Z_ MIT
il Open Access Articles

Short-Fluorinated iCVD Coatings for Nonwetting Fabrics

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation Soto, Dan, Ugur, Asli, Farnham, Taylor A., Gleason, Karen K. and
Varanasi, Kripa K. 2018. "Short-Fluorinated iCVD Coatings for
Nonwetting Fabrics.” Advanced Functional Materials, 28 (33].

As Published http://dx.doi.org/10.1002/adfm.201707355

Publisher Wiley

Version Author’s final manuscript

Citable link https://hdl.handle.net/1721.1/140765

Terms of Use Creative Commons Attribution-Noncommercial-Share Alike

Detailed Terms http://creativecommons.org/licenses/by-nc-sa/4.0/

Mir DSpace@MIT
I I Massachusetts Institute of Technology p


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/140765
http://creativecommons.org/licenses/by-nc-sa/4.0/

'.) Check for updates

DOI: 10.1002/((please add manuscript number))

Article type: Communication

pt

Short-flmorimat@ami@V/D coatings for non-wetting fabrics

Dan Soto, Asli Ugulf Taylor A. Farnham, Karen K. Gleason and Kripa K. Varanasi

SEr

Dr. D. Soto, T. A. Fa@fnham and Prof. K. K. Varanasi

8

Departme hanical Engineering, Massachusetts Institute of Technology, Cambridge, MA

02139, US

N

EMail: var t.edu

a

Dr. A. Ug rof. K. K. Gleason

Depart Chemical Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA.

M

EMail: kkgl@asn@mit.edu

I

O

Keywords: orinated polymer; initiated Chemical Vapor Deposition (iCVD); hydrophobic

coating; mi blasting; fabrics and textiles

n

|

[1,2]

Water repéllency is most often generated by taking advantage of surface textures'”~ and low surface

energy coa h as the one afforded by polymers possessing long perfluorinated side chains
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®l However, perfluorinated chains of eight carbons or more, have been shown to be persistent in the
environment and bio-accumulate in living organismsm. Because of the related health and safety
hazard concerns, governmental agencies are phasing out and banning these polymers, requiring the
search FHof, new chemistries with shorter perfluorinated side chains®. This is a particular
challenge Water-repellent fabrics as textile coatings are commonly applied via liquid phase
processes!’ m

care of waste management. Hence, in the midst of the textile technological evolution embodied by
the dev-el Mef the so called ‘smart fabrics’, initiated chemical vapor deposition™™® (iCVD)
appears aLromising technique; iCVD allows the deposition of ultra-thin conformal durable

and breat@tings and paves the path to new types of functionalization such as charge
t cap

equires forcing the liquid into the pores, drying them without clogging and taking

managem ilities™,

In this wor elop an approach that allows for iCVD deposition of conformal short fluorinated
polymers i with a crosslinking agent and report the successful iCVD polymerization of
1H,1H-Perf yl methacrylate crosslinked with divinylbenzene. We explain why this coating
having Iesdsﬁht perfluorinated sidechain carbons exhibit remarkable hydrophobic properties

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

replace the ersistent polymers that are being banned. In order to further enhance the
dynamic water repellency performance, we combine the chemical treatment with physical texturing
done thro -sandblasting, a process particularly suitable for fabrics. Finally, we show how
the iCVD gromidgmethod results in durable and breathable coatings and allows to extend the range

of applications a bstrates as diverse as fabrics, paper, and nano-textured silicon.

The iCVD process is a single-step vapor-phase method used to deposit conformal polymer films with
a controllable thickness!'”! and texture!'™'>!*!, In addition, the potential to graft the polymer directly to
the substrate enhances coating durability!"*'*!. The side chains of these polymer films, grown through
radical polymerization!'”!, play a key role in the macroscopic properties of the films. Indeed, it has
been shown that the highest hydrophobicity, that is, the lowest surface energy, is chemically achieved
with —CF;[g‘roupi (followed by —-CF,H, -CF,, -CHj;, -CH,, respectively in terms of decreasing
hydrophobicity). In that perspective, side chains can be seen as fluorine carriers site (see Figure 1a)
that lead to surface energies as low as 6 mN m™ when uniformly structured!'®.. Since such low surface
energies - léiving rise to extremely non-wetting substrates - can only be achieved with fluorinated
chemistries, traditional and widely used silicon based coatings do not provide suitable replacement
solutions“—l Because side chains can reorient upon interaction with different media!'® they can lead to
increased contact_angle hysteresis (CAH) and pinning. Hence, it is important to control fluorine
content and minimize pendant chains reorientation ability. Up to now, long side chain fluorinated
polymers have been widely used because of their ability to crystalize!'®!?!1 | yielding outstanding
performances in terms of water repellency, CAH!*?! and stability. However, another consequence of

<
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this crystallization is their difficulty to be degraded, which leads to their bioaccumulation and
potential environmental and health risks and makes them unsuitable for most applications.
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Figure 1. a) @iew 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
(aS, sha mit side chain mobility. Right panel: monomers suitable for free radical polymerization: olefin,
vinylbenzene , (Meth)-acrylate and Sulfonamide (Meth)-acrylate. The end of the side chain (R-) has x
hydrogenated orinated carbons. b) and c) Monomer vapor pressure (at 80 °C) and glass transition temperature T
as a fun in length x+y: in green, olefins (a0); 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.

I

[16,23-25]

Recent r that draw their

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

xplore hydrophobic short-fluorinated solutions
performan

volatility, t ot be vapor deposited and face all limitations of liquid-based solutions, among

O

which the c of forcing the liquid coating into the roughness or pores of the textiles —a major
obstacle tgicoat ever smaller features. For vapor deposition approaches, the consequences of going to
short-fluorinated side chain polymers (fewer than 8 perfluorinated carbons) are hence drastic: the
polymer will not crystallize anymore and its amorphous nature (7, decreasing with increasing side
chain length®! see Figure 1c¢) will lead to increased side chain mobility. Considering that fluorine
content needs to be kept as high as possible in order to have low surface energies and high contact
angles, we need to_identify the best vaporizable monomer candidate with 7 fluorinated carbons (see
Figure 1c and supplementary information) and optimize its side chain interactions by tuning the main

X
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chain flexibility!®’!, the stiffness of the spacer group®’!, and the geometrical hindering of

substituents'®!. The fluorinated tails can be attached to a wide range of reactive heads allowing us to
select the ones which are most suitable for radical chain polymerization process®®!: olefins,
Vinylbenzer_les, acr;/lates, methacrylates, and their derivatives (see Figure 1a, forth panel). Among
these optior-ls', onl‘y the monomers that are able to evaporate into the reactor chamber can be used with
iCVD process (typical vapor pressure above 1 Torr). We observe in Figure 1b that although the
VinylbenzerTe derivate (VB), the sulfonamide acrylates (SA-A) and sulfonamide methacrylates!'®*!
(SAMa) are good candidates — they have a stiff and bulky spacer group preventing chain mobility —
they are too heavy to be easily vaporized. Finally, we expect that stiffer spacer group (only one -CH,-
group between tlE head and the fluorinated chain being the stiffest solution) as well as a bulky alpha
substituentﬁ” will_reduce side chain mobility, suggesting 1/,1H-perfluorooctyl methacrylate
(H,F;Ma) as @est candidate. Indeed, this lack of mobility can be also observed in Figure 1¢ where
for a given side chain length, the highest 7, corresponds to the case of methacrylates.
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Figure 2. a) F ectra of H;F;Ma monomer (top row), H;F;Ma homopolymer (middle row) and H;F;Ma-co-DVB
copolymer ( , 34% DVB content). Spectra were normalized by the -CH; and CF, & CF; peaks for the 2800-3100
cm™ and 9008800 cm™ region respectively. On the right, shaded areas correspond to functional groups highlighted in the
FTIR spectra. opic top view of a mark left on homopolymer coating on a flat silicon substrate after water droplet
removal. 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 H,F;Ma opolymer as a function of temperature showing a glass transition temperature 7, =-37 °C.

¢

In order to deposit H;F;Ma via iCVD, the monomer is heated at 80 °C and the vapor phase is

introduced into a reactor chamber at several hundred millitorr. The gaseous initiator tert-butyl

/
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peroxide (TBPO) is activated via heating filaments and polymerization of a film of typical thickness
100 nm (see Table S1) is enabled directly onto the surface of a flat (silicon substrate) or textured
(fabric) substrate (see detailed deposition conditions in SI). To ensure the successful polymerization
of the new:mononTer, in Figure 2a, we compare its FTIR spectra to the polymer. Normalizing the
region 2850-3000 cm™ by the total intensity of the -CH; asymmetric vibration peak (grey region at
2975 cm’, gcpectgl to remain unchanged through polymerization) we can observe a relative increase
of the -CH,- lasymmetric peak (blue region at 2940 cm™) for the polymer case, confirming the
formation of a backbone chain. Similarly, normalizing the region 900-1400 cm™ by the intensity of
the bands attributed to the -CF»-, -CF3 moieties (green region at 1146 and 1240 cm’ respectively,

expected als_o to remain unchanged), we observe a relative decrease of the =CH- rocking and =CH,
vibrational peakﬂ(red regions at 1327 and 950 cm’™, respectively), confirming the successful
formation of the expected polymer. Although the coating deposited onto a flat silicon surface shows a
very good advancing contact angle (close to the theoretical limit of 120 degrees, see Figure 3a) the
receding co-ni:t irTgle is extremely low and the water droplet exhibits considerable pinning. Indeed,
when removing the drop, a visible mark is left behind (see Figure 2b and Movie 1), an indication that
the coating is not stable. Microscope examination after polymerization shows that the film has
destabilized into tiny droplets’> that can be displaced by the water at the contact line®!, creating
this unusual highly pinning behavior. To further understand this behavior, the glass transition
temperature 7, for the homopolymer is measured with differential scanning calorimetry (DSC) and
found to be around -37 °C (see Figure 2c¢), in agreement with trends shown in Figure 1lc¢ and
confirming that the coating was an elastomer allowing the film to destabilize.

|
To overcome this limitation we crosslink H;F;Ma with DVB!"*"*I and verify the presence of the

crosslinker in the copolymer by the appearance of band around 3050 cm™ (a signature of the benzene
=CH bond, ﬁigure 2a) in the FTIR spectra. Indeed, when measuring the dynamic contact angle of
water across copolymer coatings with different DVB content (Figure 3a, from 10% to 60% DVB) we
observe thzﬁ the film is now stabilized and retains the high hydrophobicity of the fluorinated H,F;Ma
homopolymer awll as the low CAH of pure DVB.

Autho
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nd receding contact angle (upward and downward triangle respectively) for water measured on flat
ed with different H;F;Ma and DVB contents. Sketch shows how DVB acts as a crosslinker by building
bridges betwee nes of different polymer chains. The dashed horizontal line marks the theoretical limit of 120°. b)
Contact 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 plL to 15 pL. 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!oated with H;F;Ma-co-DVB (60% DVB, right). The wetted area has been colored with blue for increased
clarity. d) SE (left, scale represents 100 um) and cross section (right, scale represents 10 um) of a typical
outdoor garme ic. Impregnation model across stacked cylinders (bottom sketch): the more hydrophobic the

Figure 3.
silicon substr

chemistry, th

In orde& optimal composition of the film we show in Figure 3b the temporal behavior of

the advanding contiact angle for the different DVB compositions. Below 30% DVB content, a “stick—
slip” behavfor can be observed due to the low crosslinking rate of DVB leading to increased CAH.

Above 60% , Whis phenomenon is suppressed but the overall hydrophobicity starts to decrease
because of r overall fluorine content. Hence, the optimal crosslinker content is found to be

<

dbust will be the fabric regarding water penetration.
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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.

T

Since iCVD @ can be applied on a wide variety of substrates, we test and compare different
polymer pesfermdhce.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 matg@rials®?). We observe in Figure 3¢ and Movie 2 that without treatment, the hydrophilic
nature of Phs in immediate water penetration. When coated with a DVB homopolymer (more
hydropho ham§RET, see Figure S2a), water will bead up if deposited gently but will still soak if
impacted. H,F;Ma-co-DVB coating will ensure extended water resistance. To understand
these behayi
interlockedffi

e rely on the structural nature of most textiles created by weaving yarns made of

ee 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 fibers®***) is for the contact line at a given layer of cylinders to reach the apex
of the laye eath it. In this framework, if the equilibrium contact angle is low (below 43
degrees”’)ithe water will spontaneously wick the medium, as seen for nylon and PET. Between 43
and 90 de , even if the substrate is hydrophilic, water will not wick spontaneously but small
pressure p ons or texture defects will allow the water to wick from one level to the next, as
seen for th B 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 i sed water repellency. Since H;F;Ma-co-DVB coating is very close to the theoretical
limit of 120°, it emerges as an optimal solution. Besides this static performance, H,F;Ma-co-DVB also
demonstramitable dynamic behavior. Indeed, if we look at a side view of a drop impacting on the
different fabrics, only the H;F;Ma-co-DVB coating (third row in Figure 4a) allows the droplet to
recoil and roll away after impact. In the other cases (untreated or 100% DVB fabrics) droplets remain
attached t ic. As a consequence, a liquid layer can build on top of the fabric, decreasing its
breathabili cally increasing the water vapor content that facilitates condensation within the
structure. io further reduce droplet adhesion, we propose to mechanically roughen the outermost
layer of the fabric.by micro-sandblasting it and applying the coating onto the structured fabric. This
process (described in SI) was chosen because it presents several main advantages: avoiding damage of
the overall mechanical properties of the fabric (as would result from chemical®® etching), being fast,
simple and inexpensive (as compared to plasma etching®®”") and achieving more durable treatments (as
compared fo appr(;mhes based on deposition of micro- and nano-feature **!). We observe in Figure
4b the efficient creation of a micrometric high aspect ratio texture by sandblasting a PET fabric for 10
seconds with 10-micron size particles. As a result, impacting droplets can now completely bounce of
the surface (Figu‘re 4b bottom panel) instead of only being able to roll off (as observed without

micro-textuge, Figure 4a bottom panel).

This article is protected by copyright. All rights reserved.
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Figure 4. a) onophotography of a millimetric water droplet impacting on a 45-degree inclined substrate: bare polyester
fabric (top), Molymer coated fabric (middle) and H;F;Ma-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 H;F;Ma-co-
behavior and water resistance. b) Top row: SEM top view of a fabric before (left) and after (right)
% particles of grit #600. Main image and inset view correspond to a x500 and x1000 magnification

. pellency of different liquids on polyester fabric (duchesse luxury satin weave) coated with H,F;Ma-
co-DVB: soy Sauce (black drop), coffee (brown drop), ketchup sauce (orange, non-spherical drop), HCl acid (top left
) (bottom right transparent drop) and water (remaining transparent drops). d) Water deposited on
different M/Ia-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, li a ool. See Movie 3 for a comparison of coated vs non-coated cotton fabric. Third column shows wide
range of possible othe@substrates: silicon nanograss, paper, silicon wafer and nylon.

<
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To show the versatility and performance of the iCVD technique we probe it well beyond the
application of water impacting on textiles (Movie 2). Indeed, from an everyday application’s
viewpoint, the durability of the non-wetting fabric is a critical issue. Physical damages can likely
occur f ns, such as the one originated by the encountering between fabrics. To

characterizg pe of mechanical durability a laundering test consisting of 10 cold wash machine

cycles was d 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-ofm Figure 5a shows how the wetting behavior of a 20 pL water droplet remains
unchangedheposited onto an iCVD coated fabric abraded up to 10000 times, confirming its

durability (aigov 000 strokes, fiber damage and breakage became apparent).

= 10 iCVD: 1200 g/day/m?
80 < iCVD: 1180 g/day/m?
wash
60
40
20
After 10
cycles 0
0 100 200 300 400 500
¢ (min)

Figure 5:°3
water dr

ést comparison. In red, a PET fabric (no iCVD, no abrasion) shows complete absorption of an initial
D 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 uL water drop. b) Water drop deposited on an iCVD
coated fabric before {@op) and after (bottom) 10 washing cycles. c) Evaporative mass loss as a function of time for iCVD-
coated (blue) ated (red) PET fabric. a, b, c) All iCVD coatings are H;F;Ma-co-DVB (30% DVB content).

This article is protected by copyright. All rights reserved.
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We can also observe in Figure 4¢ very good performance and chemical durability for a wide variety
of liquids. Since we did not see any modification of the coated textiles after soaking them for 24 hours
in harsh acids or bases (HCI 37% and NaOH 50%), this coating can also be considered to protect
surfaces fr(Em cher;ical exposure. In addition, since iCVD allows for ultra-thin conformal coating,
initial breathability of the fabric can be maintained. Indeed, Figure 5¢c shows how the initial
breathabil @ + 20 g/day/m®) of a non-coated fabric remains almost unchanged after iCVD
deposition 80" 20 g/day/m®). The small difference (1.7 % lower breathability after deposition) is
in very Bbdthagreement with the 1% thickness change and emphasizes the importance of being able
to deposit ip coatings. Regarding low surface tension oils (see SI) we are able to observe much

slower impregnation dynamics than compared with the bare fabrics. In order to address a wider
variety of s&bstrate_s, we successfully coated fabrics with different weaves (duchesse, luxury duchesse,
georgette, and plain), different materials (cotton, silk, linen and wool) and even more general
substrates Euch_|as_ﬂat nylon, silicon wafer, paper, and nano-textured surfaces (all showing super
hydrophobic behavior, see Figure 4d).

-

In summary, our dpproach 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 o@tes and surface coatings. Indeed, the iCVD approach has shown promise as a high-
performance coating in the face of regulations banning of longer chain fluorinated polymers. The
conformal, in, grafted and multi-functionalization aspect of iCVD leads to breathable, low
material umwle and EPA acceptable coatings. H;F;Ma-co-DVB achieves an optimal balance
between: surface energy, permitted carbon chain length, and polymer chain rigidity, three parameters
critical w creation of non-wetting fabrics. Additionally, a method for roughening fabrics and
creating additional texture has been proposed and shown to improve the performance of the H;F;Ma-
co-DVB coating._T his combined approach has yielded fabrics that repel water impacting from height,
as wellgoils, acids and bases even after abrasion or laundering aging. Beyond textiles, the iCVD
deposition has shown applicability to a variety of substrates ranging from paper to plastics. As a
consequenc&this work opens the door to new solutions in the coating landscape and paves the way
for deveIopmeAntof high repellency coatings with large volume production, application of roll-to-roll
coating techniques, and multi-functionalization of fabrics and wearable devices.

L
-

iCVD pro : iCVD depositions were conducted in a custom-built reactor previously
described."* Tef#-butyl peroxide (TBPO, 97%) initiator was introduced at room temperature into
the chamb h a mass flow controller. It underwent activation by hot filament wires placed 2
cm above t les. The specimen temperature was controlled via a back-cooling recirculation

Experi
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water system. Monomers were heated to 60 °C for DVB (80%) and 80 °C for H;F;Ma (25G) and their
flow rates were controlled using needle valves. The chamber pressure was maintained constant during
the whole process using a throttle valve. Polymerization thickness was monitored in situ with laser
interferometry through the transparent quartz top cover and growth was interrupted when a thickness
around 100 nm was attained (typically 10 minutes) ensuring initial color remained unchanged after
deposition. The overall composition of each compound was estimated by evaluating their partial
pressure and deducting the corresponding fractional saturation percentage. See SI for a more detailed
description.
I

. -

Polymer coating characterization: For each deposition, a flat silicon wafer was placed into the
chamber to allow post-polymerization characterization. Film thickness was confirmed through
variable-angle ellipsometric spectroscopy (VASE, M-2000, J. A. Woollam), in good agreement with
the in-situ laser interferometric measurement. All VASE thickness measurements were performed at
60°, 70° and 80° incidence angle using 190 wavelengths from 315 to 718 nm. A nonlinear least-
squares minimization was used to fit ellipsometric data of the films to the Cauchy-Urbach model. The
thickness was obtained upon convergence of the algorithm. Fourier transform infrared (FTIR) was
performed on a Nicolet Nexus 870 ESP spectrometer equipped with a mercury cadmium tellurium
(MCT) detector and KBr beam splitter in normal transmission mode. For the liquid H;F;Ma monomer,
a DTGS detector was used in combination with a liquid transmission cell (Pike, 6 um path length).
Spectra over 350-3500 cm ™' with a resolution of 4 cm™' were collected and averaged over 256 scans
to improve signal-to-noise ratio. All spectra were baseline-corrected. Differential Scanning
Calorimetry (Discovery DSC, TA instruments) was used to measure the glass transition of H;F;Ma
homopolymer by ramping up from -90 °C to 120 °C by 2.5°C/min after initial and final temperature
equilibration for 5 minutes.
- wr

~

Test: Laundering test was performed in a top load washing machine and drying was allowed in
between each cold wash cycle. Abrasion test ISO 12947 was performed by SDL Atlas on a M235
Martindale abrasion tester with 9kPA pressure weight and 500, 1000, 5000 10000 cycles on PET and
cotton iCVD coated fabrics. A Lisajoux pattern and a 100% standard wool abradant where used.

Breathability test (1ISO 2528 A-2) was performed by measuring the evaporative mass loss
through the cylindrical top open section (16 mm diameter) of a container (20 ml 27x57 glass vial)
filled with 16 ml water covered with a PET iCVD coated fabric using a microbalance (Mettler Toledo
MS). Data was recorded for 500 minutes in a room at 21 °C and results were compared (see SI) to the
case of an un@ed fabric.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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