Hutton, J.M. Crowther, J.P.S. Badyal, Complexation of fluorosurfactants to 

functionalized solid surfaces : smart behavior, Chem. Mater. 12 (2000) 2282-2286. 

https://doi.org/10.1021/cm000123i. 

[17] Y. Wang, J. Knapp, A. Legere, J. Raney, L. Li, Effect of end-groups on simultaneous 

oleophobicity/hydrophilicity and anti-fogging performance of nanometer-thick 

perfluoropolyethers (PFPEs), RSC Adv. 5(39) (2015) 30570-30576. 

http://dx.doi.org/10.1039/C5RA04483A. 



-19- 
 

[18] C. Chahine, D. Debarnot, F. Poncin-Epaillard, Plasma copolymerization of fluorinated 

and acrylate monomers: kinetics and chemical structure study, Plasma Proc. Polym. 12(5) 

(2015) 493-501. https://doi.org/10.1002/ppap.201400128. 

[19] D.T. Eddington, J.P. Puccinelli, D.J. Beebe, Thermal aging and reduced hydrophobic 

recovery of polydimethylsiloxane, Sensors and Actuators B: Chemical 114(1) (2006) 170-172. 

https://doi.org/10.1016/j.snb.2005.04.037. 

[20] D. Hegemann, E. Lorusso, M. Butron-Garcia, N.E. Blanchard, P. Rupper, P. Favia, M. 

Heuberger, M. Vandenbossche, Suppression of Hydrophobic Recovery by Plasma Polymer 

Films with Vertical Chemical Gradients, Langmuir, 32 (3) (2016) 651-654. https://doi.org 

/10.1021/acs.langmuir.5b03913. 

[21] T.R. Gengenbach, H.J. Griesser, Compositional changes in plasma-deposited 

fluorocarbon films during ageing, Surf. Interface Anal. 26 (1998) 498-511. 

https://doi.org/10.1002/(SICI)1096-9918(199806)26:7<498::AID-SIA393>3.0.CO;2-3. 

[22] N.D. Tran, N.K. Dutta, N. Roy. Choudhury, Weatherability and wear resistance 

characteristics of plasma fluoropolymer coatings deposited on an elastomer substrate, Polym. 

Degrad. Stab. 91(5) (2006) 1052-1063. https://doi.org/10.1016/j.polymdegradstab.2005.07. 

008. 

[23] M. Horie, Plasma‐structure dependence of the growth mechanism of plasma‐

polymerized fluorocarbon films with residual radicals, J. Vac. Sci. Tech. A 13(5) (1995) 2490-

2497. https://doi.org/10.1116/1.579493. 

[24] P. Chevallier, S. Turgeon, C. Sarra-Bournet, R. Turcotte, G. Laroche, Characterization 

of multilayer anti-fog coatings, ACS Appl. Mater. Interfaces 3 (2011) 750-758. 

https://doi.org/10.1021/am1010964. 

[25] I. Novak, V. Pollak, I. Chodak, Study of surface properties of polyolefins modified by 

corona discharge plasma, Plasma Process. Polym., 3 (2006) 355-364. 

https://doi.org/10.1002/ppap.200500163. 

[26] E. Bormashenko, G. Chaniel, R. Grynyov, Towards understanding hydrophobic 

recovery of plasma treated polymers: Storing in high polarity liquids suppresses hydrophobic 

recovery, Appl. Surf. Sci. 273 (2013) 549-553. https://doi.org/10.1016/j.apsusc.2013.02.078. 

[27] Q. Zhang, Q. Wang, J. Jiang, X. Zhan, F. Chen, Microphase Structure, Crystallization 

behavior, and wettability acrylate-co-stearyl acrylate containing short perfluorohexyl chains 

properties of novel fluorinated copolymers poly(perfluoroalkyl acrylate-co-stearyl acrylate) 

containing short perfluorohexyl chains, Langmuir, 31 (2015) 4752-4760. https://doi.org 

/10.1021/la504467m. 

[28] Q. Zhang, Q. Wang, J. Jiang, X. Zhan, F. Chen, Structure and surface properties of 

polyacrylates with short fluorocarbon side chain: role of the main chain and spacer group, J. 

Polym. Sci., Part A: Polym. Chem. 48(12) (2010) 2584-2593. 

https://doi.org/10.1002/pola.24038. 

[29] K. Li, P. Wu, Z. Han, Preparation and surface properties of fluorine-containing diblock 

copolymers, Polym. 43 (2002) 4079-4086. https://doi.org/10.1016/S0032-3861(02)00202-1. 

[30] T.M. Chapman, R. Benrashid, K.G. Marra, J.P. Keener, Determination of low critical 

surface tensions of novel fluorinated poly(amide urethane) block copolymers. 1. Fluorinated 

side chains, Macromolecules 28 (1995) 331-335. https://doi.org/10.1021/ma00105a046. 

[31] H. Yasuda, A. K. Sharma, Effect of orientation and mobility of polymer molecules at 

surfaces on contact angle and its hysteresis, J. Polym. Sci.: Polym. Phys. Edit. 19 (1981) 1285-

1291. https://doi.org/10.1002/pol.1981.180190901. 

[32] V.V. Volkov, N.A. Plate, A. Takahara, T. Kajiyama, N. Amaya, Y. Murata, Aggregation 

state and mesophase structure of comb-shaped polymers with fluorocarbon side groups, Polym. 

33(6) (1992) 1316-1320. https://doi.org/10.1016/0032-3861(92)90780-Z. 

[33] J.N. Roitman, A.G. Pittman, W.H. Ward, Fabric oil repellency and as related to the 

https://www.sciencedirect.com/science/article/pii/S092540050500451X#!
https://www.sciencedirect.com/science/article/pii/S092540050500451X#!
https://www.sciencedirect.com/science/article/pii/S092540050500451X#!


-20- 
 

critical surface tension stiffness of coating material, Text. Res. J., 1974, 500-503. 

https://doi.org/10.1177/004051757404400705. 

[34] B.J. Briscoe, K.P. Galvin, The effect of surface fog on the transmittance of light, Sol. 

Energy, 1991, 46(4), 191-197. /https://doi.org/10.1016/0038-092X(91)90063-3. 

[35] J.A. Howarter, K.L. Genson, J.P. Yuongblood, Wetting behavior of oleophobic polymer 

coating synthesized from fluorosurfactant-macromers, ACS. Appl. Mater. Interfaces 3 (2011) 

2022-2030. https://doi.org /10.1021/am200255v. 

[36] R.V. Tanikella, S. Agraharam, S.A.B. Allen, D.W. Hess, P.A. Kohl, Moisture 

absorption studies of fluorocarbon films deposited from pentafluoroethane and 

octafluorocyclobutane plasmas, J. Electronic Materials 31(10) (2002) 1096-1103. 

[37] M. Touzin, P. Chevallier, F. Lewis, S. Turgeon, S. Holvoet, G. Laroche, D. Mantovani, 

Study on the stability of plasma-polymerized fluorocarbon ultra-thin coatings on stainless steel 

in water, Surf. Coat. Tech. 202 (2008) 4884-4891. 

https://doi.org/10.1016/j.surfcoat.2008.04.088. 

[38] T. H. Tran, D. Debarnot, J. Ortiz, F. Poncin-Epaillard, Plasma codeposition of 

transparent thin film: relationship between surface chemistry and anti-fogging property, Plasma 

Process. Polymers, (2019) e1900070. https://doi.org/10.1002/ppap.201900070  

 

 

  



-21- 
 

Highlights 

 Fresh plasmadeposited (p-DAME-co-HDFD, p-AA-co-HDFD) are hydrophilic / 

oleophobic.  

 Their long-term anti-fogging capability is studied in two different aging media.  

 p-AA-co-HDFD (20 - 40 % HDFD) retain anti-fogging properties after thermal aging.  

 p-AA-co-HDFD is more efficient in reducing the airborne hydrocarbon contamination.  
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