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‘},{ Motivation

« Many hydrophobic surfaces exist in nature but
there is no naturally occurring oleophobic surface

* Plenty of academic and commercial interest in the
development of oleophobic surfaces

* Focus on commercially available textiles

www.gfn.com/sowhatsyourpoint/wp-content www. defense-technologynews.blogspot.com www.tressugar.com
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\u{ Non-wetting surfaces

Vapor

Yiv

Ysv

Contact angles with water:

Superhydrophilic Hydrophilic Hydrophobic Superhydrophobic
0~0° 0°< B8 <90° 6> 90° 6 > 150°

Similarly, superoleophobic surfaces display contact angle 6 > 150° with oils
or alkanes
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Nanocomposite Materials

Silicon-containing compounds

Nanosilicas
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Fluorinated POSS Synthesis

_Si Si
IO SI\R O Tg
OH/H,0 / \ \ i
RfSiX3 ' @) Rf\s @) S
solvent \ 0°'~0/~; R,
Si—A~_—Si”
R/ ©
Rf = -CH2CH2(CF2)nCF3 f Rf

n=0,3,5,7

FBCFZCFZCFZCFZCFZCFZCFZCHZCHZC\Si _ 0 ~ .

F,CF,CF,CF,CF,CF,CF,CF,CH,CH,C S_'O/ O o - o\
| |
/ O \‘ C)—PLHQCFZCcmFZCcmFZCFQCFZCFa
0

,CHzCHZCFzCFZCFzCFZCFzCFZCFzCFS

F,CF,CF,CF,CF,CF,CF,CF,CH@H,C .\ ,
e Si —— - Si{
[¢ 0 [ = ' CH,CH,CF,CF,CF CF CF,CF,CF CF,
Sia o —Si"
FoCF.CF,CF,CF,CF,CR,CF,CH.CH,C Y CH,CH,CF,.CF,,CF ,CF,,CF,CF,CF,CF,

Angew Chem (2008)
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\*( Hydrophobic Materials

* Spin-cast surface of Fluorodecyl POSS
* ~4 ym rms roughness by AFM
« 154° Water contact angle

POSS Surface

Angew Chem (2008)
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Low Surface Energy Materials

Y. = 5.5 mN/m by Zisman analysis

1.0 I . . . , . 0
B
0.5 160
£0.0 90 %
» <
o
(]
-0.5 1120
A0L—— N 480
0 20 40 60 80
7,, (MN/m)

Contacting liquids:

Fluorodecyl:

Similarly, GG analysis
results in surface energy
calculation of: y, =8 mN/m

hexadecane (y,, = 27.5 mN/m), dodecane (25.3), decane (23.8),

octane (21.6), heptane (20.1), and pentane (15.5)
ACS AMI (2010)
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\';’/ Water/Oil Repellant Nanocomposites
o5

88°

40° increase in water contact angle!

10% POSS

Polychlorotrifluoroethylene

(PCTFE)
PCTFE with
Hexadecane Contact Angles 10% Fluorodecy|8T8
70
60 - 58°
o 50 -
Fal gpo NN
§ao [
o
8 20 27
10 |
N B .
No POSS 5% FO 10% FO 5% FD 10% FD
Weight Percent POSS

Increase in hexadecane contact angle less than desired
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\/ The Lotus Leaf

Water, y,,, = 72.1 mN/m Hexadecane, y;, = 27.5 mN/m

On most surfaces, 8,_,< 6,,.,- This is because the surface tension (y,,) of
water is significantly higher than that for oils.
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I I I 1 Electrospun Surfaces

I I I I I
+«— Electrode 160 -
HV power 74 Polymer
supply _7_ flow rate Q 140
— T @
Cone o 1 20
Single jet <
§ 100
5-25 cm 5
Instabilities O gp
Collector — 60

— 0.0 0.1 0.2 03 04 0.5 0.6
Mass Fraction Fluorodecyl POSS

* ‘Beads on a string’ morphology, with high roughness and porosity

* A single step process - surface turns superhydrophobic for all

POSS concentrations > 10 wt%
Science (2007)
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Effect of Surface Texture 4\

Each surface is composed of PMMA+PQOSS — 44 wt% blend; contact angle for hexadecane on
corresponding spincoated surfaces = q,,,= q,..= 79°.

q gy = 156° q" 4 = 153° q = 147°
q rec = 150° " ..=141° g ..=120°
Water contact angles )
q adv — C] rec = 165 q adv — q rec = 163 q adv — q rec 162

Science (2007), PNAS (2008).
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I ] I 1 Comparison with Lotus Leaf

Coat with electrospun fibers Coat with electrospun fibers

44 wt% POSS 44 wt% POSS

Science (2007), PNAS (2008).
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Ill" Critical role of re-entrant texture (@ < 90°) {ﬁ 5

6<90° ; y<90°

It is possible to support a composite interface even if 6 < 90°

Re-entrant curvature : 180° > 6> 0°

Lotus Leaf Cylinders / Fibers

Herminghaus, Euro. Phys. Lett. (2000), Science (2007); PNAS (2008)
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« Constructing super-repellent surfaces Methylene lodide
— Three key ingredients '

Chemistry (6, DL

Surface
Geometry (v

Roughness

(r)

L

Methanol

PMMA + 44 wt% POSS
electrospun coating (beads on a string) morphology

Science (2007)
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I|Ii|- The Dip-Coating Process

Hexadecane (3, = 27.5 mN/m) on an as-
received commercial polyester fabric

Hold for 1-5 min Dip

Dry (heat in oven at 60° C for 20 minutes)

Before

Solution of fluorodecyl POSS in
Asahiklin (30 mg/mil)

After dip-coating with a solution of
fluorodecyl POSS

Adv Mater (2008)
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I ] I i |- Dip-Coated Polyester Fabric

Before coating After coating with fluorodecyl POSS in
Asahiklin (30 mg/mil)

Hexadecane
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I I I - Dip-coating process for conformal
coating of textured surfaces

Anticon 100 polyester fabric

f\ /O\

O, GF;
@) i2 ‘RO
O/ \ i c —c
R <

Si— /Sl
R ©

Tecnoflon® (BR9151)

R; = -CH.- CH2 (CF,);-CF5  Fluoro- elastomer from
Fluorodecyl POSS Solvay-Solexis

Vs, = 8 MN/m Vs, = 18 mN/m

50:50 mixture, total solids = 10 mg/ml

Dip in Asahiklin solution for 5 minutes

Air dry to remove solvent

Heat treat at 60 °C for 30 minutes
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I i I i |- Superhydrophobic/Superoleophilic

Designing Superoleophobic Surfaces 1601 a B u -
ey € ueben S o SR e . Caah o & Mot ' 1401 @ B A A
o
- - =120 n
Q L _
-og 80 — ]
£ 60/ M -
8 |
40r- ® Advancing - Water
B Receding - Water
20 A Advancing - Octane 7|
¢ Receding - Octane
0 ‘“ q # | | | | [

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Mass Fraction Fluorodecyl POSS

At low POSS concentrations many
surfaces are both superhydrophobic and
superoleophilic (' ;.. = 0°). Thus, these
porous surfaces form ideal membranes
for separating mixtures / dispersions of

Superhydrophobic alkanes (oils) and water
Superoleophilic

But...water is more dense than hydrocarbons!

Science (2007)
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Hydrophilic Membranes

|'.-._.: 5mm

A and B. Neat x-PEGDA dip-coated stainless steel
mesh 100 and polyester fabric C. An apparatus with a
mesh 100 coated with neat x-PEGDA Both water and
rapeseed oil permeate through.

Manuscript in preparation
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PEGDA + Fluorodecyl POSS ﬂﬁ?ﬁ@

Can hydrogen bond with water AFM Phase images of spin-coated
PEGDA + POSS films

K‘\ /(/\/ \)\n) Photo-crosslinkable RUEEb

FEGDA

Fluorodecyl POSS molecules

R _0—_ R¢ preferentially segregate to the air
O,Sci) S\i interface and crystallize.
Rf\ /,, ~ ,(j
SIO SI\R O
/ \ \ |
OR.y,. O
\ O-SI~0/?~r. 20% POSS
/Si\O/Si’O Under water
R | :
f Rf 20% PO$§

Fluorodecyl POSS
Yoy = 8 MN/m
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2% PEGDA + Fluorodecyl POSS Blends @/&%h

Surfaces with inherent re-entrant curvature dip-coated with PEGDA + POSS blends

Pure PEGDA

Y
= Smm

10% POSS

‘e

20% POSS

Stainless Steel Wire Mesh Commercial Polyester Fabric

PEGDA surface reconfiguration leads to superhydrophilic behavior.

Manuscript in preparation
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1 cm

0s

i

t=30s t>60s
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Separation of Oil-Water Emulsions

Water-in-Oil Emulsion Oil-in-Water Emulsion

b

A simple, scalable, gravity-based system for the separation of both oil-
in-water and water-in-oil emulsions. This is one of the first gravity-
based systems to achieve such high emulsion separation efficiencies.

Manuscript in preparation
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Manuscript in preparation
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99% Oil

78% Oil

— Feed
- Permeate =
—-= Retentate

0.1% Oil
%

0 20 40 60 80
Time (min)

Manuscript in preparation
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Rf = CH20H2(0F2)7CF3

* Incompletely condensed silsesquioxane synthesis yields a disilanol capable
of functionalization with dichlorosilanes.*

Ramirez, S. M.; Diaz, Y. J.; Campos, R. ; Stone, R.T.; Haddad, T.S.; Mabry, J.M., J. Am. Chem. Soc., 2011, 133, 20084.
DISTRIBUTION A. Approved for public release; distribution unlimited.

26



e \ ~ 4 (B g a 9 o
@ AT A & B ¢ @D = 7 0 €
& Xy < ) 2 4

¢
v

k.
A TS
hY NS~ X
) ’ /i g P00 Ve
AN P~ /li,.;;\ { A ",‘ (AR & ’1@’5‘4' 4
o iy X 7)) ; & y ) A s
\ N ¥ ®= » N & ® YV L &
) 7 e o ‘ - > o
S )= @ )
;'} =) A (///?

*  Crystal structure is dimeric via intra-
and intermolecular hydrogen bonding
between silanols.

* M,=monoclinic, space group P2(1)/c,
a=11.84(10) A, b=57.11(6) A,
c=19.06(2) A, a=90.00°, $=92.21(10)
°,v=90.00 °, V= 12878(2) A3

Ramirez, S. M.; Diaz, Y. J.; Campos, R. ; Stone, R.T.; Haddad, T.S.; Mabry, J.M., J. Am. Chem. Soc., 2011, 133, 20084.
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R/Sl\o/sl: R/SI\O/SI\
R
R = CH,CH,(CF,),CF,

R, = CH,
R, = CH,CH,CH, OC(O)CHCH,

®*  Edge capping reactions typically have 40-70%
yield

®*  Main side product is starting material (recycled)

* Disilanol can revert back to closed cage during
reaction

° Reactions take 5-10 minutes

Macromer/RBM = 4178 glmol
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R = CH,CH,(CF,),CF,
R,=CH,
R, = CH,CH,CH, OC(O)CHCH, _ o A . [ L » —
""""" | U A L L I M B
-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 ppm

* Typically 40-70% yield

®*  Main side product is starting
material (recycled), formed
during base addition

-17.80
-65.66
-68.17
68.90
o)
<

':'S:l
H R\ /O/' \O\ R
* Disilanol can revert back to o 57
closed cage during reaction "sig \SKOL
/ R /
Q R. o d
. . >Sie _[—Si_
*  Reactions take 5-10 minutes \SiP o4 R
A2T=0— °\
®* Siratio (1:2:2:4) &b
o H I """"" rrrrrrTTT rrrrrrTTT rrrrrrTTT [T rrrrrrTTT rrrrrrTTT rrrrrrTTT [T T rrrrrrTTT rrrrrrTTT
New Si peak! -10 20 30 -40 -50 -60 70 -80 -90 4100  -110  ppm

29Si NMR taken in fluorinated solvent
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F NMR taken in diethyl ether. "H NMR taken in C4F4/CDCl; mixture.
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-45.5 ppm

R = CH,CH,(CF,),CF,

/ \
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\*{ Initial Copolymerizations
<>

(o]
N AIBN, 60°C
0 0 n m
\ fo) \_\; 0o (0] (0] (0]
© /
Si

~o0 /Rf
MMA .8 X
= ™si 0 /
(MW =100 g/mol) 9/)|(°’—Si§Rf\ /SI\O\ (Rf
Ri—Si O, O Si—R; Ri~ /O Sll\
l /\/\ Si ,/O
0 Ry—si—© Si/o g O——'SI\Rf\
S/i/o/ R¢ Rf_Sll O\ 8(S\i_Rf
Rf/ o Rf(;,Si/o Si,O
"R
MMA-F-POSS /S/i/o f
(MW = 4179 g/mol) Rf
Weight (g) Weight Monomer (mmol) Mol Ratio Initiator | Conversion| Weight
(MMA:MMA-F-

Sample # |MMA-F-POSS| MMA |(%)F-POSS| MMA-F-POSS MMA POSS) (mol %) (%) (%) FPOSS*
1 0.085 1.31 6.3 0.02 13.1 655 0.5 42 2.74
2 0.362 1.31 21.6 0.09 13.1 145 0.2 71 14.4
3 0.50 3.50 12.5 0.12 35.0 291 1
4 1.00 3.00 25.0 0.24 30.0 125 1 62.5
5 2.00 2.00 50.0 0.47 20.0 42 0.2 92.5

*Weight (%) of F-POSS was calculated from elemental analysis of Fluorine content in the final polymer.
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§;{ Summary o

* FluoroPOSS are superhydrophobic

* FluoroPOSS polymer composite surfaces can be
superhydrophobic and superoleophobic

* Superhydrophilic and superoleophobic surfaces have been
developed

* Such surfaces are ideal for the separation of both free-oil and
oil-water emulsions

* These membranes, for the first time, allow continuous-flow oil-
water emulsion separation

* Functionality will allow the covalent attachment of these low
energy materials to substrates of choice
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