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Water repellency is most often generated by taking advantage of surface textures[1,2] and low surface 

energy coatings such as the one afforded by polymers possessing long perfluorinated side chains [3–
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6]. However, perfluorinated chains of eight carbons or more, have been shown to be persistent in the 

environment and bio-accumulate in living organisms[7]. Because of the related health and safety 

hazard concerns, governmental agencies are phasing out and banning these polymers, requiring the 

search for, and use of, new chemistries with shorter perfluorinated side chains[8]. This is a particular 

challenge for water-repellent fabrics as textile coatings are commonly applied via liquid phase 

processes[9] which requires forcing the liquid into the pores, drying them without clogging and taking 

care of waste management. Hence, in the midst of the textile technological evolution embodied by 

the development of the so called ‘smart fabrics’, initiated chemical vapor deposition[10] (iCVD) 

appears as a new promising technique; iCVD allows the deposition of ultra-thin conformal durable 

and breathable coatings and paves the path to new types of functionalization such as charge 

management capabilities[11]. 

In this work, we develop an approach that allows for iCVD deposition of conformal short fluorinated 

polymers stabilized with a crosslinking agent and report the successful iCVD polymerization of 

1H,1H-Perfluorooctyl methacrylate crosslinked with divinylbenzene. We explain why this coating 

having less than eight perfluorinated sidechain carbons exhibit remarkable hydrophobic properties 

and low adhesion amidst a wide range of other possible candidates making it a suitable candidate to 

replace the more persistent polymers that are being banned. In order to further enhance the 

dynamic water repellency performance, we combine the chemical treatment with physical texturing 

done through micro-sandblasting, a process particularly suitable for fabrics. Finally, we show how 

the iCVD growth method results in durable and breathable coatings and allows to extend the range 

of applications to substrates as diverse as fabrics, paper, and nano-textured silicon. 
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Figure 1. a) Schematic view of coating where side chains consisting of a tail can carry the fluorinated groups (Fluorinated 

SC, solid green) and are attached to the backbone through a Spacer Group (SG, shaded yellow).  A bulky alpha-Substituent 

(S, shaded red) will limit side chain mobility. Right panel: monomers suitable for free radical polymerization: olefin, 

vinylbenzene derivates, (Meth)-acrylate and Sulfonamide (Meth)-acrylate. The end of the side chain (R-) has x 

hydrogenated and y fluorinated carbons.  b) and c) Monomer vapor pressure (at 80 °C) and glass transition temperature Tg 

as a function of side chain length x+y: in green, olefins (O); in red, acrylates (A) and sulfonamide acrylate (SA-A); in blue, 

methacrylates (MA) and sulfonamide methacrylate (SA-M); in black, vinyl benzene (VB). Data from literature values as 

described in SI. 

Recent reports explore hydrophobic short-fluorinated solutions [16,23–25] that draw their 

performances from the crystallization of heavy-molecule monomers. However, due to their low 

volatility, they cannot be vapor deposited and face all limitations of liquid-based solutions, among 

which the challenge of forcing the liquid coating into the roughness or pores of the textiles – a major 

obstacle to coat ever smaller features. 
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Figure 2. a) FTIR spectra of H1F7Ma monomer (top row), H1F7Ma homopolymer (middle row) and H1F7Ma-co-DVB 

copolymer (bottom row, 34% DVB content). Spectra were normalized by the -CH3 and CF2 & CF3 peaks for the 2800-3100 

cm-1 and 900-1800 cm-1 region respectively. On the right, shaded areas correspond to functional groups highlighted in the 

FTIR spectra. b) Microscopic top view of a mark left on homopolymer coating on a flat silicon substrate after water droplet 

removal. Scale bar: 0.5 mm. Close-up views correspond to selected regions: top one shows destabilization of the coating 

into droplets; bottom one shows coating droplets displaced at the triple contact line after drop removal. c) Heat flux 

(mW/g) of H1F7Ma homopolymer as a function of temperature showing a glass transition temperature Tg = -37 °C.  
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of a film of typical thickness 

100 nm (see Table S1)

H1F7Ma

as well as the low CAH of pure DVB.  
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Figure 3. a) Advancing and receding contact angle (upward and downward triangle respectively) for water measured on flat 

silicon substrate coated with different H1F7Ma and DVB contents. Sketch shows how DVB acts as a crosslinker by building 

bridges between backbones of different polymer chains. The dashed horizontal line marks the theoretical limit of 120°. b) 

Contact angle (left axis) and width W of contact area of droplet (right axis) for a droplet placed on a flat substrate coated 

with different DVB content and whose volume is gradually increasing from 5 L to 15 L. c) Typical droplet outcome after 

being deposited (top row) or impacted (bottom row) against a polyester fabric left untreated (left), coated with DVB 

(middle) and coated with H1F7Ma-co-DVB (60% DVB, right). The wetted area has been colored with blue for increased 

clarity. d) SEM top view (left, scale represents 100 m) and cross section (right, scale represents 10 m) of a typical 

outdoor garment fabric. Impregnation model across stacked cylinders (bottom sketch): the more hydrophobic the 

chemistry, the more robust will be the fabric regarding water penetration.  

 

In order to find the optimal composition of the film we show in Figure 3b the temporal behavior of 

the advancing contact angle for the different DVB compositions. Below 30% DVB content, a “stick–

slip” behavior can be observed due to the low crosslinking rate of DVB leading to increased CAH. 

Above 60% DVB, this phenomenon is suppressed but the overall hydrophobicity starts to decrease 

because of the lower overall fluorine content. Hence, the optimal crosslinker content is found to be 
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between 30% and 60% DVB depending on the application needed. In what follows, we will favor 

having high water contact angles and we will use 30% composition as our reference.  

 

Since iCVD coatings can be applied on a wide variety of substrates, we test and compare different 

polymer performance on poly ethylene terephthalate polyester (PET) fabrics (20 denier warp x 20 

denier fill, taken as a reference since, together with nylon, they represent the two main outdoor 

fabric materials[32]). We observe in Figure 3c and Movie 2 that without treatment, the hydrophilic 

nature of PET results in immediate water penetration. When coated with a DVB homopolymer (more 

hydrophobic than PET, see Figure S2a), water will bead up if deposited gently but will still soak if 

impacted. Only the H water resistance. To understand 

these behaviors, we rely on the structural nature of most textiles created by weaving yarns made of 

interlocked fibers (see Figure 3d) in a great variety of different patterns (see Figure 4d). By modeling 

their cross section as cylinders piled up in planes (typically going from 3 to 10 layers, see sketch in 

Figure 3d) we assume that the condition for water penetration across the textile (different from 

imbibition along the fibers[33,34]) is for the contact line at a given layer of cylinders to reach the apex 

of the layer underneath it. In this framework, if the equilibrium contact angle is low (below 43 

degrees ) the water will spontaneously wick the medium, as seen for nylon and PET. Between 43 

and 90 degrees, even if the substrate is hydrophilic, water will not wick spontaneously but small 

pressure perturbations or texture defects will allow the water to wick from one level to the next, as 

seen for the pure DVB coatings. Finally, in the hydrophobic case, considering that contact line has to 

overcome the advancing contact angle in order to infiltrate a layer of fibers, greater contact angles 

result in increased water repellency. S H

H

ook at a side view of a drop impacting on the 

different fabrics, only the H

droplets remain 

attached to the fabric. As a consequence, a liquid layer can build on top of the fabric, decreasing its 

breathability and locally increasing the water vapor content that facilitates condensation within the 

structure. T

without 

micro-texture
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Figure 4. a) Chronophotography of a millimetric water droplet impacting on a 45-degree inclined substrate: bare polyester 

fabric (top), DVB homopolymer coated fabric (middle) and H1F7Ma-co-DVB coated fabric (bottom). Time between frames is 

1 ms. Top and middle cases show droplet adhesion after impact and subsequent absorption by the fabric. Only H1F7Ma-co-

DVB case shows roll off behavior and water resistance.  b) Top row: SEM top view of a fabric before (left) and after (right) 

sand blasting with Al2O3 particles of grit #600. Main image and inset view correspond to a x500 and x1000 magnification 

factor respectively. Bottom row: Chronophotograph of drop impacting on H1F7Ma-co-DVB sandblasted fabric, using same 

conditions as in a). c) Repellency of different liquids on polyester fabric (duchesse luxury satin weave) coated with H1F7Ma-

co-DVB: soy sauce (black drop), coffee (brown drop), ketchup sauce (orange, non-spherical drop), HCl acid (top left 

transparent drop), NaOH (bottom right transparent drop) and water (remaining transparent drops). d) Water deposited on 

different types of H1F7Ma-co-DVB coated fabrics. From top to bottom, first column shows different polyester weaves: 

duchesse satin, duchesse luxury satin, georgette and plain weave. Second column shows different organic materials: 

cotton, silk, linen and wool. See Movie 3 for a comparison of coated vs non-coated cotton fabric. Third column shows wide 

range of possible other substrates: silicon nanograss, paper, silicon wafer and nylon.  
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rom an everyday application’s 

viewpoint, the durability of the non-wetting fabric is a critical issue. Physical damages can likely 

occur from abrasions, such as the one originated by the encountering between fabrics. To 

characterize this type of mechanical durability a laundering test consisting of 10 cold wash machine 

cycles was performed and no apparent wetting behavior modification was observed (see Figure 5b). 

In addition, abrasion tests (ISO 12947) were performed by abrading the fabric with an increasing 

number of strokes. Figure 5a shows how the wetting behavior of a 20 L water droplet remains 

unchanged when deposited onto an iCVD coated fabric abraded up to 10000 times, confirming its 

durability (above 10000 strokes, fiber damage and breakage became apparent).  

 

 

 

 

Figure 5: a) Abrasion test comparison. In red, a PET fabric (no iCVD, no abrasion) shows complete absorption of an initial 

water drop. In green, iCVD coated fabrics exposed to increasing number of abrading strokes: from 0 to 10000 from left to 

right. Pictures are taken 5 minutes after initial deposition of a 20 L water drop. b) Water drop deposited on an iCVD 

coated fabric before (top) and after (bottom) 10 washing cycles. c) Evaporative mass loss as a function of time for iCVD-

coated (blue) and non-coated (red) PET fabric. a, b, c) All iCVD coatings are H1F7Ma-co-DVB (30% DVB content). 
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In addition ince iCVD allows for ultra-thin conformal coating, 

initial breathability of the fabric can be maintained. Indeed, Figure 5c shows how the initial 

breathability (        g/day/m2) of a non-coated fabric remains almost unchanged after iCVD 

deposition (        g/day/m2). The small difference (1.7 % lower breathability after deposition) is 

in very good agreement with the 1% thickness change and emphasizes the importance of being able 

to deposit ultrathin coatings. 

In summary, our approach allows: 1- to tackle the EPA challenge while exploiting all advantages 

associated to a vapor deposition technique and 2- to extend the range of application from textiles to 

any type of substrates and surface coatings. Indeed, the iCVD approach

conformal, ultra-thin, grafted and multi-functionalization aspect of iCVD leads to breathable, low 

material usage, durable and EPA acceptable coatings. H

H

 As a 

consequence, this work opens the door to new solutions in the coating landscape and paves the way 

for development of high repellency coatings with large volume production, application of roll-to-roll 

coating techniques, and multi-functionalization of fabrics and wearable devices. 

 

Experimental Section  

iCVD process: all iCVD depositions were conducted in a custom-built reactor previously 
described.[14,15] Tert-butyl peroxide (TBPO, 97%) initiator was introduced at room temperature into 
the chamber through a mass flow controller. It underwent activation by hot filament wires placed 2 
cm above the samples. The specimen temperature was controlled via a back-cooling recirculation 
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water system. Monomers were heated to 60 °C for DVB (80%) and 80 °C for H

H



H

ISO 2528 A-2

see SI) 
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