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ABSTRACT: Competitive adsorption kinetics of three diblock copolymers, a poly(dimethyl siloxane)-
poly(ethylene oxide) and two polystyrene-poly(ethylene oxide), at a hydrophobic solid-oil —water interface
are investigated, under a nonuniform distribution of the copolymer in the aqueous phase. When exposed
to a variable concentration profile of the copolymer, the solid-oil—water interface evolves through a time-
dependent shape reconformation of the captive oil drop, which, for the two copolymers, reveals some
strong qualitative differences. While the poly(dimethyl siloxane)-poly(ethylene oxide) adsorption results
in a monotonically or stepwise shrinking of the captive drop in the whole range of the kinetics, the two
polystyrene compounds exhibit a autophobic-like transition (early spreading/late stage shrinking). Based
on the similarity in the number fraction of ethylene oxide units in the poly(dimethyl siloxane)-poly-
(ethylene oxide) and one of the polystyrene compounds, this adsorption induced wetting singularity is
interpreted in terms of i) the competition between bulk retention and interface adsorption and, ii) the
conformation and rearrangement barrier of the adsorbed segments, both driven by the polystyrene chain.

Introduction

Diblocks of polystyrene—poly(ethylene oxide) are
among the most representative amphiphilic copolymers,
both for their wide use in applications and the important
literature dedicated to their fundamental investiga-
tions.1710 This special and increasing interest is prima-
rily driven by the variety of physicochemical properties
exhibited by the two blocks of these molecules, which
emerge in an equal richness of physical behavior of the
PS-b-PEO, depending on the interacting environment
(bulk, solvent, surface). Among these, one can mention
(i) their basic interfacial activity in lowering the inter-
facial tension and compatibilizing two nonmiscible
phases, (ii) their ability to stabilize through steric effects
colloidal dispersions, and (iii) their self-organizing
properties at mesoscopic length scale.® For all these
reasons and some of the singularities related to its
adsorption,387 PS-b-PEO, either as neat material, in
solution, or at interfaces, still remains attractive. As
regards the bulk properties of PS-b-PEO diblocks in
solution (micellization, diffusion coefficient, hydrody-
namic radius) and their adsorption onto simple liquid—
air, liquid—liquid, or solid—liquid interfaces, important
results and data already exist from the above investi-
gations.1~10 Still, these investigations often take place
in homogeneous copolymer solutions, whereas the ad-
sorption involves one single interface (oil—water or
solid—water). The distinctive contribution and interest
of the present work is that it addresses the competitive
adsorption kinetics of these copolymers (PS-b-PEO
versus PDMS-b-PEOQ) from a nonuniform solution, onto
the triple phase contact zone (TPC) of a solid—oil—water
(s—o—w) system. The nonuniform character here refers
to the existence of a concentration profile of the copoly-
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mer within the solution, which results, around the triple
phase contact zone, in a time-dependent flux and
competitive adsorption onto the interfaces (see below).
Three diblock copolymers of low molecular weight (My,)
were used, a poly(dimethyl siloxane)—poly(ethylene
oxide), PDMS-b-PEO (600—2400), and two polystyrene—
poly(ethylene oxide)s, PS-b-PEO (1000—1000) and PS-
b-PEO (1000—3000). The two numbers in the paren-
theses refer respectively to the molecular weight of the
hydrophobic (PDMS and PS) and hydrophilic (PEO) side
of the copolymers. These copolymers, especially the PS-
b-PEO (1000—3000) and PDMS-b-PEO (600—2400),
have similar number fraction ¢ = [Npms/(Nbms + Neo)]
~ [ns/(ns + Ngo)] & 0.13, where npus (=8) and ngo (=55)
represent the number of dimethyl siloxane and ethylene
oxide units in PDMS-b-PEO and ns (=10) and ngo (=68)
the number of styrene and ethylene oxide units in PS-
b-PEO (1000—3000). The adsorption kinetics of these
copolymers onto the (s—o—w) triple phase system is
investigated under a nonuniform distribution of the
copolymer in the surrounding water phase. The time
evolution of this competitive adsorption is assessed from
the shape reconformation [radius R(t) and contact angle
6(t)] of the oil drop which is confined between the solid
and the surrounding aqueous solution. Under these
conditions, it is shown that the adsorption of the PDMS-
b-PEO copolymer results in a monotonically or stepwise
shrinking of the drop radius R(t), whereas the two PS-
b-PEO copolymers systematically evolve through an
early stage spreading, followed by a late stage shrinking
toward equilibrium. Related to this singularity, the final
magnitude of reconformation in the drop shape, R(t.)
and 0O(t.), is significantly lower for the PS-b-PEO
copolymers, as compared to those observed with PDMS-
b-PEO or small nonionic alkyl poly(ethylene oxide)
surfactants in earlier investigations.!* The kinetics of
these competitive adsorption and, especially, the sin-
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gularity related to PS-b-PEO diblocks are discussed in
this report, based on both energy and entropy consid-
erations which mainly involve the PS and PDMS
hydrophobic side chains.

Experimental Section

The two PS-b-PEO diblocks of general formula (CH,-
CHCg¢Hs)n—(OCH,CH,)mOH and respective molecular weights
(1000—1000) and (1000—3000) for the PS and PEO blocks were
from Goldschmidt AG. The index of polydispersity (M./Mp) for
these copolymers was 1.12, as determined by gel permeation.*?
These amphiphilic copolymers have been extensively studied
in bulk solutions, both by neutron, light scattering, surface
tension, and fluorescence techniques, leading to an average
critical micelle concentration (cmc) at the aqueous solution/
air interface of$1° ~ 2.5 x 1075 g/mL (= 6 x 1076 mol/L) for
the PS-b-PEO (1000—3000) and ~ 3.7 x 107% mol/L for the
PS-b-PEO (1000—1000). From the same investigations, a
diffusion coefficient Do ~ 1071t m?/s at 25 °C and a hydrody-
namic radius Ry ~ 15 nm were determined for diblock dilute
solutions (0 to ~cmc) of PS-b-PEO (1000—3000). The methyl-
terminated PDMS-b-PEO copolymer of general formula CH3-
[-OSi(CH3)2]n—(OCH,CH>),mOH has a dimethyl siloxane and
ethylene oxide molecular weight of 600 and 2400, respectively,
and was supplied by Polysciences, Inc., Eppelheim, Germany.
The cmc of this surfactant-like copolymer as we determined
by surface tension measurement at aqueous solution/air
interface, using the Wilhelmy plate method, is ~ 102 g/mL
(~3.3 x 107* mol/L). This value is about 2 orders higher than
the limit of free monomer solubility of PS-b-PEO (1000—3000).
Two structural numbers are used to characterize the intrinsic
hydrophobic—hydrophilic balance of the two reference copoly-
mers, PS-b-PEO (1000—3000) and PDMS-b-PEO (600—2400).
These are (i) the number of dimethyl siloxane (DMS) and
styrene (S) units in the hydrophobic chains, npus = 8 and ns
= 10, and (ii) the number fractions ¢pms = [Noms/(Npbms + Neo)]
and ¢s = [ns/(ns + neo)], respectively, equal to ~ 0.13, for a
number of ethylene oxide units ngo in PS—PEO (1000—300)
and PDMS—PEO equal to 68 and 55. Both copolymers were
used as received, without any further purification. The oil
phase used in these experiments, a squalane (C30) of 99%
purity from Aldrich had a density p = 0.810, a viscosity n =
21 mPa-s, and a surface tension y of 28.5 mN/m as measured
by the Wilhelmy plate method. For both experiments, a
deionized and doubly distilled freshwater of surface tension y
= 72.3 mN/m was used. The solid substrates were methyl-
terminated hydrophobic molecular films of n-hexadecyltrichlo-
rosilane, Cl3Si(CH2)15sCHj3 (referred to as HTS), self-assembled
onto silicon wafers. The elaboration of these molecular films
first involves the cleaning of the silicon wafers in a piranha
solution (H20,/H,SO,, 3/7 viv), followed by a thorough rinsing
with pure water. This pretreatment is aimed to develop a high
silanol density at the silicon surface where the chlorosilane
will self-assemble upon hydrolysis. The self-assembling is
achieved by immersing for 12 h (at 20 °C) the clean silicon
wafers into millimolar solutions of HTS in carbon tetrachlo-
ride. A detailed description of this surface modification has
been presented elsewhere.'* The surface energy of these model
hydrophobic surfaces mainly exposing a methyl carpet was ys
= 21.5 mN/m, and their dynamic contact angles at advancing
and receding against water were respectively 6, = 115° and
Or = 105°, at a velocity of the triple line = 20 um/s.

Adsorption Kinetics. The experimental setup is shown in
Figure 1 and is basically composed of a polystyrene working
cell divided into three compartments of equal size which
communicate through two holes. The substrate is first placed
in the central compartment, and about 10 mL of freshwater
is introduced in this cell. About 2 uL of squalane (C30) droplet
is then deposited onto the substrate, leading to the formation
of the virgin triple phase contact: the substrate/captive drop/
surrounding water. The whole setup is allowed for about 30
min to equilibrate at the temperature of the experiments which
is set at 22 °C. The resulting contact angle of the drop in this
virgin system is 22° £ 2 upon equilibration and remains stable
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Figure 1. Schematic side view of the experimental setup. The
central compartment is deliberately enlarged for details.

about this initial value at least over 10 h, as we verified in a
reference experiment. The nonuniform distribution of the
copolymer in the aqueous phase is produced by allowing the
homogeneous copolymer solutions initially prepared in the
lateral compartments to diffuse toward the central one con-
taining the virgin system (solid—drop—pure water). Prior to
this operation, the lateral compartments are disconnected from
the central one by plugging the two holes with a paraffin film,
and the homogeneous lateral compartments solutions (reser-
voirs = diffusion sources) are prepared by introducing a small
amount (<500 uL) of a fresh copolymer stock solution to give
a diffusion source concentration Cs, in each lateral reservoir.
Upon equilibration of the whole system, the (s—o0—w) interface
and reservoir solutions, the holes are unplugged, allowing the
reservoirs to diffuse toward the (s—o—w) triple phase contact,
in the central compartment. This way, a symmetrical spacio—
temporal concentration profile C(r,t) is established with respect
to the captive drop, leading to a time-dependent local flux J(t)
of copolymers around the triple phase contact zone (TPC),
which in the low concentration approximation or in the early
stage of the adsorption scales as J(t, TPC) ~ —D[dC(r,t)/dt]. A
time-dependent adsorption then sets onto the interfaces, which
kinetics are a function of the magnitude of the flux J(t, TPI).
For the given experimental setup and system shown in Figure
1, this interfacial flux is essentially determined by the
concentration of the diffusion sources (reservoirs), Cs, which
in these experiments lies between 1.5 and 45 times the cmc
per reservoir. The volume of water being identical in each
compartment, the final equilibrium bulk concentration in the
working cell at infinite time (C.,) spans from ~1 to ~30 times
the cmc.

In the following, we will mainly refer to the physical
parameters which completely characterize our experiments,
the copolymer concentration in the reservoirs Cs, and related
final bulk concentration (at equilibrium) in the working cell,
C.. While the former governs the adsorption kinetics through
the magnitude and time dependence of the local flux J(TPC,
t), the later accounts for the maximum attainable magnitude
of reconformation by the system at the thermodynamic equi-
librium, both being related by a simple proportion.

The adsorption kinetics and related shape reconformation
of the captive drop [R(t), 6(t)] were recorded using an automatic
contact angle analyzer (Kriss G2), fitted with a video camera
device. The drop radius is given in pixel units, the initial size
(t =0) being on average 2R(0) = 500 pixels (~2.5 mm). Typical
time intervals of data acquisition were 30 s, for the initial stage
of the Kinetics, and 1—5 min for the late stage. It is worth
mentioning here that the polystyrene cell chosen for experi-
mental convenience (realization of compartments and holes)
has no noticeable incidence on the experimental results, at
least for these copolymers and within the limit of concentra-
tions used. This has been checked by using a glass cell under
slightly different setup but for similar concentration profiles
C(r,t) and identical equilibrium bulk concentrations C.. Though
less reproducible, these results were comparable in both the
time evolution and magnitude of the drop shape reconforma-
tion to the optimized polystyrene cell setup. For all the
experimental data presented in the following, the reproduc-
ibility of the results regarding the basic phenomenon under
consideration (wetting inversion with PS-b-PEO versus mono-
tonic shrinking of the drop with PDMS-b-PEO and their
relative magnitude) has been verified over three series of
experiments, for each diffusion source concentration Cs.
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Figure 2. Adsorption Kkinetics of PDMS-b-PEO (600—2400)
in normalized drop radius R(t) and contact angle 6(t): (curve
a) left-hand side ordinate (AR/R), diffusion source concentra-
tion Cs = 1.5 cmc; (curve b) right-hand side ordinate (A6/6),
diffusion source concentration Cs = 1.5 cmc; (curve c) left-hand
side ordinate (AR/R), diffusion source concentration Cs = 7.5
X cmc.

Further, even under less well performed experimental condi-
tions leading to less symmetrical shape reconformation of the
drop, this characteristic singularity is observed for the time
evolution of PS-b-PEO, as compared to PDMS-b-PEO. On the
other hand, the dispersion on these results, as expressed by
the absolute value of the time-dependent drop parameter R(t)
for a given concentration profile (diffusion source concentration
Cs), was ¢[R(t)] = +10 pixel units. This dispersion is reasonable
for such dynamic experiment, since it involves both the
dispersion on the initial value ¢[R(0)], the zero time lag, and
intrinsic spacio—temporal fluctuations of the concentration
profile within a series of experiments.

Results and Discussion

The adsorption kinetics for the PDMS-b-PEO onto the
(s-C30-w) are given in Figure 2. The different curves
represent the time evolution of the captive C30 drop
parameters, AR(t)/Ro and A6(t)/6o, for a concentration
of the diffusion source Cs per reservoir respectively
equals 1.5 cmc (curve a and b in normalized radius and
contact angle) and 7.5 times cmc (curve ¢ in normalized
radius). The equilibrium bulk concentration in the
working cell, C., corresponding to these diffusion sources
of 1.5 and 7.5 times the cmc are respectively C.,= 1 and
5 times the cmc. Except for the initial short transient
spreading (<2 min) observed in some of the experiments
and which magnitude generally lies within the experi-
mental dispersion, these adsorption kinetics are mainly
characterized by a monotonically (or stepwise) shrinking
of the confined drop radius toward the final equilibrium
state. Because of the strong hydrophobic nature of the
“HTS (methyl carpet)/C30” interface and the relative
importance of the PEO group in these amphiphilic
copolymers, their extraction from the aqueous phase
(bulk water or s—w interface) and transfer (adsorption)
to the (HTS/C30) interface will involve a much too high
energy. One then can reasonably assume, for these
systems, that none of these amphilphilic diblocks is
brought to the (s—C30) interface which therefore re-
mains free from adsorption, leading to zero time depen-
dence of its interface tension, dyso(t) = 0. On the basis
of this assumption, the shape reconformation of the
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Figure 3. Adsorption Kinetics of PS-b-PEO copolymers in
normalized drop radius: (curve a) PS-b-PEO (1000—1000) at
a diffusion source concentration Cs = 4.5 x cmc; (curve b) PS-
b-PEO (1000—3000) at a diffusion source concentration Cs =
22 x cmc; (curve c¢) PS-b-PEO (1000—3000) at a diffusion
source concentration Cs = 45 x cmc.

system during the adsorption is accounted for'! by the
time dependence of the Young equation

Ysw(t) = 750(0) = ywo(t) cos 6(t) (1)
which time derivative gives

dysw(t) — cos 6(t) dyyo(t) + [sin 6(t) dO]ly\y(t) =0
2

Since the last term of eq 2 represents the contribution
from the normal wetting force, the unique contribution
from this time derivatives of the surface forces which
drives the in-plane motion (spreading/shrinking) of the
triple phase line (TPL) is therefore dysw(t) — cos 6(t)
dywo(t). For all our systems where 6(t) ranges from
about 25° up to 70° cos 6(t) is a strictly positive
guantity. Since the adsorption at both (s—w) and (0—
w) interfaces results in an interfacial tension decrease
(dy(t) < 0), the condition for [dysw(t) — cos 6(t) dywo(t)]
to be < 0, leading to a monotonically or stepwise
shrinking of the drop (Figure 2), finally amounts to
[dysw(t)] = |dywo(t)| cos O(t). Therefore, the magnitude
of the surface tension reduction at the (s—w) interface
should predominate, during the Kinetics, that of the in-
plane component resulting from the (o—w) interface.
This thermodynamic situation is simply expressed by
a time-dependent unbalanced Young force, F(t) =
dysw(t) — cos 6(t) dywo(t), which for the PDMS-b-PEO
diblock is < 0, driving the retraction of the TPL
(shrinking) as essentially observed in Figure 2.

The adsorption kinetics of the two PS-b-PEO diblocks,
the (1000—1000) and (1000—3000), are shown in Figure
3. The curve a represents the PS-b-PEO(1000—1000),
for a concentration of the diffusion source Cs = 4.5 times
the cmc per reservoir and a final bulk equilibrium
concentration in the working cell = 3 times the cmc.
The curves b and c represent the PS-b-PEO (1000—
3000) adsorption kinetics, for a reservoir concentration
Cs respectively equal to 22 and 45 times the cmc. The
bulk concentrations in the working cell at equilibrium,
C., corresponding to these diffusion sources are respec-
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tively 15 and 30 times the cmc. As it appears in Figure
3, the adsorption kinetics of these PS-b-PEO copolymers
are characterized, as compared to the PDMS-b-PEO
(Figure 2), by a singularity which clearly shows up in a
wetting inversion (early stage spreading/late stage
shrinking). Interestingly, this wetting inversion, as well
as the characteristic time involved in the early stage
spreading which is on the order of 25 min, are both
independent of the concentration Cs of the diffusion
source and molecular weight, (1000—1000) or (1000—
3000), of PS-b-PEO copolymers. Related to the wetting
singularity induced by the adsorption of the PS-b-PEO
copolymers, a much lower magnitude in the shape
reconformation of the captive drop is observed in both
spreading and shrinking modes, as compared to the
PDMS-b-PEO diblock. For instance, at a diffusion source
concentration Cs (in unit cmc) equals to 45 (Figure 3,
curve ¢), a magnitude |AR(t)/Ro| < 0.05 is observed on
the equilibrium plateau for PS-b-PEO (1000—3000),
against 0.25 for PDMS-b-PEO at Cs = 1.5 cmc (Figure
2, curve a). Because both PS-b-PEO (1000—3000) and
PDMS-b-PEO (600—2400) have quite an identical hy-
drophilic/hydrophobic balance as estimated above by
their number fractions ¢pwms & ¢s =~ 0.13, for ns ~ Npms
and comparable ngo, the qualitative difference exhibited
by these copolymers may then arise from some specific
behavior of the hydrophobic PS and PDMS groups
during the competitive adsorption kinetics. If one starts
from the aforementioned time-dependent driving force
for the shape reconformation of the captive drop, the
initial spreading stage observed with PS-b-PEO then
reads F(t) = dysw(t) — cos 8(t) dywo(t) > 0, which implies
that |dysw(t)] > |dywo(t)| cos O(t), dy being < 0 in both
cases. In term of the competition between the interfaces,
this means that the incorporation kinetics of the PS-b-
PEO (adsorbed amount T/unit time) at the (o—w)
interface predominates, leading thereby to a stronger
reduction in ywo(t), as compared to ysw(t) at the (s—w)
interface. The overall picture of this competition in the
initial stage is the spreading of the captive drop.
Intuitively, one also could expect a strong adsorption
of the PS-b-PEO at the (s—w) interface because of the
hydrophobic PS group, which higher interfacial tension
against water could drive a lower retention in the bulk
aqueous phase, as compared to DMS chains (ypus-w ~
39.5 mN/m). The low (s—w) interface adsorption of PS-
b-PEO in this initial stage, given at first approximation
by the Gibbs relation, T'(t) ~ (—RT)™! dysw(t)[C(t)/
dC(t)], can reasonably be accounted for by the high
energy barrier associated with the PS-b-PEO incorpora-
tion at the (s—w) interface, AF = AU — TAS. This free
energy should be low enough to overcome the bulk
retention of the copolymer, even in a relatively poor sol-
vent of the hydrophobic tail as is water for PS. Assuming
the variation in the interaction energy AU to be roughly
comparable for both PS-b-PEO (1000—3000) and PDMS-
b-PEO upon adsorption, the leading term in the above
barrier is the configurational (entropy) constraint re-
sulting from the confinement of the PS chains at the
(s—w) interface. Though any adsorption process is
accompanied with this entropy penalty (—TAS > 0), the
magnitude of this barrier is strongly dependent on the
nature and structural (conformational) flexibility (rigid-
ity) of the molecule. As compared to the highly flexible
DMS chains,!3 the intrinsic structural rigidity of the PS
chains,® mainly due to the phenyl rings, will contribute
to increase both the height of the barrier (—=TAS) and
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the characteristic relaxation time of interfacial rear-
rangement of the adsorbed chains. Very roughly, the
bulk configuration entropy Sg can be related to the
molecular volume Qg ~ (Rg)® as Sg ~ 3k(In Rg), where
Rg is the radius of gyration of the chain and k the
Boltzmann’s constant. The entropy in the adsorbed state
can be related in a similar way to the area wa = 7(Rg)?
as Sa ~ 2k(In Rg) for molecules such as PDMS chains
which can explore by segmental flexibility the whole
interfacial area (configurations)

Re 27
wA={RdR{d(p

For PDMS-b-PEO, the corresponding entropy penalty
is simply given by (Sa — Sg) ~ k In(1/Rg). For the less
flexible PS chains adsorbed at the (s—w) interface, the
“areal” configuration is reduced from wa ~ 7(Rg)? to
about

Re 2w
wa~ [ RAR [dg=a(Rs — 6%
0>0 0

the configurational occupancy along the dimension
extending from R 2 0 (maximum folded chain) to R =
Rc (fully stretched chain), being restricted to some
corona of width (Rg — d). The corresponding entropy
variation is much higher, as compared to PDMS chains,

(Sa — Sp) ~ kIN[(Rg® — 6%)/RS]

the difference being on the order of In(1 — 6%/Rs?) and
arising in a higher PS adsorption barrier AF through
(=TAS). Within this picture of less conformational
flexibility of the PS chains against PDMS,!3 the entropy
and conformation limited adsorption appears to be the
driving mechanism for the spreading of the captive drop
observed in the early stage of the adsorption kinetics of
PS-b-PEO copolymers. Along with this wetting inversion
related to the above specific features of the PS chain as
the hydrophobic side of these PS-b-PEO copolymers, one
can interestingly mention the influence of the diffusion
source concentration Cs as this appears through relative
magnitude of the drop shape reconformation, at differ-
ent Cs (Figure 3). Though not systematically investi-
gated over a sufficiently wide range of concentrations,
a clear decrease in both the magnitude |AR(t)/Ro| and
characteristic time scale involved in the wetting inver-
sion were observed in a fairly reproducible way, at high
diffusion source concentration (Figure 3, curves a and
¢). In fact, such a dependence is physically relevant,
since an increase in Cs would result at the triple phase
line in a higher flux J(TPL, t = 0), in the early time of
the kinetic. As a consequence, the higher subsurface
concentration C(TPL, t = 0) and chemical potential
difference Ausw established at the (s—w) interface will
drive an adsorption amount T'sw, which is enough
important to significantly lower the interfacial tension
through dysw(t = 0) ~ —RTTsw[dC/C]i=o. Along with
that lowering in ysw, both the time scale and magnitude
of the initial spreading force on the captive drop are
significantly reduced, leading to the observed modifica-
tion in the Young force balance, as discussed above, from
eqs 1 and 2.

Conclusion

We have investigated the competitive adsorption
kinetics of two standard low molecular weight diblock
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copolymers, PS-b-PEO and PDMS-b-PEO, from strongly
nonuniform solutions, onto the triple phase interface of
a (solid—oil—water) system. Simple experimental setup
and surface thermodynamics are used and shown to be
as efficient and powerful as most of light scattering
techniques in revealing subtle molecular events at
interfaces. These investigations revealed some unex-
pected singularities in the adsorption Kinetics of PS-b-
PEO copolymers against PDMS-b-PEO which were
analyzed, based on the configurational entropy penalty
associated with the lesser structural flexibility of the
PS side chain in PS-b-PEO copolymers.
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