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ABSTRACT: We study the wetting by water of compléwdrophobic-hydrophilic” surfaces made of a hydnopic
substrate covered by a hydrophilic polymer brusilyftyrene PS substrates covered with polystyrdoekkpoly(acrylic
acid) PS-b-PAA diblock copolymer layers were fahtad by Langmuir-Schaefer depositions and analigedFM and
ellipsometry. On bare PS substrate, we measureghathg angle$§, = 93+ 1° and receding angléz = 81+ 1°. On PS
covered with poorly anchored PS-b-PAA layers, weented large contact angle hystere8iss 90° andfr = 0° that we
attributed to nanometric scale dewetting of the bHSAA layers. On well-anchored PS-b-PAA layers tffiatm
homogeneous PAA brushes, a wetting transition fpaial to total wetting occurs versus the amowepgasited: bott®,
and 6z decrease close to zero. A model is proposed, basettie Young-Dupré equation, that takes into actaohe
interfacial pressure of the brush, which was determined experimentally, and the feathalpy of hydration of the

hyd
PAA 1

polyelectrolyte monomeraG

which is the only fitting parameter. WithG (& -1300 J/mol, the model renders the

PAA

wetting transition for all samples and explains vithg wetting transition depends mainly on the ayerthickness of the

brush and weakly on the length of PAA chains.

1. Introduction

Practical and durable hydrophilization of hydropitob
substrates is a on-going field of research motivdig
academic and industrial interests. Non-woven
polypropylene tissues are naturally hydrophobic and
have to be hydrophilized to absorb water (wipes)gb
water go through (diapers). For surface cleaning
(windshield, glasses, windows, cars), hydrophiligthe
surface permits to avoid, upon drying, the formatad
drops that let unaesthetic stains. A simple sotutio
hydrophilize a surface consists in depositing arpipitic
molecules. However, small-molecule surfactants have
the disadvantage of being easily washed-out upt fi
contact with water. Polymeric amphiphilic molecues
therefore an interesting alternative to achieve emor
durable hydrophilizing treatments at low cost. The
quality of such treatments will depend on the sitzlof

the polymer layer at the surfaceg@inst washing,
drying, rubbing, aging, etc...), and of the efficignaf

the hydrophilization,i.e. the increase of the surface
energy. Several routes permit to improve the stglof

the polymer layer. One route relies on adhesiorichvis
maximized with a higher affinity between the sugfac
and the hydrophobic polymer moieties and also with
polymers of larger molar mass. Another route cdssis
anchoring the polymeric layer to the surface, eithe
physically or chemically. For the hydrophilization
efficiency, one may expect that covering a hydrdpto
substrate with a highly hydrophilic layer is enouigh
make the surface totally wetting. However, a hytiitp
layer is by essence not waterproof, and does nopba
the contact between the hydrophobic substrate aterw

It is not obvious to infer what shall be the thieks
and/or density of the hydrophilic layer necessamy t
overcompensate the presence of the underlying
hydrophobic layer. The question tackled in thisgragan

be stated as: what governs the wetting by watea of
complex surface made of a hydrophobic substrate
covered by a hydrophilic polymer? A pioneer theicedt
work was published in 1984and later improved on the
wetting of a pure non volatile solvent on a sol@hted

by an uncharged polymer. In good solvent conditidins



is predicted that the entropy of dissolution of the
polymer for usual brushes (polymerization lengti9,10
grafting density 0.01 chainA drives the spreading
parameter, leading to conditions of total wettihgter,
experimental and theoretical works have treatecctse

of a polymer brush in contact with a liquid polymer
made up of the same monomers as the Bfrst with

a mixture of solvenfs, and with a nematic fluldd The
wetting by a simple fluid (water) of a hydrophilic
uncharged brush grafted on a hydrophobic substvase
only considered recentfy It was demonstrated that a
transition to complete wetting could not be obtdimgth
poly(ethylene oxide) PEO brushes. This result was
attributed to a bridging of the solvent-vapor iféee by
the grafted layer. In the present study, we comsilde
wetting by a simple volatile fluid (water) of a
polyelectrolyte brush. We use model hydrophobic
substrates made of polystyrene spin-coated on atdiyi
flat silicon wafers. The grafted hydrophilic polyme
brushes are made with diblock copolymers of
polystyrene PS and poly(acrylic acid) PAA. PS pésrai
physical anchoring of the chains to the substrate,
whereas PAA is a strongly hygroscopic polyelectely
which is routinely used for super-absorbent prapert
The surface treatments are performed by the Langmui
Schaefer technique (transfer from air/water to Rew
interface) followed by an annealing procedure toham
the brush. The state of the brushes is charactehye
ellipsometry and AFM. The contact angles with water
are finally measuredversus the amount of PAA
deposited and the length of the PAA chains. A
thermodynamic model is then proposed to intergret t
wetting properties of complex surfaces made of a
hydrophobic substrates covered by a hydrophilic
polymer brush.

2. Experimental Section

Materials. Silicon wafers (thickness 281um +/- 25um,
orientation (100), no dopant, RMS roughness medsure
by AFM at 5 A on 1x1 mm images) were purchased
from Silicon Inc., Hexamethyldisilasane (HMDS) from
Gelest, Inc., polystyrene (Primary Standard pohgsig
M,=350,000g/mol) from TSK, and polystyrene-block-
poly(acrylic acid) PS-b-PAA samples from Polymer
Source Inc. The PS-b-PAA samples used in this study
have molar masses of 1.8K-6K, 1.5K-44K, 4.5K-19.3K
and polydispersity indexes lower than 1.1.

Preparation of PS substrates. Silicon wafers are first
cleaned in a UV/@chamber for 15 min and immediately
silanized with HMDS in vapor phase for 2 hours at
ambient pressure and temperature. This pre-tredtimen
required to avoid problems when the PS layer isiput
water solutions. Without this pre-treatment, small

pockets of water appear between the PS layer amd th
hydrophilic wafer surface. PS layers are then spiated

at 5,000 RPM for 1 min from a PS solution in tolaen
filtered at 0.2um and at concentration 2.5 wt%. The
layers are finally annealed overnight at 80 °C. The
average thickness of the PS layer is measured by
ellipsometry around 120 nm. The average RMS
roughness measured by AFM is around 0.6 nm for 1
micron square.

Langmuir trough isotherms. Compression isotherms of
PS-b-PAA copolymers at the air/water interface have
been measured on a commercial Langmuir trough
(model NIMA 611). A known amount of PS-b-PAA
samples is dissolved at a concentration of 1 mg/g i
solvent made of 1,4-dioxane with HCI at 2 wt%. This
solvent is a good compromise between good spreading
properties at the air/water interface, which isilgas
achieved with apolar solvents, and good solvency
properties for PAA-rich diblock samples, which daa
achieved with polar solvents. A few microliters of
diblock solutions are spread drop by drop ontovtheer
surface with a micro syringe (Hamilton). Since diog

is miscible with water, part of the material magksin

the water subphase. The absolute amount deposited h
to be measured posterioriby ellipsometry.

Langmuir-Schaefer depositions. The monolayers are
transferred from the air/water interface to the PS
substrate by the Langmuir-Schaefer technijuehich
consists in stamping the PS substrate face-dowrsscr
the air/water interface. The monolayer at the aitér
interface is removed by aspiration in order to dvibie
deposition of a second layer on the substrate duts
removal from the trough. The samples with the
depositions are stored in water. Caution was taken
maintain the sample wet and avoid strong shearsflow
during all manipulations to avoid damaging the
deposited monolayers. Each transferred layer is
identified by the surface pressure at which thedfer is
performed. As explained above, the area per matecul
calculated based on the amount of material dissoive
the spreading solution is subject to uncertaintyergas

a given surface pressurecharacterizes a unique surface
layer concentration. For very dilute layers, whéme t
slope of the surface pressureersus the surface
concentration is small, the control of the amouft o
transferred copolymer per unit area at a givenaserf
pressurdl is less precise. For this reason, we decided to
proceed differently for depositions at surface puesd1
lower than 2.5 mN/m. A layer was first compressea t
surface pressure of 2.5 mN/m, then the area was
increased by a factor Y. Deposition prepared bg thi
method are labeled 2.5mN/m:Y. Three dilute layergeh
been prepared, 2.5mN/m:3, 2.5mN/m:5, and 2.5mN/m:8.



Anchoring of deposited layers. Two methods have
been used to anchor the deposited PS-b-PAA monslaye
on the PS substrates. The toluene swelling method
consists in adding toluene to the water in whick th
samples are stored. In order to control the amadint
toluene in water, we prepared mixtures of pure naibel
water saturated with toluene. We call X the massqre

of toluene-saturated water in a mixture. The sample
with a deposited diblock monolayer were let for ih im

a water-toluene solution with X = 40%. The water-
toluene solution was then exchanged by pure watér a
the samples were finally dried with a gentle flofapare
nitrogen. Alternatively, the temperature annealing
method consisted in increasing the water temperatur
which the samples are stored. The samples werénleft
water at 60 °C for 19 hours, then cooled down ametd
with nitrogen.

Contact angle measurement. Side pictures of drops on
the substrates were taken on a home-made goniometer
and contact angles were measured by fitting thesd§
drops with the Droplmage software (Rame Hart,
Mountain Lake, NJ). The precision is @fl° and the
lowest measurable angle is around 10°. The volume o
the drop was manually tuned with a precision swiirg
order to measure the advancing contact aégidighest
stable angle observed when the drop volume is
increased) and the receding contact arfe(lowest
stable angle observed when the drop volume is
decreased).

Ellipsometry. We used a multi-wavelength ellipsometer
MOSS model ESVG (SOPRA, France). Measurements
were taken at wavelengths between 250 nm and 600 nm
and at an incidence angle of°7®or analysis, we used
the WinElli software (SOPRA, France), that conssder
flat and homogeneous multilayers. The refractiviein
and thickness of the native silica layer on thécail
wafers is measured on a bare substrates. The tierac
index as function of the wavelength for PAA and PS
materials were determined experimentally on thireisa

of homopolymers PAA and PS spin coated on a silicon
wafer. The initial thickness of the substrates & iB
measured for each sample, prior to the Langmuir-
Schaefer deposition. These data are introducetked f
parameters in the subsequent multilayer models tesed
determine the thickness of deposited PS-b-PAA
monolayers. All ellipsometric measurements are
performed in the dry state.

AFM. A Nanoscope Ill AFM (from Digital Instrument,
now Veeco) in the tapping mode was used to invatdig
the structure of the deposition in air. We usedc&il
cantilevers NSC35/AIBS/50 from Micro Mash.

3. Results and Discussion

I sotherms. The isotherms for all the diblock copolymers
on pure water are reported on Figure 1. The inereds
pressure with surface density is smooth, whichrs a
indication that the hydrophobic PS block does not
participate to the surface pressure. Homopolyme? Sf
isotherms are typically flat up to a limiting areeth a
sudden pressure rise from that point. They are also
characterized by irreversible collapse. The smadksn
fraction of PS in the copolymer studied insure tttet
hydrophobic block never completely cover the aitava
interface. It is thus natural to assume that thdasae
pressure is only due to the hydrophilic part of the
diblock. The area per molecule is calculated frdma t
concentration of the solution deposited, the volushe
solution deposited, and the surface of the air/ivate
interface. Several consecutive compressions and
expansions for a given deposition superpose onglesi
curve, which means that diblock copolymers are well
anchored at the air/water interface. Figure 1 rspor
isotherms for different deposited amounts. Between
measurements taken with different deposited amoants
multiplicative factor is applied to the abscise®ider to
merge all data corresponding to a same copolymex on
single curve. The need of a multiplicative factbpws
that the deposition of material at the air/wateeiface is

not exactly reproducible. The reason comes fronutdes

of dioxane as spreading solvent. Dioxane is miscibl
with water at all concentration so that some matési
lost in the subphase upon deposition. The caladilatea
per molecule on Figure 1 is only defined within a
multiplicative constant. The absolute area per ok
has to be determined by ellipsometry measuremeamt do
after transfer onto solid substrate. These absetiiges
are also needed for a precise physical understgrafin
the isotherms characteristics, which is out ofstepe of
the present work and is presented elsewfeisotherms
are used here as a mean to prepare polymer monolaye
on solid substrates in a controlled manner.

Anchoring. A gentle flow of water is sufficient to
desorb the monolayer transferred on PS substratés.

is detected by contact angle measurements (contact
angles with water increase with the number of rigs)

and ellipsometric measurements (the deposited layer
thickness falls down to zero after rinsing). Weoals
remarked that drying the samples without any aringgor
procedure was damaging for the copolymer monolayers
and changed the wetting properties. This has two
implications. First, anchoring the brush to the PS
substrates is a prerequisite to wetting measuremight
water. And second, since samples after Langmuir-
Schaefer deposition are wet and drying damages the
samples, the anchoring method must be performéukin
wet state. The idea of the toluene method is tdidhve

PS sublayer and allow the PS block of copolymers to
penetrate the PS sublajeras cartooned on Figure 2-a-



b. When toluene is removed, the PS sublayer cdstrac
back and traps the diblock chains. Note that catcaf
Figure 2-a-b illustrate the interpenetration of ¢ains
and does not pretend to represent the organizafitime
PAA chaind®. In order to optimize the toluene method,
the PS layer thicknesgersusthe content of toluene was
measured by ellipsometry in immersed conditions
(Figure 2-b). The thickness increases by less H8arfor
toluene-water solutions with X lower than 50%, and
diverges for X above 60% (the PS layer is dissglved
this work, mixtures at X = 40% were used for anaigr
the diblock copolymers. The PS layers swell by 3.5%
without damage for the PS layer, as checked by AFM
imaging before and after treatment (average RMS
roughness is 0.6 nm in both cases). With the dibloc
monolayer, we found great improvement of the
anchoring against drying. Figure 3 compares AFM
images of dry PS-b-PAA 4.3k-19.5k layers deposded

M = 4.5mN/m., for different anchoring conditions.€Th
average thickness of the layers measured by eftipty

are comparable for the three samples. The anchored
layers (Figure 3-b and c) appear featureless aud ha
average RMS roughness of 0.85 nm. On the contrary
(Figure 3-a), the non-anchored layer shows
heterogeneities and has an average roughness ofrl.5
Differences are also detected by contact angle
measurements that lead to lower angles and smaller
hysteresis for the anchored samples. Anchoringigthe

is also improved against rinsing. Repetitive contac
angles give higher and higher values on non treated
samples, indicating a washing of the depositedodibl
layer, whereas constant values are found on treated
samples for at least 5 consecutive measurements. No
that the toluene anchoring method works only for a
narrow window of toluene concentration (around X =
40%) and treatment time (around 60 s). For lower X
values or shorter treatment time, anchoring isvieak,
whereas for higher X values or longer treatmengtithe
depositions layers were damaged. Although the t@ue
swelling method was found efficient for most depiosi
conditions, we found that they induce instabilitiel
deposited layers at low surface concentration. reigu
shows AFM pictures of deposited layers that havenbe
treated by the toluene method and that presentdlpi
patterns of a monolayer dewetting. This interpietais
confirmed by the thickness difference between thaek d
and bright zones on the picture (4-5 nm) that cpoad

to the average layer thickness measured by ellipggm
(3.5-4.7 nm). For low concentration depositions, we
therefore preferred the temperature annealing ndetto

60 °C for 19 hours. With this method, all deposited
layers at 4.5 mN/m are featureless and have aragwer
RMS roughness of 0.7 nm.

Ellipsometric calibration of deposited monolayers.
The actual amount deposited on the wafer was

systematically determined by ellipsometry. Twoitidt
models have been tried. Model 1 considers the diblo
layer as a homogeneous PAA layer, whose thickness h
is the only fitting parameter. Model 2 considers S
subphase and the deposited diblock layer as two

superposed layers of PS and PAA of thickneshg’ésand

h;’AA . An example of ellipsometric measurement before

and after deposition of a layer of PS-b-PAA 1.8k-6k
deposited at 21 mN/m is presented on Figure 5.0Fee
parameter fit for the thickness of the PS substgates
118.7 nm. Models 1 and 2 lead to fittings of eqlena
quality and yield consistent results in terms ofako
thickness. Table 1. Model 1 is reported on Figuené
used for all results presented in the following.
Ellipsometry thickness.gys, of deposited layers for the
three diblock samples deposited at different serfac
pressures are reported on Figureebsusthe langmuir
thickness gngmuir Calculated based on the number of
molecule per angstrom square used to plot the ésoth

of Figure 1. The dependence is remarkably lineattHe
three samples. This proves that the effective teairate
upon the Langmuir-Schaefer transfer and the anabori
process is constant, otherwise, the data of Figuveuld

be random. On the other hand, the ellipsometricuartso
are 2.59, 2.86 and 3.40 times smaller for respelgtivS-
b-PAA 1.8k-6k, 4.3k-19.5k, and 1.5k-44k, as compare
to the amounts deposited on the Langmuir trougis iBh
explained by a loss of material upon deposition of
copolymer with dioxane solutions. In any case,
ellipsometry permits to access the exact amount of
diblock present on the solid substrates and tdibzete

the areas of the isotherm data. We have checkedhba
correction does not change the relative positiorthef
isotherms for the three diblocks on Figure 1. Oam ¢
conclude that the pressure increases expectediytingt
molar mass of the PAA block at a given area per
moleculé?.

AFM imaging of deposited monolayers. The
topography of deposited and anchored monolayers was
systematically checked by AFM. For depositions made
at surface pressures above 4.5 mN/m, the sampées ar
generally flat and featureless with RMS values adou
0.5-0.7 nm, as shown on Figure 7. Macroscopic @ack
are occasionally observed in deposition made at the
pressures larger than 20 mN/m. These defects,l@isib
with the naked eye, are an opportunity to get more
insight into the structure of the layers via AFMaging.
Figure 8-a presents the image of a crack in a P3A-
4.3k-19.5k deposited at 25 mN/m and Figure 8-b
presents a height profile taken on the same image.
can clearly identify three different levels. As tcamed

on the profile, these levels correspond to the HBe
substrate, the diblock monolayer, and a diblodayer
formed by local collapse of the monolayer. The ksac
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and collapses probably form during the Langmuir-
Schaefer transfer. The monolayer zone is veryRMS

= 0.27 nm), which shows that the carpet of PAA ohai

is dense and homogeneous. We note also that the
thickness of the monolayer measured by AFM (10.5% nm
is remarkably consistent with the ellipsometric
measurement (10.3 nm). The case of depositions atade
pressures lower than 4.5 mN/m is different. Figdre
shows that layers deposited at 4.5 mN/m and andhore
by the toluene method present topographic
heterogeneities that result from a dewetting ofotyper
monolayer. At the opposite, Figure 9-a shows that t
same deposition at 4.5 mN/m anchored by the
temperature method are flat and homogeneous. The
temperature method is clearly more appropriate to
anchor the low density layers. Nevertheless, anRUSn
(Figure 9-b), heterogeneities appear at the surdzea
with the temperature annealing method. On samples
2.5mN/m:3 (Figure 9-c) and 2.5mN/m:5 (Figure 9vdg,
observe circular objects of diameter around 50 nm,
which are attributed to surface micelles. At 2.5mNg

(not shown) there are no features anymore. It tsobu
the scope of this paper to find out if the micelles
observed on the transferred layers are due to the
transfer/anchoring process or to organizationsadlye
present at the air/water interface. This study lod t
spontaneous formation of micelles at the air/water
interface is presented elsewhére

Wetting data. The measured contact angles on the bare
PS substrates ar@,=93°+1 andd =81°+1. Figure 10

presents the contact anglersusthe thickness of acrylic
acid anchored,g for all samples with homogeneous PS-
b-PAA layers,i.e. for depositions made at pressures
above 4.5 mN/m and annealed by the “toluene route”.
The thickness g4 of dry acrylic acid layer for a PS-b-
PAA Ak-pk layer of ellipsometric thicknessegso is

calculated as,, =€

ellipso

%I\“— (where A and p are the
TH

molar masses in kg/mole of the PS and PAA block
respectively), which assumes comparable densities f
the two polymers. All receding angles are smalfemt
the experimental limit of 10and all the samples remain
wet after complete aspiration of a drop. For the
advancing angles, there is a transition from veny |
advancing angles (15-25°), that form a plateauigt h
PAA thickness, to high advancing angles (50}&Q low
PAA thickness. The hysteresis between the advancing
and receding contact angles is important. It isriggting

to remark that hysteresis of contact angles ha®tzen
measured with PS-b-PAA layers that are not properly
anchored. However, wetting behavior on such sutestra

is quite different. The receding contact angles ban
close to zero for high PAA thickness, whereas the
advancing contact angles are always close to 90°.

Dewetting of the PS-b-PAA layer into small cap26f

50 nm distant by 50-100 nm have been clearly ifiedti

by AFM imaging of dry samples. The hysteresis iis th
case is due to the chemical heterogeneity of thimce,

the areas of bare PS explaining the high advancing
contact angles. In the case of Figure 10, the cbatzgle
hysteresis can not be attributed to chemical
heterogeneities because AFM characterizations have
shown that the surface of dry samples consist obee
and homogeneous carpet of PAA. On Figure 10, the
PAA thickness at which the transition of advancing
angles occurs is indicated by horizontal bars anlg, c

for respectively PS-b-PAA 1.8k-6k, 4.3k-19.5k, and
1.5k-44k. The edges of bars a, b and ¢ correspmtioket
highest @, with 6, above the plateau of small angles,
and the lowestg with 6, at the plateau of small angles.
Despite the scarcity of data point and the widththaf
bars, it appears that the transition of advancingles
occurs at higher PAA thickness for copolymers oigler
PAA blocks. This suggests that for a given amount o
PAA, PAA carpets with dense and short hair induess |
hysteresis than carpets with scarce and long Hais.
then tempting to attribute this hysteresis to sefa
heterogeneities at the molecular level. Let us now
present the contact angle measurements for PS-b-PAA
4.3k-19.5k for all depositions, either annealed thg
temperature or the toluene route (Figure 11). Wideel

to present these data on a separate plot becaage th
correspond to some layers that are homogeneous and
others that are heterogeneous. Still, it appeatsthere

is a good continuity between results for all layehs
clear wetting transition from partial wetting totdb
wetting is visible on both advancing and recedingles
around 3.5 to 4.5 nm of PAA thickness.

Model. Figure 12 presents a cartoon of a water drop on a
hydrophobic substrate covered with a polyelectelyt
brush. The brush is collapsed and dry when exptsed
air and hydrated and swollen underneath the drop.
Following the reasoning of the Young-Dupré
equation’® %!’ we evaluate the infinitesimal work dw
involved in the displacement of the triple contiamé on
such a complex surface. One can express dW as:

Eqg. 1

dWWA( (yPS—HZO “Vespa) (170 *Y, ,0-airCO &Mﬁ ~Yean-ai) A

where yps.120 IS the interfacial energy between PS and
water, Vizo.air DEIWeen water and aipaa.ps between PS
and PAA and/paaairbetween PAA and air. The termol-
describes the reduction of contact area betweear@S
external phase (water underneath the drop and PAA i
the dry area) due to surface occupied by the gfti
sites. These interfacial tension contributions are



classically found in the Young-Dupré equation. The

additional term in Eq. 1 is the wor/’; per unit area

needed to bring a PAA chain from a dry state to its
hydrated state in the brusiV.>; can be expressed as the

sum of two componentdV™ = W; + W,, where W

PAA
corresponds to the hydration of a dry PAA chain by
water at infinite dilution, and W corresponds to the
transfer of PAA chains from a solution at infinite
dilution to a solution at the concentration of tresh. It
is interesting to realize that Ws equivalent to the
surface pressure of the corresponding diblock layer
measured with the Langmuir trough at the deposition
i.eW, =T. As for W,, it depends on the enthalpy of
hydration of PAA and on the density of monomers per
unit area as:
eAA

_ hyd
Eq. 2 W,=AG™

AA
where AGY,, is the free enthalpy of hydration of PAA

per mole of monomer (at infinite dilution), M is the
molecular weight of a AA monomer,gis the thickness
of the PAA layer, and d is the density of PAA. 8wjt
dwW to zero in Eq. 1 and solving for® leads the
expression of the contact angle as:

Eq. 3

Yairto

%rC{GSL((wagyPSF&O) EO o™ Mbl\ﬁfA _rl]:I

Total wetting is obtained if the work is negatiwee for
6=0°.

Eqg. 4

G &
%‘F M S(VPAA—PS_VPS—H 2o) (1-0)Yourar Yair-+ ,0

AA
M, exa and o are accessible experimentally for each
sample by Langmuir trough and ellipsometry

measurements. The interfacial tensigy), ... = 72 mN/m

is well established. The interfacial tension ofystyrene
with water and air is subject to some uncertaiite
found vy, =40 mN/m andy,,, ;=32 mN/min one set

PSH0

of publicatiort®*® andy,,, = 29 mN/m andy,, .= 24

mN/m in an other recent publicatf@nNote that the two
set of values are consistent with the Young-Dupré
equation for a water drop on bare PS making a cbnta
angle with water of 83.5-86°. Since PS and PAA are
strongly immiscible polymer, the interfacial tensio
Vrs/paaCan be estimated from the Flory paramgteyean
between PS and PAA via the formula:

ke T/S

B m

Eq.5 Ypspaa :ZXPS/PAA
where §,= V,,23is the area occupied by a monomer, and
V., is the molecular volume of a monomegkgpana IS
established in the literature at G4 Based on a density

of PS of 1.08%, the molecular volume for PS is ¥ 165

A3, For dry PAA in the protonated form, it is estahid

in the literature that ¥/= 74 A%, Eq. 5 supposes that PS
and PAA have the same monomer size. Taking a median
value of 120 & we find ypgpan = 13.5 mN/m. By
comparison with other acrylate polymeesg. poly(n-
butylacrylate) PBA Yegaar = 31 mN/m®), or
poly(diethyleneglycol ethylether acrylate) PDEGA
(Yoecaar = 33-35 mN/n?®), the interfacial tension
between PAA and airaaair Can be estimated around 35

mN/m. In Eq. 3,AG™. is finally the only unknown. On

PAA
Figure 11, the model fits satisfactorily the expental

data with a valueAGY;, = - 1200 to -1400 J/mol
depending on the interfacial valyg, .that we use.

These values corresponds to approximately %2 KT per
monomer. As a comparison, it is possible to caliul

AG!” from experimental daflof the molar fraction x

of water in PAA versus the partial pressur@pwater in
the gas phase. The calculation is detailed in tieea

and lead toAG?. = —1500 J/mol for a PAA sample of

PAA

molar mass 4.70g/mol. Given the imprecision in the
determination ofAG%, from the wetting data and from
the hydration data, the consistency is quite reafaek
AsAG is only dependant on the nature of the

hydrophilic block and not on the molar mass of the
sample, it is then interesting to apply the madeall

polymer samples withG™ = - 1300 J/mol. The results

PAA
of the calculation that are reported on Figure th@
model shows that the wetting is hardly dependarthen
molar mass of the sample used. The curves for 4.3k-
19.5k and 1.5k-44k are even undistinguishable. Ehiis
good agreement with experimental observations. We
have also checked that the role played by the area
fraction o occupied by the grafting site in the area of the
transition is totally negligible. The maximum valato
below the wetting transition for all samples rensain
below 0.04. In the calculation, the small influerndée¢he
molar mass on the wetting transition against théamo
mass of the PAA chains comes from the internaleserf
pressure 1 inside the brush. The term
VPAA—PS_yPS-H20+yPAA—Air _yAir—Hzo: -55 mN/m in Eq 3is
much larger than the interfacial pressOrat which the
wetting transition occurg,e. around 3- 4 mN/m. This
explains why the transition is hardly dependantttos

length of PAA chains. With a less hydrophilic pogm
than PAA, wetting transitions obviously occur agirer



amounts of polymer deposited. The relative imparéan
of grafting sites area and internal pressfiren Eq. 3
would then be larger, and the model predicts an
important effect dependence of the molar massekeof
grafted polymer on the wetting transition witky eWith

a less hydrophilic polymer, other effects may havbe
taken into account in the wetting properties. Cohen
Stuartet al® have studied the wetting of PEO brushes.
They found an increase the hydrophilicity of sudtsts

by PEO brushes but they never obtained a transiton
total wetting. The authors have attributed this kvea
hydrophilization effect of PEO brushes to a bridgin
between the substrate and the air/water interface b
grafted PEO chains. Indeed, PEO chains are wellvkno
for anchoring at an air/water interfaceln their view,
this bridging effect retards spreading. Homogenemds
dense grafted monolayers of moderately hydrophilic
chains that are able to promote a transition taltot
wetting would be a nice system to test further model
and the hypothesis of air/water surface bridging. 8o
note that our model predicts that layers of shootam
masses PAA are less wetting than layers of largemo
masses PAA, for a given PAA amount. This is opposit
to the tendency observed with the advancing angles.
proves that the effect of the PAA molar mass on the
advancing angles is not due to an average
thermodynamic effect. The idea of a surface
heterogeneity effect at the molecular scake,a carpet

of short and dense hair agairsstcarpet of scarce and
long hair, is somehow comforted. It is interestitny
comment our data in the light of Halpering and de
Genne$ predictions. We confirm that a transition to
complete wetting can be induced by grafting a peym
brush in good solvent conditions to a hydrophobic
substrate. Whereas the transition in their caseeafral
polymer was driven by the entropy of dissolutionthod
polymer, the transition with a polyelectrolyte isvén

by both the entropy of dissolution of the polymbains
and the counter ioA% In spreading conditions, they
predict the wetting film thickness versus the sgieg
coefficient S. However, they consider the case a- no
volatile solvent and their predictions are not daddpo
water, which is highly volatile. Experimentally gtistudy

of the equilibrium thickness of a wetting film iotal
wetting conditions, would require a precise contriohir
humidity content, which was not done in this wdfkom

a fundamental point of view, a wetting study of faene
“hydrophobic-hydrophilic” surface by non volatile
solvent would therefore be enlightening. One cankth
of a hydration transition versusein a water saturated
atmosphere, since the physical condition driving
hydration and wetting of a complex “hydrophilic-
hydrophobic” surface are similar. A hydration stuay
X-ray reflectivity would permit to characterize the
hydration properties and the eventual formation of
hydration gradients in the polymer brush. By thensa

token, in order to complement the wetting study, it
would be interesting to investigate the structureéhe
drop edge in the partial wetting conditions at a
microscopic scale. It can not be discarded thatdaated
film forms ahead of the macroscopic edge, its ghowt
being frustrated by evaporation.

4. Conclusion.

We have presented an experimental and theoretical
study of the wetting by water of complex “hydrophmb
hydrophilic” surfaces made of a hydrophobic sulistra
covered by a highly hydrophilic polymer brush. Foe
preparation of model samples, we used polystyrene
layers spin-coated on silicon wafers and covereth wi
polystyrene-b-poly(acrylic acid) PS-b-PAA. The ditk
copolymers layers were fabricated by Langmuir-
Schaefer depositions and analyzed by AFM and
ellipsometry. On poorly anchored layers, we obsgérve
large contact angle hystereses that have beebuaéd

to nanometric scale dewetting of the polymer moyeria
On well-anchored monolayers, that form dense aat fl
brushes in the dry state, a wetting transition czcu
versus the amount deposited. This confirms the
prediction by Halperin and de Genrlethat a brush in
good solvent condition can overcompensate the
hydrophobicity of the underneath substrate andterea
total wetting conditions . We propose a model, thies
into account the finite concentration of the hydriip
block inside the brush, through the air/water ifateal
pressurell of the brush and the free enthalpy of

hydration the polyelectrolyte monomedG”;, . The

originality and strength of the model is that alieirfacial
tensions between PS, PAA, water and air as welhas
pressure in the brugfi can be measured or calculated.

AG: is the only fitting parameter and is the same for

all grafting conditions (polymer length, graftingrisity).
With AGY, = -1300 J/mol, the model renders the

wetting transition for all samples and explains with
PAA as hydrophilic agent, the wetting transitiorepednd
mainly on the average thickness of the brush arakiye
on the length of chains. We also found that thiseaf

AGY. is remarkably consistent with determination based

on PAA hydration experiments against water partial
pressure, which reinforce the validity of the wmadti
model. In future work, it would be interesting &st the
model with less hydrophilic polymer than PAA, for
which the model predicts a significant (and therefo
detectable) effect of the molar mass of the polyorer
the wetting transition. The region in the viciniy the
edge drop remains to be investigated at the miopisc
scale in order to get a better insight into thenewval
hydration of the brush ahead of the drop and tihe @b
evaporation of the solvent from this hydrated tfilim.



Annex
The free Gibbs enthalpy of hydration of PAA at initie

dilution per mole of monomeAG’;, can be extracted

from experimental measurements of the molar fractio
of water in PAA against the partial pressuieopwater
in the gas phase. The chemical potential of theemiat
equal to :

Eq. 6 ulzuf+RTln(p1/pf)

where . is the chemical potential of pure water. By
application of the Gibbs-Duhem equation, the chainic
potential of PAA, can be expressed as :

op,

x1
X
Eq.7 uzng—RTJ' 1—x11 16x1dX1
0

where [} is the chemical potential of pure PAA. The

change of Gibbs energy free whenmoles of water and
N, moles of PAA are mixed is equal to :

AG =N1(}11—u2)+N2(}12—p.g)
In order to getAG?;, , one has to divide Eq. 8 by &nd

take the value at;x 1. This leads to:
Eg. 9

NG = 5 e -
PAA l::l.—x1 (pg o J.

With a first order development of the logarithmnter
we finally obtain :

Eg. 8

op,
—1 , 0X, dx,

Eqg. 10

hyd _ p1 p1 apl
AGppn= RT{ I —1 ax }

AG.Y, appears the sum of two terms, the left one being

the contribution of water and the right term the
contribution of PAA. Strictly speaking, at the limi

X1-1, the termg% is necessarily null for the integral to
1

converge and the left term due to water in Eq. 40 i
necessarily null. In practice, we apply Eq. 10 ansl

p,/p;

calculate the derivativ® 3

0
difference AM and A

o6y between the experimental
Ax, Ax,

point at the highest;xon Figure 13 and the theoretical
point = 1 and p/p= 1. In the limits of this
approximation, we findAG.;, =-1500 J/mol for a sample

of molar mass M= 4.8y/M (Figure 13).

op, .
and a_xl by taking the

1
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Tables
hps h h°s KA Total thickness
1 2 2
Model 1 118.7 7.1 - - 125.8
Model 2 118.7 - 121.3 4.0 125.3

Table 1: Thicknesses determined by ellipsometrthefPS subphasegd) and of the deposited diblock layer by model 1
(h,) and model 2 §;° and h}**) for a PS-b-PAA 1.8k-6k layer deposited at 21 mN/m
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Figure 1: Isotherms of compression on pure watd?®PAA diblock copolymers 1.6k-6k (green), 4.3k5K(blue) and
1.5k-44k (orange). The amount of spreading solutsorither 50uL (light colors ) or 100uL (dark colors). The area
indicated correspond to rw areas calculated fragrathount of copolymer deposited.

a) c) L

PS sublayer thickness (nm)
Ek=E g3

40
X
Figure 2: Schematic of PS-b-PAA copolymer chaindegosited on PS without annealing, the chaingddetach or move,

b) after annealing, the chains are entangled amdoinilized in the PS sublayer. ¢) PS sublayer thésknversus toluene
composition X of toluene in water.
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Figure 3: AFM images of PS-b-PAA 4.3k-19.5k monelsydeposited at 4.5mN/m.a) without annealing tneat — RMS
Roughness = 1.50 nm, b) annealed by the toluenbadeRMS Roughness = 0.86 nm, c) annealed by thepdmmture
method - RMS Roughness = 0.67nm.

Figure 4: AFM images of PS-b-PAA monolayers demasit 4.5mN/m and annealed by the toluene methotl8&-6k,
holes: 3-5nm &ipso =4.72 Nm, b) 4.3k-19.5k, holes: 4-5n@)s, = 3.59 nm, and c) 1.5k-44k, holes : 3-4ngp,& = 3.66
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Figure 5: Ellipsometric data cAgsquares) and Tah(dots) before (hollow symbols) and after (dark bgis) deposition
of a PS-b-PAA 1.8k-6k monolayer Bk= 21 mN/m. The lines corresponds to fits without @ and with (—— the
monolayer. The thickness of the PS substrate isd@t 120 nm and of the PS-b-PAA monolayer at enm?7

Cos (&), Tan(*¥)

Figure 6: Ellipsometric thicknessgs, versus Langmuir thickness.gmyir calculated from the amount of copolymers
spread at the air/water interface.
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Figure 7: AFM images of PS-b-PAA 4.3k-19.5k monelayafter deposition and annealing a) depositidh at21 mN/m,
Rms Roughness = 0.27 nm, b) depositioll & 13 mN/m, Rms Roughness = 0.33nm.
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Figure 8: a) AFM image of PS-PAA 4.3k-19.5k layepdsited at 25 mN/m nx5um and cracked, b) profile and cartoon
of the organization of the copolymer chains atdhdace.
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Figure 10: Water contact angles versus PAA thickrgs with samples annealed by the toluene method febP3A
1.8k-6k (triangles A), 4.3k-19.5k (squares m) and 1.5k-44k (dot® o ). Hollow symbols correspond to advancing
angles and full symbols to receding angles. Thezhotal bars materialize the approximate positidrtie wetting
transition observed with the advancing angles éndhse of PS-b-PAA a) 1.8k-6k b) 4.3k-19.5k antl.8k-44k. The lines

correspond to fits by Eq. 5 withG™, = -1300 J/mol for PS-b-PAA 1.8k-6K (- - -), 4.3k-5R (——) and 1.5k-44Kae ).
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Contact angle (%)
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Figure 11: Wetting results —Contact angles versua fhickness for PS-PAA 4.3k-19.5k — Hollow symbelsrrespond to
advancing angles and full symbols to receding andlbe data correspond either to samples annegldteliemperature

method (circles) or the toluene method (triangl&se solid line corresponds to fits by Eq. 5 wits™ = -1300 J/mol.

PAA

Toaeralr = T2 mMfm A Ghyd

TYeaamy W40 mbm

Tpomeo W32 ml/m Tropan ™ 135 mNim

Figure 12: lllustration of the thermodynamic modehich takes into account the interfacial energi€su.o Yuoorsain
Yesipas Veanain the enthalpy of hydration of AA monomefss™ | and the interfacial pressure inside the biish

PAA !
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Figure 13: Experimental measurements of the mo#atibn x of water in PAA versus the partial pressuy@pwater in
the gas phase for a PAA of molar mass M= 4,000 dhse data have been published by Safronov?ét al.
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