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ABSTRACT: We study the wetting by water of complex “hydrophobic-hydrophilic” surfaces made of a hydrophobic 
substrate covered by a hydrophilic polymer brush. Polystyrene PS substrates covered with polystyrene-block-poly(acrylic 
acid) PS-b-PAA diblock copolymer layers were fabricated by Langmuir-Schaefer depositions and analyzed by AFM and 
ellipsometry. On bare PS substrate, we measured advancing angles θA = 93 ± 1° and receding angles θR = 81 ± 1°. On PS 
covered with poorly anchored PS-b-PAA layers, we observed large contact angle hysteresis, θA ≈ 90° and θR ≈ 0° that we 
attributed to nanometric scale dewetting of the PS-b-PAA layers. On well-anchored PS-b-PAA layers that form 
homogeneous PAA brushes, a wetting transition from partial to total wetting occurs versus the amount deposited: both θA 
and θR decrease close to zero. A model is proposed, based on the Young-Dupré equation, that takes into account the 
interfacial pressure of the brush Π, which was determined experimentally, and the free enthalpy of hydration of the 
polyelectrolyte monomers hyd

PAA
G∆ , which is the only fitting parameter. With ⋅∆ hyd

PAA
G ≈ -1300 J/mol, the model renders the 

wetting transition for all samples and explains why the wetting transition depends mainly on the average thickness of the 
brush and weakly on the length of PAA chains. 
 
 
 
1. Introduction 
Practical and durable hydrophilization of hydrophobic 
substrates is a on-going field of research motivated by 
academic and industrial interests. Non-woven 
polypropylene tissues are naturally hydrophobic and 
have to be hydrophilized to absorb water (wipes), or let 
water go through (diapers). For surface cleaning 
(windshield, glasses, windows, cars), hydrophilizing the 
surface permits to avoid, upon drying, the formation of 
drops that let unaesthetic stains. A simple solution to 
hydrophilize a surface consists in depositing amphiphilic 
molecules. However, small-molecule surfactants have 
the disadvantage of being easily washed-out upon first 
contact with water. Polymeric amphiphilic molecules are 
therefore an interesting alternative to achieve more 
durable hydrophilizing treatments at low cost. The 
quality of such treatments will depend on the stability of 
the polymer layer at the surface (against washing, 
drying, rubbing, aging, etc…), and of the efficiency of 
the hydrophilization, i.e. the increase of the surface 
energy. Several routes permit to improve the stability of 

the polymer layer. One route relies on adhesion, which is 
maximized with a higher affinity between the surface 
and the hydrophobic polymer moieties and also with 
polymers of larger molar mass. Another route consists in 
anchoring the polymeric layer to the surface, either 
physically or chemically. For the hydrophilization 
efficiency, one may expect that covering a hydrophobic 
substrate with a highly hydrophilic layer is enough to 
make the surface totally wetting. However, a hydrophilic 
layer is by essence not waterproof, and does not hamper 
the contact between the hydrophobic substrate and water. 
It is not obvious to infer what shall be the thickness 
and/or density of the hydrophilic layer necessary to 
overcompensate the presence of the underlying 
hydrophobic layer. The question tackled in this paper can 
be stated as: what governs the wetting by water of a 
complex surface made of a hydrophobic substrate 
covered by a hydrophilic polymer? A pioneer theoretical 
work was published in 19841, and later improved2, on the 
wetting of a pure non volatile solvent on a solid coated 
by an uncharged polymer. In good solvent conditions, it 
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is predicted that the entropy of dissolution of the 
polymer for usual brushes (polymerization length 100, 
grafting density 0.01 chain.Å-2) drives the spreading 
parameter, leading to conditions of total wetting. Later, 
experimental and theoretical works have treated the case 
of a polymer brush in contact with a liquid polymer 
made up of the same monomers as the brush3,4,5,6,7, with 
a mixture of solvents8 , and with a nematic fluid9. The 
wetting by a simple fluid (water) of a hydrophilic 
uncharged brush grafted on a hydrophobic substrate was 
only considered recently10. It was demonstrated that a 
transition to complete wetting could not be obtained with 
poly(ethylene oxide) PEO brushes. This result was 
attributed to a bridging of the solvent-vapor interface by 
the grafted layer. In the present study, we consider the 
wetting by a simple volatile fluid (water) of a 
polyelectrolyte brush. We use model hydrophobic 
substrates made of polystyrene spin-coated on atomically 
flat silicon wafers. The grafted hydrophilic polymer 
brushes are made with diblock copolymers of 
polystyrene PS and poly(acrylic acid) PAA. PS permits a 
physical anchoring of the chains to the substrate, 
whereas PAA is a strongly hygroscopic polyelectrolyte, 
which is routinely used for super-absorbent properties. 
The surface treatments are performed by the Langmuir-
Schaefer technique (transfer from air/water to PS-water 
interface) followed by an annealing procedure to anchor 
the brush. The state of the brushes is characterized by 
ellipsometry and AFM. The contact angles with water 
are finally measured versus the amount of PAA 
deposited and the length of the PAA chains. A 
thermodynamic model is then proposed to interpret the 
wetting properties of complex surfaces made of a 
hydrophobic substrates covered by a hydrophilic 
polymer brush. 
 
 
2. Experimental Section 
 
Materials. Silicon wafers (thickness 281µm +/- 25µm, 
orientation (100), no dopant, RMS roughness measured 
by AFM at 5 Å on 1x1 mm images) were purchased 
from Silicon Inc., Hexamethyldisilasane (HMDS) from 
Gelest, Inc., polystyrene (Primary Standard polystyrene 
Mw=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/O3 chamber for 15 min and immediately 
silanized with HMDS in vapor phase for 2 hours at 
ambient pressure and temperature. This pre-treatment is 
required to avoid problems when the PS layer is put in 
water solutions. Without this pre-treatment, small 

pockets of water appear between the PS layer and the 
hydrophilic wafer surface. PS layers are then spin-coated 
at 5,000 RPM for 1 min from a PS solution in toluene 
filtered at 0.2 µm and at concentration 2.5 wt%. The 
layers are finally annealed overnight at 80 ºC. 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 in a 
solvent made of 1,4-dioxane with HCl at 2 wt%. This 
solvent is a good compromise between good spreading 
properties at the air/water interface, which is easily 
achieved with apolar solvents, and good solvency 
properties for PAA-rich diblock samples, which can be 
achieved with polar solvents. A few microliters of 
diblock solutions are spread drop by drop onto the water 
surface with a micro syringe (Hamilton). Since dioxane 
is miscible with water, part of the material may sink in 
the water subphase. The absolute amount deposited has 
to be measured a posteriori by ellipsometry.  
 
Langmuir-Schaefer depositions. The monolayers are 
transferred from the air/water interface to the PS 
substrate by the Langmuir-Schaefer technique11, which 
consists in stamping the PS substrate face-down across 
the air/water interface. The monolayer at the air/water 
interface is removed by aspiration in order to avoid the 
deposition of a second layer on the substrate during its 
removal from the trough. The samples with the 
depositions are stored in water. Caution was taken to 
maintain the sample wet and avoid strong shear flows 
during all manipulations to avoid damaging the 
deposited monolayers. Each transferred layer is 
identified by the surface pressure at which the transfer is 
performed. As explained above, the area per molecule 
calculated based on the amount of material dissolved in 
the spreading solution is subject to uncertainty, whereas 
a given surface pressure Π characterizes a unique surface 
layer concentration. For very dilute layers, when the 
slope of the surface pressure versus the surface 
concentration is small, the control of the amount of 
transferred copolymer per unit area at a given surface 
pressure Π is less precise. For this reason, we decided to 
proceed differently for depositions at surface pressures Π 
lower than 2.5 mN/m. A layer was first compressed to a 
surface pressure of 2.5 mN/m, then the area was 
increased by a factor Y. Deposition prepared by this 
method are labeled 2.5mN/m:Y. Three dilute layers have 
been prepared, 2.5mN/m:3, 2.5mN/m:5, and 2.5mN/m:8. 
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Anchoring of deposited layers. Two methods have 
been used to anchor the deposited PS-b-PAA monolayers 
on the PS substrates. The toluene swelling method 
consists in adding toluene to the water in which the 
samples are stored. In order to control the amount of 
toluene in water, we prepared mixtures of pure water and 
water saturated with toluene. We call X the mass percent 
of toluene-saturated water in a mixture. The samples 
with a deposited diblock monolayer were let for 1 min in 
a water-toluene solution with X = 40%. The water-
toluene solution was then exchanged by pure water and 
the samples were finally dried with a gentle flow of pure 
nitrogen. Alternatively, the temperature annealing 
method consisted in increasing the water temperature in 
which the samples are stored. The samples were left in 
water at 60 ºC for 19 hours, then cooled down and dried 
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 the edges of 
drops with the DropImage software (Rame Hart, 
Mountain Lake, NJ). The precision is of ±1° and the 
lowest measurable angle is around 10°. The volume of 
the drop was manually tuned with a precision syringe in 
order to measure the advancing contact angle θA (highest 
stable angle observed when the drop volume is 
increased) and the receding contact angle θR (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 70°. For analysis, we used 
the WinElli software (SOPRA, France), that considers 
flat and homogeneous multilayers. The refractive index 
and thickness of the native silica layer on the silicon 
wafers is measured on a bare substrates. The refractive 
index as function of the wavelength for PAA and PS 
materials were determined experimentally on thin layers 
of homopolymers PAA and PS spin coated on a silicon 
wafer. The initial thickness of the substrates of PS is 
measured for each sample, prior to the Langmuir-
Schaefer deposition. These data are introduced as fixed 
parameters in the subsequent multilayer models used to 
determine the thickness of deposited PS-b-PAA 
monolayers. All ellipsometric measurements are 
performed in the dry state. 
AFM. A Nanoscope III AFM (from Digital Instrument, 
now Veeco) in the tapping mode was used to investigate 
the structure of the deposition in air. We used Silicon 
cantilevers NSC35/AIBS/50 from Micro Mash.  
 
3. Results and Discussion 

Isotherms. The isotherms for all the diblock copolymers 
on pure water are reported on Figure 1. The increase of 
pressure with surface density is smooth, which is an 
indication that the hydrophobic PS block does not 
participate to the surface pressure. Homopolymer of PS 
isotherms are typically flat up to a limiting area, with a 
sudden pressure rise from that point. They are also 
characterized by irreversible collapse. The small mass 
fraction of PS in the copolymer studied insure that the 
hydrophobic block never completely cover the air/water 
interface. It is thus natural to assume that the surface 
pressure is only due to the hydrophilic part of the 
diblock. The area per molecule is calculated from the 
concentration of the solution deposited, the volume of 
solution deposited, and the surface of the air/water 
interface. Several consecutive compressions and 
expansions for a given deposition superpose on a single 
curve, which means that diblock copolymers are well 
anchored at the air/water interface. Figure 1 reports 
isotherms for different deposited amounts. Between 
measurements taken with different deposited amounts, a 
multiplicative factor is applied to the abscises in order to 
merge all data corresponding to a same copolymer on a 
single curve. The need of a multiplicative factor shows 
that the deposition of material at the air/water interface is 
not exactly reproducible. The reason comes from the use 
of dioxane as spreading solvent. Dioxane is miscible 
with water at all concentration so that some material is 
lost in the subphase upon deposition. The calculated area 
per molecule on Figure 1 is only defined within a 
multiplicative constant. The absolute area per molecule 
has to be determined by ellipsometry measurement done 
after transfer onto solid substrate. These absolute values 
are also needed for a precise physical understanding of 
the isotherms characteristics, which is out of the scope of 
the present work and is presented elsewhere12. Isotherms 
are used here as a mean to prepare polymer monolayer 
on solid substrates in a controlled manner.  
 
Anchoring. A gentle flow of water is sufficient to 
desorb the monolayer transferred on PS substrates. This 
is detected by contact angle measurements (contact 
angles with water increase with the number of rinsings) 
and ellipsometric measurements (the deposited layer 
thickness falls down to zero after rinsing). We also 
remarked that drying the samples without any anchoring 
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 measurement with 
water. And second, since samples after Langmuir-
Schaefer deposition are wet and drying damages the 
samples, the anchoring method must be performed in the 
wet state. The idea of the toluene method is to swell the 
PS sublayer and allow the PS block of copolymers to 
penetrate the PS sublayer13, as cartooned on Figure 2-a-
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b. When toluene is removed, the PS sublayer contracts 
back and traps the diblock chains. Note that cartoons of 
Figure 2-a-b illustrate the interpenetration of PS chains 
and does not pretend to represent the organization of the 
PAA chains14. In order to optimize the toluene method, 
the PS layer thickness versus the content of toluene was 
measured by ellipsometry in immersed conditions 
(Figure 2-b). The thickness increases by less than 5% for 
toluene-water solutions with X lower than 50%, and 
diverges for X above 60% (the PS layer is dissolved). In 
this work, mixtures at X = 40% were used for anchoring 
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 diblock 
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 deposited at 
Π = 4.5mN/m., for different anchoring conditions. The 
average thickness of the layers measured by ellipsometry 
are comparable for the three samples. The anchored 
layers (Figure 3-b and c) appear featureless and have an 
average RMS roughness of 0.85 nm. On the contrary 
(Figure 3-a), the non-anchored layer shows 
heterogeneities and has an average roughness of 1.5 nm. 
Differences are also detected by contact angle 
measurements that lead to lower angles and smaller 
hysteresis for the anchored samples. Anchoring strength 
is also improved against rinsing. Repetitive contact 
angles give higher and higher values on non treated 
samples, indicating a washing of the deposited diblock 
layer, whereas constant values are found on treated 
samples for at least 5 consecutive measurements. Note 
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 is too weak, 
whereas for higher X values or longer treatment time, the 
depositions layers were damaged. Although the toluene 
swelling method was found efficient for most deposition 
conditions, we found that they induce instabilities of 
deposited layers at low surface concentration. Figure 4 
shows AFM pictures of deposited layers that have been 
treated by the toluene method and that present typical 
patterns of a monolayer dewetting. This interpretation is 
confirmed by the thickness difference between the dark 
and bright zones on the picture (4-5 nm) that correspond 
to the average layer thickness measured by ellipsometry 
(3.5-4.7 nm). For low concentration depositions, we 
therefore preferred the temperature annealing method, at 
60 ºC for 19 hours. With this method, all deposited 
layers at 4.5 mN/m are featureless and have an average 
RMS roughness of 0.7 nm.  
 
Ellipsometric calibration of deposited monolayers. 
The actual amount deposited on the wafer was 

systematically determined by ellipsometry. Two fitting 
models have been tried. Model 1 considers the diblock 
layer as a homogeneous PAA layer, whose thickness h1 
is the only fitting parameter. Model 2 considers the PS 
subphase and the deposited diblock layer as two 

superposed layers of PS and PAA of thicknesses PS
2h  and 

PAA
2h . 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. The one 
parameter fit for the thickness of the PS substrate gives 
118.7 nm. Models 1 and 2 lead to fittings of equivalent 
quality and yield consistent results in terms of total 
thickness. Table 1. Model 1 is reported on Figure 5 and 
used for all results presented in the following.  
Ellipsometry thickness eellipso of deposited layers for the 
three diblock samples deposited at different surface 
pressures are reported on Figure 6 versus the langmuir 
thickness eLangmuir  calculated based on the number of 
molecule per angstrom square used to plot the isotherms 
of Figure 1. The dependence is remarkably linear for the 
three samples. This proves that the effective transfer rate 
upon the Langmuir-Schaefer transfer and the anchoring 
process is constant, otherwise, the data of Figure 6 would 
be random. On the other hand, the ellipsometric amounts 
are 2.59, 2.86 and 3.40 times smaller for respectively PS-
b-PAA 1.8k-6k, 4.3k-19.5k, and 1.5k-44k, as compared 
to the amounts deposited on the Langmuir trough. This is 
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 to recalibrate 
the areas of the isotherm data. We have checked that the 
correction does not change the relative position of the 
isotherms for the three diblocks on Figure 1. One can 
conclude that the pressure increases expectedly with the 
molar mass of the PAA block at a given area per 
molecule12. 
 
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 samples are 
generally flat and featureless with RMS values around 
0.5-0.7 nm, as shown on Figure 7. Macroscopic cracks 
are occasionally observed in deposition made at the 
pressures larger than 20 mN/m. These defects, visible 
with the naked eye, are an opportunity to get more 
insight into the structure of the layers via AFM imaging. 
Figure 8-a presents the image of a crack in a PS-b-PAA 
4.3k-19.5k deposited at 25 mN/m and Figure 8-b 
presents a height profile taken on the same image. One 
can clearly identify three different levels. As cartooned 
on the profile, these levels correspond to the bare PS 
substrate, the diblock monolayer, and a diblock trilayer 
formed by local collapse of the monolayer. The cracks 
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and collapses probably form during the Langmuir-
Schaefer transfer. The monolayer zone is very flat (RMS 
= 0.27 nm), which shows that the carpet of PAA chains 
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 made at 
pressures lower than 4.5 mN/m is different. Figure 4 
shows that layers deposited at 4.5 mN/m and anchored 
by the toluene method present topographic 
heterogeneities that result from a dewetting of copolymer 
monolayer. At the opposite, Figure 9-a shows that the 
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, at 2.5mN/m 
(Figure 9-b), heterogeneities appear at the surface even 
with the temperature annealing method. On samples 
2.5mN/m:3 (Figure 9-c) and 2.5mN/m:5 (Figure 9-d), we 
observe circular objects of diameter around 50 nm, 
which are attributed to surface micelles. At 2.5mN/m:8 
(not shown) there are no features anymore. It is out of 
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 organizations already 
present at the air/water interface. This study of the 
spontaneous formation of micelles at the air/water 
interface is presented elsewhere14. 
 
Wetting data. The measured contact angles on the bare 
PS substrates are 193

a
±°=θ  and 181

r
±°=θ . Figure 10 

presents the contact angle versus the thickness of acrylic 
acid anchored eAA 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 eAA of dry acrylic acid layer for a PS-b-
PAA λk-µk layer of ellipsometric thickness eellipso is 

calculated as µ+λ
µ⋅=

ellipsoAA
ee  (where λ and µ are the 

molar masses in kg/mole of the PS and PAA block 
respectively), which assumes comparable densities for 
the two polymers. All receding angles are smaller than 
the experimental limit of 10° and all the samples remain 
wet after complete aspiration of a drop. For the 
advancing angles, there is a transition from very low 
advancing angles (15-25º), that form a plateau at high 
PAA thickness, to high advancing angles (50-60°) at low 
PAA thickness. The hysteresis between the advancing 
and receding contact angles is important. It is interesting 
to remark that hysteresis of contact angles have also been 
measured with PS-b-PAA layers that are not properly 
anchored. However, wetting behavior on such substrates 
is quite different. The receding contact angles can be 
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 caps of 20-
50 nm distant by 50-100 nm have been clearly identified 
by AFM imaging of dry samples. The hysteresis in this 
case is due to the chemical heterogeneity of the surface, 
the areas of bare PS explaining the high advancing 
contact angles. In the case of Figure 10, the contact angle 
hysteresis can not be attributed to chemical 
heterogeneities because AFM characterizations have 
shown that the surface of dry samples consist of dense 
and homogeneous carpet of PAA. On Figure 10, the 
PAA thickness at which the transition of advancing 
angles occurs is indicated by horizontal bars a, b, and c 
for respectively PS-b-PAA 1.8k-6k, 4.3k-19.5k, and 
1.5k-44k. The edges of bars a, b and c correspond to the 
highest eAA with  θA above the plateau of small angles, 
and the lowest eAA with θA at the plateau of small angles. 
Despite the scarcity of data point and the width of the 
bars, it appears that the transition of advancing angles 
occurs at higher PAA thickness for copolymers of longer 
PAA blocks. This suggests that for a given amount of 
PAA, PAA carpets with dense and short hair induce less 
hysteresis than carpets with scarce and long hair. It is 
then tempting to attribute this hysteresis to surface 
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 by the 
temperature or the toluene route (Figure 11). We decided 
to present these data on a separate plot because they 
correspond to some layers that are homogeneous and 
others that are heterogeneous. Still, it appears that there 
is a good continuity between results for all layers. A 
clear wetting transition from partial wetting to total 
wetting is visible on both advancing and receding angles 
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 polyelectrolyte 
brush. The brush is collapsed and dry when exposed to 
air and hydrated and swollen underneath the drop. 
Following the reasoning of the Young-Dupré 
equation15,16,17, we evaluate the infinitesimal work dW 
involved in the displacement of the triple contact line on 
such a complex surface. One can express dW as: 

Eq. 1       
 

⋅γ−+θγ+σ−γ−γ= −−−− dA).Wcos.)1)(((dW airPAA
hyd
PAAairOHPAAPSOHPS 22

 

where γPS-H2O is the interfacial energy between PS and 
water, γH2O-air between water and air, γPAA-PS between PS 
and PAA and γPAA-air between PAA and air. The term 1-σ 
describes the reduction of contact area between PS and 
external phase (water underneath the drop and PAA in 
the dry area) due to surface occupied by the grafting 
sites. These interfacial tension contributions are 
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classically found in the Young-Dupré equation. The 
additional term in Eq. 1 is the work hyd

PAA
W  per unit area 

needed to bring a PAA chain from a dry state to its 
hydrated state in the brush. hyd

PAA
W can be expressed as the 

sum of two components hyd

PAA
W = W1 + W2, where W1 

corresponds to the hydration of a dry PAA chain by 
water at infinite dilution, and W2 corresponds to the 
transfer of PAA chains from a solution at infinite 
dilution to a solution at the concentration of the brush. It 
is interesting to realize that W2 is equivalent to the 
surface pressure of the corresponding diblock layer 
measured with the Langmuir trough at the deposition, 
i.e.W2 = Π. As for W1, it depends on the enthalpy of 
hydration of PAA and on the density of monomers per 
unit area as: 

Eq. 2    
AA

AAhyd
PAA1 M

ed
GW ⋅∆=  

where hyd

PAA
G∆  is the free enthalpy of hydration of PAA 

per mole of monomer (at infinite dilution), MAA is the 
molecular weight of a AA monomer, eAA is the thickness 
of the PAA layer, and d is the density of PAA. Setting 
dW to zero in Eq. 1 and solving for  θ leads the 
expression of the contact angle as:  

Eq. 3 























Π−

∆
−γ+σ−γ−γγ=θ −−−

− AA

AA
hyd
PAA

AirPAAOHPSPSPAA
OHAir M

edG
)1)((1arccos

2
2

 

Total wetting is obtained if the work is negative even for 
θ = 0°. 

Eq. 4     
 

( ) OHAirAirPAAOHPSPSPAA
AA

AA
hyd
PAA

22
)1(

M
edG

−−−− γ−γ+σ−γ−γ≤Π+
∆

 

Π, eAA and σ are accessible experimentally for each 
sample by Langmuir trough and ellipsometry 
measurements. The interfacial tension 

water/air
γ = 72 mN/m 

is well established. The interfacial tension of polystyrene 
with water and air is subject to some uncertainty. We 
found  

air/PS
γ ≈ 40 mN/m and 

O2H/PS
γ ≈ 32 mN/m in one set 

of publication18,19  and 
air/PS

γ ≈ 29 mN/m and 
O2H/PS

γ ≈ 24 

mN/m in an other recent publication20. Note that the two 
set of values are consistent with the Young-Dupré 
equation for a water drop on bare PS making a contact 
angle with water of 83.5-86°. Since PS and PAA are 
strongly immiscible polymer, the interfacial tension 
γPS/PAA can be estimated from the Flory parameter χPS/PAA 
between PS and PAA via the formula: 
 

Eq. 5   mBPAA/PSPAA/PS S/Tk2χ=γ       

where Sm ≈ Vm
2/3 is the area occupied by a monomer, and 

Vm is the molecular volume of a monomer. χPS/PAA is 
established in the literature at 0.4 21. Based on a density 
of PS of 1.0522, the molecular volume for PS is Vm ≈ 165 
Å3. For dry PAA in the protonated form, it is established 
in the literature that Vm ≈ 74 Å3. Eq. 5 supposes that PS 
and PAA have the same monomer size. Taking a median 
value of 120 Å3, we find γPS/PAA ≈ 13.5 mN/m. By 
comparison with other acrylate polymers, e.g. poly(n-
butylacrylate) PBA (γPBA-air ≈ 31 mN/m18), or 
poly(diethyleneglycol ethylether acrylate) PDEGA 
(γDEGA-air ≈ 33-35 mN/m23), the interfacial tension 
between PAA and air γPAA-air can be estimated around 35 
mN/m. In Eq. 3, hyd

PAA
G∆  is finally the only unknown. On 

Figure 11, the model fits satisfactorily the experimental 
data with a value hyd

PAA
G∆ = - 1200 to -1400 J/mol 

depending on the interfacial value
O2H/PS

γ that we use. 

These values corresponds to approximately ½ kT per 
monomer. As a comparison, it is possible to  calculate 

hyd

PAA
G∆ from experimental data24 of the molar fraction x1 

of water in PAA versus the partial pressure p1 of water in 
the gas phase. The calculation is detailed in the annex 
and lead to hyd

PAA
G∆ =  –1500 J/mol for a PAA sample of 

molar mass 4.103 g/mol. Given the imprecision in the 
determination of hyd

PAA
G∆ from the wetting data and from 

the hydration data, the consistency is quite remarkable. 
As hyd

PAA
G∆ 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 model to all 
polymer samples with hyd

PAA
G∆ = - 1300 J/mol. The results 

of the calculation that are reported on Figure 10. the 
model shows that the wetting is hardly dependant on the 
molar mass of the sample used. The curves for 4.3k-
19.5k and 1.5k-44k are even undistinguishable. This is in 
good agreement with experimental observations. We 
have also checked that the role played by the area 
fraction σ occupied by the grafting site in the area of the 
transition is totally negligible. The maximum value of σ 
below the wetting transition for all samples remains 
below 0.04. In the calculation, the small influence of the 
molar mass on the wetting transition against the molar 
mass of the PAA chains comes from the internal surface 
pressure Π inside the brush. The term 

O2HAirAirPAAO2HPSPSPAA −−−− γ−γ+γ−γ ≈ -55 mN/m in Eq. 3 is 

much larger than the interfacial pressure Π at which the 
wetting transition occurs, i.e. around 3- 4 mN/m. This 
explains why the transition is hardly dependant on the 
length of PAA chains. With a less hydrophilic polymer 
than PAA, wetting transitions obviously occur at higher 
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amounts of polymer deposited. The relative importance 
of grafting sites area and internal pressure Π in Eq. 3 
would then be larger, and the model predicts an 
important effect dependence of the molar masses of the 
grafted polymer on the wetting transition with eAA. With 
a less hydrophilic polymer, other effects may have to be 
taken into account in the wetting properties. Cohen 
Stuart et al.10 have studied the wetting of PEO brushes. 
They found an increase the hydrophilicity of substrates 
by PEO brushes but they never obtained a transition to 
total wetting. The authors have attributed this weak 
hydrophilization effect of PEO brushes to a bridging 
between the substrate and the air/water interface by 
grafted PEO chains. Indeed, PEO chains are well known 
for anchoring at an air/water interface25. In their view, 
this bridging effect retards spreading. Homogeneous and 
dense grafted monolayers of moderately hydrophilic 
chains that are able to promote a transition to total 
wetting would be a nice system to test further our model 
and the hypothesis of air/water surface bridging. We also 
note that our model predicts that layers of short molar 
masses PAA are less wetting than layers of large molar 
masses PAA, for a given PAA amount. This is opposite 
to the tendency observed with the advancing angles. This 
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 scale, i.e. a carpet 
of short and dense hair against a carpet of scarce and 
long hair, is somehow comforted. It is interesting to 
comment our data in the light of Halpering and de 
Gennes1 predictions. We confirm that a transition to 
complete wetting can be induced by grafting a polymer 
brush in good solvent conditions to a hydrophobic 
substrate. Whereas the transition in their case of neutral 
polymer was driven by the entropy of dissolution of the 
polymer, the transition with a polyelectrolyte is driven 
by both the entropy of dissolution of the polymer chains 
and the counter ions26. In spreading conditions, they 
predict the wetting film thickness versus the spreading 
coefficient S. However, they consider the case a non-
volatile solvent and their predictions are not adapted to 
water, which is highly volatile. Experimentally, the study 
of the equilibrium thickness of a wetting film in total 
wetting conditions, would require a precise control of air 
humidity content, which was not done in this work. From 
a fundamental point of view, a wetting study of the same 
“hydrophobic-hydrophilic” surface by non volatile 
solvent would therefore be enlightening. One can think 
of a hydration transition versus eAA in a water saturated 
atmosphere, since the physical condition driving 
hydration and wetting of a complex “hydrophilic-
hydrophobic” surface are similar. A hydration study by 
X-ray reflectivity would permit to characterize the 
hydration properties and the eventual formation of 
hydration gradients in the polymer brush. By the same 

token, in order to complement the wetting study, it 
would be interesting to investigate the structure of the 
drop edge in the partial wetting conditions at a 
microscopic scale. It can not be discarded that a hydrated 
film forms ahead of the macroscopic edge, its growth 
being frustrated by evaporation.  
 
4. Conclusion. 
 We have presented an experimental and theoretical 
study of the wetting by water of complex “hydrophobic-
hydrophilic” surfaces made of a hydrophobic substrate 
covered by a highly hydrophilic polymer brush. For the 
preparation of model samples, we used polystyrene 
layers spin-coated on silicon wafers and covered with 
polystyrene-b-poly(acrylic acid) PS-b-PAA. The diblock 
copolymers layers were fabricated by Langmuir-
Schaefer depositions and analyzed by AFM and 
ellipsometry. On poorly anchored layers, we observed 
large contact angle hystereses that have been attributed 
to nanometric scale dewetting of the polymer monolayer. 
On well-anchored monolayers, that form dense and flat 
brushes in the dry state, a wetting transition occurs 
versus the amount deposited. This confirms the 
prediction by Halperin and de Gennes 1 that a brush in 
good solvent condition can overcompensate the 
hydrophobicity of the underneath substrate and create 
total wetting conditions . We propose a model, that takes 
into account the finite concentration of the hydrophilic 
block inside the brush, through the air/water interfacial 
pressure Π of the brush and the free enthalpy of 
hydration the polyelectrolyte monomers hyd

PAA
G∆ . The 

originality and strength of the model is that all interfacial 
tensions between PS, PAA, water and air as well as the 
pressure in the brush Π can be measured or calculated. 

hyd

PAA
G∆ is the only fitting parameter and is the same for 

all grafting conditions (polymer length, grafting density). 
With hyd

PAA
G∆ = -1300 J/mol, the model renders the 

wetting transition for all samples and explains why, with 
PAA as hydrophilic agent, the wetting transitions depend 
mainly on the average thickness of the brush and weakly 
on the length of chains. We also found that this value of 

hyd

PAA
G∆ is remarkably consistent with determination based 

on PAA hydration experiments against water partial 
pressure, which reinforce the validity of the wetting 
model. In future work, it would be interesting to test the 
model with less hydrophilic polymer than PAA, for 
which the model predicts a significant (and therefore 
detectable) effect of the molar mass of the polymer on 
the wetting transition. The region in the vicinity of the 
edge drop remains to be investigated at the microscopic 
scale in order to get a better insight into the eventual 
hydration of the brush ahead of the drop and the role of 
evaporation of the solvent from this hydrated thin film. 
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Annex 
The free Gibbs enthalpy of hydration of PAA at infinite 
dilution per mole of monomer hyd

PAA
G∆  can be extracted 

from experimental measurements of the molar fraction x1 
of water in PAA against the partial pressure p1 of water 
in the gas phase. The chemical potential of the water is 
equal to : 

Eq. 6     ( )0
11

0
11 p/plnRT+µ=µ  

where 0

1
µ  is the chemical potential of pure water. By 

application of the Gibbs-Duhem equation, the chemical 

potential of PAA 
2

µ can be expressed as : 

Eq. 7     ( ) 1
1

1

1x

0 11

10
22 dx

x
p

px1
x

RT ∂
∂

−−µ=µ ∫  

where 0

2
µ is the chemical potential of pure PAA. The 

change of Gibbs energy free when N1 moles of water and 
N2 moles of PAA are mixed is equal to :  

Eq. 8     ( ) ( )0
222

0
111f NNG µ−µ+µ−µ=∆  

In order to get hyd

PAA
G∆ , one has to divide Eq. 8  by N2 and 

take the value at x1 ≈ 1. This leads to: 

Eq. 9   

 ( ) 1
1

1

1x

0 11

1

11X

0
1

1

1

1hyd
PAA dx

x
p

p1x
x

RT
p

p
LnRT

x1
x

G ∂
∂

−+























−=∆ ∫
→

 

With a first order development of the logarithm term , 
we finally obtain : 

Eq. 10   

 
( )

( ) 











∂
∂

−+∂∂−=∆ ∫
→

1
1

1

1x

0 11

1

11X
1

0
11hyd

PAA dx
x
p

p1x
x

x
p/p

RTG  

hyd

PAA
G∆ 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 limit 

x1→1, the term
1

1

x
p

∂
∂

is necessarily null for the integral to 

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

calculate the derivative 
( )

1

0
11

x
p/p

∂∂  and 
1

1

x
p

∂
∂

 by taking the 

difference 
( )

1

0
11

x
p/p

∆∆ and 
1

1

x
p

∆
∆

 between the experimental 

point at the highest x1 on Figure 13 and the theoretical 
point x1= 1 and 0

11
p/p = 1. In the limits of this 

approximation, we find hyd

PAA
G∆ =-1500 J/mol for a sample 

of molar mass M= 4.103 g/M (Figure 13). 
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Tables 
 

 hPS 1
h  PS

2
h  

PAA

2
h  Total thickness 

Model 1 118.7 7.1 - - 125.8 
Model 2 118.7 - 121.3 4.0 125.3 

 
Table 1: Thicknesses determined by ellipsometry of the PS subphase (hPS) and of the deposited diblock layer by model 1 
(

1
h ) and model 2 ( PS

2
h  and PAA

2
h ) for a PS-b-PAA 1.8k-6k layer deposited at 21 mN/m. 
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List of Figures : 

 
Figure 1: Isotherms of compression on pure water of PS-PAA diblock copolymers 1.6k-6k (green), 4.3k-19.5k (blue) and 
1.5k-44k (orange). The amount of spreading solution is either 50 µL (light colors ) or 100 µL (dark colors). The area 
indicated correspond to rw areas calculated from the amount of copolymer deposited. 
 
 

 

Figure 2: Schematic of PS-b-PAA copolymer chains a) deposited on PS without annealing, the chains can detach or move, 
b) after annealing, the chains are entangled and immobilized in the PS sublayer. c) PS sublayer thickness versus toluene 
composition X of toluene in water. 



 10

 

Figure 3: AFM images of PS-b-PAA 4.3k-19.5k monolayers deposited at 4.5mN/m.a) without annealing treatment – RMS 
Roughness = 1.50 nm, b) annealed by the toluene method- RMS Roughness = 0.86 nm, c) annealed by the temperature 
method - RMS Roughness = 0.67nm. 

 

Figure 4: AFM images of PS-b-PAA monolayers deposited at 4.5mN/m and annealed by the toluene method: a) 1.8k-6k, 
holes: 3-5nm eellipso =4.72 nm, b) 4.3k-19.5k, holes: 4-5nm eellipso = 3.59 nm, and c) 1.5k-44k, holes : 3-4nm eellipso = 3.66 
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nm.

 

Figure 5: Ellipsometric data cos∆ (squares) and TanΠ (dots) before (hollow symbols) and after (dark symbols) deposition 
of a PS-b-PAA 1.8k-6k monolayer at Π = 21 mN/m. The lines corresponds to fits without (- - -) and with (——) the 
monolayer. The thickness of the PS substrate is found at 120 nm and of the PS-b-PAA monolayer at e = 7 nm.  

 

 

 

Figure 6: Ellipsometric thickness eellipso versus Langmuir thickness eLangmuir calculated from the amount of copolymers 
spread at the air/water interface. 



 12

 
Figure 7: AFM images of PS-b-PAA 4.3k-19.5k monolayers after deposition and annealing a) deposition at Π = 21 mN/m, 
Rms Roughness = 0.27 nm, b) deposition at Π = 13 mN/m, Rms Roughness = 0.33nm. 
 
 
 
 
 
 
 

 
Figure 8: a) AFM image of PS-PAA 4.3k-19.5k layer deposited at 25 mN/m, 5µmx5µm and cracked, b) profile and cartoon 
of the organization of the copolymer chains at the surface. 
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Figure 9: AFM images of PS-PAA 4.3k-19.5k layers deposited at a) 4.5mN/m, b) 2.5mN/m, c) 2.5mN/m:3, d) 2.5mN/m:5. 

 
Figure 10: Water contact angles versus PAA thickness eAA with samples annealed by the toluene method for PS-b-PAA 
1.8k-6k (triangles▲ ∆), 4.3k-19.5k (squares □ ■) and 1.5k-44k (dots ● o ). Hollow symbols correspond to advancing 
angles and full symbols to receding angles. The horizontal bars materialize the approximate position of the wetting 
transition observed with the advancing angles in the case of PS-b-PAA a) 1.8k-6k b) 4.3k-19.5k and c) 1.5k-44k. The lines 
correspond to fits by Eq. 5 with hyd

PAA
G∆ = -1300 J/mol for PS-b-PAA 1.8k-6k (- - -), 4.3k-19.5k (——) and 1.5k-44k (       ).  
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Figure 11: Wetting results –Contact angles versus PAA thickness for PS-PAA 4.3k-19.5k – Hollow symbols correspond to 
advancing angles and full symbols to receding angles. The data correspond either to samples annealed by the temperature 
method (circles) or the toluene method (triangles). The solid line corresponds to fits by Eq. 5 with hyd

PAA
G∆ = -1300 J/mol. 

 
 
 
 
 

 
Figure 12: Illustration of the thermodynamic model, which takes into account the interfacial energies γPS/H2O, γH2O/air, 
γPS/PAA, γPAA/air, the enthalpy of hydration of AA monomers hyd

PAA
G∆ , and the interfacial pressure inside the brush Π. 
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Figure 13: Experimental measurements of the molar fraction x1 of water in PAA versus the partial pressure p1 of water in 
the gas phase for a PAA of molar mass M= 4,000 g/M. These data have been published by Safronov et al.24  
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