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ABSTRACT: Adsorption of a water-soluble diblock copolymer, poly(tert-buty1styrene)-sodium poly- 
(styrenesulfonate) (PtBS-NaPSS), on silica surfaces in aqueous solutions was studied using ellipsometry 
and atomic-force microscopy (AFM). The block copolymers used were compositionally asymmetric, with 
large, hydrophilic, PSS blocks and small, hydrophobic, PtBS blocks. Materials with molecular weights 
of 87 000 and 160 000 were used. Adsorption could not be observed in pure water without added salt 
(NaCl). When the NaCl concentration was increased to 1 M, adsorption could be readily observed. The 
measured adsorbed amount a t  long times was significantly larger for the 87 000 diblock compared with 
that for a polyelectrolyte homopolymer of comparable molecular size, demonstrating the role played by 
the uncharged block in anchoring the diblock at the solid surface. The kinetics of adsorption showed a 
two-stage process: an initial diffusion-limited stage, followed by a slower buildup of surface coverage in 
a brush-limited stage. The number density of molecules a t  the surface was smaller for the higher 
molecular weight species, in agreement with simple scaling arguments. 

Introduction 

The amphiphilic nature of diblock copolymers is 
manifested in self-assembly phenomena in the presence 
of a selective solvent for one of the blocks, giving rise to 
formation of aggregates such as micelles, microemul- 
sions, and, in the presence of a selective surface, 
adsorbed polymer layers.' This feature of diblock 
copolymers makes them attractive candidates for use 
as large surfactant molecules in applications such as 
colloidal suspension and the manipulation of surface 
properties.2 

This study is concerned with the adsorption of diblock 
copolymers on nonpolymeric surfaces from a selective 
solvent for one block. The equilibrium properties and 
association kinetics of adsorbed layers of neutral diblock 
copolymers in nonpolar solvents have been discussed in 
several theoretical ~ t u d i e s . ~ - ~  The adsorbed layer, at  
equilibrium, is considered to be divided into two re- 
gions: an anchoring film adjacent to the surface formed 
from the insoluble (B) block, and a solvated brush of 
the other (A) block (see Figure 1). The equilibrium 
adsorbed amount and layer thickness, from scaling 
arguments, are derived from a balance between the 
stretching energy of the solvated block, the interaction 
of the anchoring layer with the surface, and the con- 
sideration of thermodynamic equilibrium between the 
layer and the reservoir solution with chemical potential 
pex. The process of layer formation at  the solid interface 
is understood, broadly, as consisting of (a) an initial fast 
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Figure 1. Diblock copolymers forming an adsorbed layer a t  
a surface from a solution of micellar aggregates or single 
chains. The solvent is a precipitant for the A block while the 
B block is well solvated. 

regime, during which single chains or micellar ag- 
gregates diffuse from the solution to fill up empty area 
on the surface, followed by (b) a slow buildup of surface 
density by the penetration of chains through the existing 
monolayer combined with molecular rearrangement to  
a brushy configuration for the solvated (B) layer. Vari- 
ous experimental studies are in qualitative agreement 
with these results.6-10 

Colloidal particles are often suspended in aqueous 
solutions rather than in nonpolar solvents. For such 
systems, water-soluble chains, such as charged poly- 
mers, are required as stabilizers or flocculants. The 
chain configurations and, therefore, aggregation char- 
acteristics of polyelectrolytes differ from those of neutral 
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Figure 2. Neutral-charged diblock copolymers forming an 
adsorbed layer at a surface from an aqueous solution of the 
polymer. The anchoring layer is formed from the neutral, 
hydrophobic, blocks, while the polyelectrolyte blocks form a 
solvated brush in solution. Positive counterions that are found 
in conjunction with the negative charges on the polyelectrolyte 
disassociate in solution but remain within the volume of the 
layer for the solution conditions envisioned here. There are 
as many counterions as charges on the chain. The presence 
of salt is indicated by disassociated salt ions in solution. 

polymers in good solvents due to the effect of electro- 
static interactions. At high charge densities along the 
backbone and low ionic strength (corresponding to low 
salt concentration) in solution, electrostatic correlations 
between segments dominate chain configurations, lead- 
ing to an increase in both the effective persistence 
length associated with the chain and the excluded 
volume in s~lu t ion .~ ' -~*  In the limit of no added salt, 
it is generally accepted that a highly charged polyelec- 
trolyte at high dilution is stretched. As the salt con- 
centration is increased, the range of electrostatic inter- 
actions begins to be reduced by screening effects, and 
the chain starts to recover its flexible nature. The 
interactions are completely screened at very high salt 
concentrations and the chain conformation resembles 
that of a neutral polymer. For example, poly(styrene- 
sulfonate) has a 0 point (at which a neutral polymer 
chain exhibits a Gaussian configuration in solution) at 
an aqueous sodium chloride concentration of 4.2 M at 
25 OC15 and behaves like a neutral polymer in a good 
solvent at 0.15 M at 25 OC.14 

The conformation of the polyelectrolyte chain can be 
reasonably expected to affect its adsorption behavior. 
This means that two additional factors, charge density 
along the chain and salt concentration, must be consid- 
ered in the aggregation of charged polymers or neutral- 
charged diblock copolymers at interfaces. For example, 
for adsorption of homopolymer poly(styrenesu1fonate) 
on silica from aqueous solution, there is no detectable 
adsorption in the absence of salt, a consequence of the 
strong repulsion between charged groups on the poly- 
electrolyte, and adsorbed amounts are found to increase 
with increasing ionic strength (salt concentration), a 
consequence of the screening effect of salt on electro- 
static interactions.16 The range of electrostatic interac- 
tions is also expected to affect the aggregation charac- 
teristics of neutral-charged diblock copolymers on 
surfaces from aqueous solutions. Theoretical attempts 
to examine the properties of such adsorbed layers have 
been undertaken recently, using scaling laws and self- 
consistent-field theory (SCF).5J7 The layer is envisioned 
as consisting of an anchoring film of hydrophobic 
polymer at the solid surface and a brush of hydrophilic 
polyelectrolyte chains. The force of attraction to grafted 

poly( fer-butylstyrene) sodium poly(styrene 
sulfonate) 

PtBS NaPSS 

(hydrophobic) (hydrophilic) 

Figure 3. Molecular structure of neutral-charged block 
copolymer used in this study. 

Table 1. Polymer Molecular Characteristics 
% of phenyl 

groups sulfonated 
sample 10-3Mw MwIM, on PSS block NN~PSS NRBS 
MT2 87 1.03 89 404 26 
MT3 160 1.04 87 757 27 
NaPSS 100 1.1 90 485 

polyions keeps the dissociated counterions within the 
volume of the brush.l8Jg These studies predict that the 
equilibrium adsorbed amount will decrease with de- 
creasing salt concentration, and the brush thickness, 
for a given adsorbed amount, will increase as electro- 
static interactions become more significant with de- 
creasing salt concentration. Except for a recent study 
on adsorbed neutral-charged diblocks using the surface- 
forces apparatus,20 evidence of experimental work in 
this area cannot be found in the literature. This work, 
using ellipsometry as the main analytical tool, consti- 
tutes a preliminary experimental study of the nature 
of the adsorption process for neutral-charged diblocks 
on surfaces from aqueous solutions. 

Experimental Section 
Materials. Diblock copolymers of poly(tert-buty1styrene)- 

sodium poly(styrenesu1fonate) (PtBS-NaPSS) have been syn- 
thesized using methods described elsewhere.20 To ensure the 
water solubility of the copolymers, these diblocks are highly 
asymmetric with a small hydrophobic PtBS block relative to 
the hydrophilic PSS block. In a water solution, the hydro- 
phobic block will form a collapsed globule while the hydrophilic 
block will be solvated with a characteristic coil dimension that 
will depend on the size of the block and the salt concentration 
in s01ution.l~ Also, disassociation of the sodium counterions 
on the polyelectrolyte blocks will occur in solution. A NaPSS 
homopolymer of molecular weight lo5 g/mol was also used. 
This was purchased from Polysciences Inc. The chemical 
structure of these diblock copolymers is shown in Figure 3 and 
the molecular characteristics of the polymers used in this study 
are summarized in Table 1. 

Salt solutions were prepared from pure water obtained by 
distillation, deionization, and reverse osmosis. Salt solutions 
were prepared from sodium chloride obtained from Baker Inc. 
and filtered three times through 0.45 pm filters prior to use. 
Polymer solutions at a concentration of 1 mg/mL were pre- 
pared by dissolution in distilled water and equilibration for 
at least 1 week before any adsorption experiment. The 
polymer solutions were then diluted by the addition of water 
or 1 M salt solution to the required concentration and used 
for the experiment. To avoid dust particles, polymer solutions 
were filtered through 0.6 or 0.8 pm polycarbonate membrane 
filters from Nucleopore Inc. prior to each use. 

Silica surfaces for adsorption were prepared in the following 
way. Polished silicon wafers (1.5-2 in.) were purchased from 
Virginia Semiconductor Co.  The native oxide and any organic 
contamination on the surface of the wafers were removed by 
the following procedure: soaking in a 3:7 hydrogen peroxidel 
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Figure 4. Schematic illustration of the experimental setup. 
The incident and reflected beams and the normal to the surface 
make up the plane of incidence. 

sulfuric acid solution for 5 min, rinsing in deionized water for 
5 min, etching in a 1:9 hydrofluoric acid/ammonium hydroxide 
solution for 30 s, rinsing again in water for 5 min, followed by 
careful dryin using filtered nitrogen gas. A dense oxide layer 

wafers. The thickness and uniformity of this layer were 
checked using ellipsometry. All oxide surfaces were cleaned 
of any organic contamination using an ultraviolet lamp before 
each adsorption experiment. 

Instrumentation. Adsorption experiments were per- 
formed using a SOPM ES4G spectroscopic ellipsometer with 
a rotating polarizer and fixed analyzer (Figure 4). The light 
source is a xenon lamp (Hamamatsu Inc.) with an experimen- 
tally observable range of 250-800 nm. The polarizer is a 
quartz Rochon prism that is rotated at 40 cyclesh by a dc 
motor. The analyzer is a Glan-Taylor prism that is held fured 
during the experiment but can be driven to its most sensitive 
position by a stepping motor. The spectrometer is a Czerny- 
Turner prisdgrating system double monochromator for sepa- 
rating wavelengths with a resolution at  313 nm of less than l 
nm. Light is detected at  the end of the optical train using a 
photomultiplier tube. A detailed description of spectroscopic 
ellipsometers and their operation can be found in the litera- 
ture.21 

The ellipsometric angles A and Y correspond to the change, 
on reflection, of the refractive phase and amplitude of p 
(parallel t o  the plane of incidence) and s (perpendicular to the 
plane of incidence) components of the light wave. A and Y 
are determined experimentally by the analyzer setting A with 
respect to the plane of incidence and the variation of the light 
intensity as  the polarizer is rotated.22 

Atomic-force microscopy (AFM) measurements on dried 
adsorbed layers were made by Dr. Yi-Hua Tsao at  the Center 
for Interfacial Engineering (CIE), University of Minnesota, on 
a Nanoscope I11 microscope (Digital Corp., Santa Barbara, CAI. 

Experimental Procedure. All the ellipsometry measure- 
ments in this study were performed at 23 & 2 "C at  a 
wavelength of 589.3 nm and a k e d  angle of incidence of 75.5". 
Adsorption runs were performed as follows: Freshly cleaned 
substrates were placed in a specially built trapezoidal quartz 
cell with windows inclined to the base of the cell at a 75.5" 
angle. The cell was filled with pure water or a salt solution 
in water when measurements had to be made under these 
conditions or when the constancy of the ellipsometer readings 
with time had to be checked. Several quartz weights were 
placed on the substrates under all measurement conditions 
to  ensure that the substrate did not drift in the cell with time. 
Water or salt solution could be drained from the cell without 
disturbing the wafer using a specially designed siphoning 
attachment. The cell was filled with polymer solution in pure 
water or with added salt when adsorption had to  be studied 
as a function of time. Readings of A and Y could be taken as 
frequently as every 11 s if desired. 

Data Analysis. The ellipsometry data were analyzed 
assuming a homogeneous layer for the polymer film. The 
refractive index nl and thickness dl of the polymer layer were 
determined from the basic equation of ellipsometry:21 

of ca. 1500 l f  thickness was then thermally grown on these 

- water or aq. salt solution 

olymer q d ,  

Figure 5. Multilayer model of adsorbed homogeneous poly- 
mer layer on silica used for data analysis. 

Table 2. Refractive Index Increments in Water 
species dnldc,a m u g  ref 
NaCl 
MT2 
MT3 
PSS 

0.165 26 
0.152 this work 
0.168 this work 
0.180 this work 

a Values at 25 "C. 

rp and r, are the complex overall reflectancesZ3 for the 
multilayer system shown in Figure 5, parallel and perpen- 
dicular to the plane of incidence. They are a function of the 
(complex) refractive indices of all media, the layer thicknesses, 
the wavelength 1, and the angle of incidence 4. Equation 1 is 
a complex, nonlinear equation which is impossible to invert 
directly to  determine the unknown film parameters, nl and 
dl. The following iterative procedure was used: 

The (complex) refractive index of the silicon underlayer, N3, 
is known from literature values.24 The refractive index used 
was N3 = 3.9702 - i0.03 at 1 = 589.3 nm. The thickness, d2, 
and refractive index, 12.2, of the dielectric Si02 layer were 
measured directly for each substrate in air. Although the 
thickness varied between samples, the refractive index of the 
silicon oxide was found to be n2 = 1.46 & 0.01 at 1 = 589.3 nm 
for all samples. This number agrees well with values pub- 
lished in the l i t e r a t ~ r e . ~  For estimating the refractive index 
of the solution in the cell, no, the contributions of all solution 
components (water, charged copolymer, and, in some experi- 
ments, salt) were considered. 

dn 
no = nwater + (&.s + (,),C. 

where nwater is the refractive index of pure water (1.3327 at  
23 0C),25 (dn/dc), is the refractive index increment of species x 
in water, and cx is the concentration of species x. The 
subscripts s and p in this equation refer to salt and polymer, 
respectively. Table 2 lists the refractive index increments for 
each of the water-soluble species used in these experiments. 
The values for MT2 and MT3 were measured using an Abbe 
refractometer. 

For pairs of values of the refractive index, nl, and the 
adsorbed layer thickness, d l ,  of the adsorbed polymer layer, 
A and Y could be calculated for the multilayer model depicted 
in Figure 5 using a well-established optical matrix formalism.xd 
Software generated by McCrackinZ7 was used to perform this 
calculation. A reasonable value of nl was assumed and a value 
of dl was found that minimized the difference between the 
calculated and experimental ellipsometric angles. Because the 
change in ellipsometric angles due to adsorption is small 
[-0(1")] and taking into account the uncertainty in the 
ellipsometric angles [-O(O.lO)l, unique values of nl and dl 
could not be found for any data set. Rather, a domain of 
corresponding values of nl and dl was generated. However, 
their product, which is related to  the adsorbed amount of 
polymer, was found to be relatively invariant. For the calcula- 
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tion of the adsorbed amount, we have to consider the possibility 
that the adsorption of salt on the solid surface occurs. From- 
mer and Miller,28 assuming a Donnan equilibrium between 
the adsorbed layer and the bulk phase, have derived relation- 
ships between the polymer adsorbed amount A and the salt 
adsorbed A,. Positive polymer adsorption is generally ac- 
companied by negative salt adsorption, i.e., depletion of salt, 
at the surface. We estimate that the extent of salt depletion 
is negligible for the salt concentrations used in our experi- 
ments. As in the case of adsorption without electrolyte, a 
simple equation can then be derived for the calculation of the 
polymer adsorbed amount A,28,29 in mass per unit area: 

d,(n, - no) 
(dnldc), A =  (3) 

where (dnldc), is the refractive index increment of the medium 
0 due to the addition of polymer. Adsorbed amounts calculated 
in this way have an associated error of &lo%. 
Results and Discussion 

Adsorption Experiments Using Ellipsometry. 
Adsorption measurements were first made in water 
without added salt. The following procedure was used: 
ellipsometry measurements were taken on a silica 
substrate immersed in pure water. The adsorption cell 
was then drained, the cell was refilled with a block 
copolymer solution of concentration 60 ppm (weightl 
weight) in water, and measurements were taken as a 
function of time. 

A similar experiment was conducted in a 1 M aqueous 
NaCl solution. In this case, initial measurements were 
taken on a silica substrate immersed in salt solution 
with no added polymer. The adsorption cell was then 
drained, the cell was refilled with a 1 M aqueous NaCl 
solution containing block copolymer at a concentration 
of 60 ppm, and measurements were taken as a function 
of time. 

Representative data sets are shown in this section. 
Figure 6 shows the variation with time of the ellipso- 
metric parameters tan Y and cos A for the MT31water 
and MT31aqueous salt solution systems. Values were 
recorded every 11 s for the first 1.5 h and then less 
frequently, as appropriate. Data for the first 1.5 h are 
shown in this plot. The zero on the x axes marks the 
point in time when polymer solution was added to the 
cell ( to) .  Values of tan Y and cos A shown at to are for 
initial measurements in water or aqueous salt solution 
without polymer. We can clearly deduce from this 
figure that, in the absence of salt, there is insufficient 
aggregation of polymer a t  the silica surface to cause an 
observable change in the ellipsometric parameters. 
However, a t  a salt concentration of 1 M, a decrease in 
cos A and a complementary increase in tan Y occur after 
addition of the polymer solution, indicating a growing 
layer. 

A noteworthy point is that the two sets of data (i.e., 
with and without salt) encompass different ranges in 
the values of the ellipsometric parameters because the 
addition of salt significantly alters the refractive index 
of water (see Experimental Section). By inference, the 
absence of an observable change in tan Y and cos A in 
salt-free solutions before and after addition of polymer 
indicates that the refractive index of the solution 
medium is not significantly altered by the dissolution 
of polymer at the concentrations used in this study. All 
changes on replacing polymer-free solutions with solu- 
tions containing polymer must, therefore, be a conse- 
quence of adsorption a t  the silica surface. 
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MT3 in 
Water 
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Figure 6. Variation of ellipsometric parameters as a function 
of time for adsorption of MT3 (neutral-charged diblock) on a 
silica surface from aqueous solutions of polymer. The polymer 
concentration in solution was 60 ppm (weight of polymer/ 
weight of solution). 

time, min 

For both block copolymers, adsorption data were 
collected for up to 10 h a t  a polymer concentration of 
60 ppm in 1 M salt solutions. Ellipsometry measure- 
ments were also taken for adsorption of PSS (dry M ,  = 
lo5) a t  a polymer concentration of 60 ppm in 1 M salt, 
in order to contrast block copolymer adsorption behavior 
with that of homopolymer polyelectrolyte. Figure 7 
compares the variation of tan VI and cos A for MT2 and 
PSS as a function of time under similar solution condi- 
tions. Clearly, the homopolymer polyelectrolyte, whose 
molecular size is comparable to that of the charged block 
in MT2, shows a smaller extent of adsorption than MT2. 

For the MT3 system, measurements in 1 M salt were 
also taken at polymer concentrations of 60 and 300 ppm 
in order to elucidate the effect of increasing concentra- 
tion on the kinetics and extent of adsorption. All of 
these concentrations are above our best estimates of the 
critical micelle concentrations for these molecules ( e 2  
ppm for MT2) discussed further in the next section. 

In all experiments with salt, the following experimen- 
tal protocol was observed: readings in 1 M salt solution 
were taken until the ellipsometric parameters had 
reached a plateau value for adsorption (typically, for 
about 10 h; part I of experiment). The cell contents were 
then drained and, replaced with pure water, and mea- 
surements were taken for up to 15 h in water (part I1 
of experiment). The cell was then drained once again 
and refilled with 1 M salt solution, and measurements 
were continued (part I11 of experiment). Differences in 
tan Y and cos A values between parts I and I1 are 
mainly due to the difference in refractive index between 
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Figure 7. Variation of ellipsometric parameters as a function 
of time for adsorption of MT2 diblock and PSS homopolymer 
of comparable size from aqueous solutions of polymer. The 
polymer concentration in solution was 60 ppm in both cases, 
and NaCl was present at a concentration of 1 M. 

1 M salt solutions and pure water. A comparison of 
terminal tan Y and cos A values measured in 1 M salt 
before and after the addition of water, i.e., in parts I 
and I11 of the experiment, provides an indication of 
whether any desorption of polymer took place in water. 
Figure 8 shows typical data for such an experiment. In 
this example, part I corresponds to the adsorption of 
MT3 at a polymer concentration of 60 ppm in 1 M salt. 
Terminal cos A values in parts I and I11 are indistin- 
guishable within experimental error. tan Y values in 
I11 are somewhat lower than in I. This difference is 
largely because polymer is added to the 1 M salt solution 
in I as a solution in water, with the volume of additional 
water + polymer being -5% of the total volume of 
solution. This causes the molarity, and, hence, refrac- 
tive index, of the solutions between I and I11 to differ 
by a corresponding amount. The tan Y values, which 
are extremely sensitive to the refractive index of the 
solution, reflect this difference. A qualitative conclusion 
from the data, then, is that large amounts of desorption 
do not take place in water in the time scale of the 
experiment, although a calculation of the adsorbed 
amount before and after "rinsing" with water is required 
to confirm this quantitatively. 

Calculation of Adsorbed Amounts. Table 3 shows 
the adsorbed amount calculated from the experiments 
described in the previous section for each of the polymer 
systems studied. Only final adsorbed amounts calcu- 
lated from data taken at  long times under different 
adsorption conditions are listed here. The methodology 
outlined in the Experimental Section was used in 
calculating the adsorbed amounts from the ellipsometry 
data. 
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Figure 8. Variation of ellipsometric parameters as a function 
of time for adsorption of MT3 from aqueous solutions of 
polymer. The polymer concentration in solution was 60 ppm 
in both cases, and NaCl was present at a concentration of 1 
M. Data collected for the entire experiment are shown. The 
three parts of the experiment are (I) adsorption in 1 M salt 
solution, (11) cell contents drained and replaced with salt-free 
water, and (111) water drained and replaced with 1 M salt 
solution. 

Table 3. Adsorbed Amounts for Polymers 
adsorbed amounts,a A, mg/m2 

adsorption conc, before rinsing after rinsing 
polymer medium ppm with water with water 
NaPSS water 60 b 

MT2 water 60 b b 

MT3 water 60 b b 

1 M aq salt soln 60 0.45 0.45 

1 M aq salt soln 60 2.1 1.9 

1 M aq salt soln 60 1.8 1.9 
1 M aq salt soln 300 1.8 1.8 

a Calculated adsorbed amounts have an average associated error 
of 10%. No adsorption could be measured. 

The following observations can be made from these 
results: 

(a) No adsorbed amount could be measured for poly- 
electrolyte homopolymer or neutral- polyelectrolyte block 
copolymer in pure water without added salt. It seems 
logical to conclude that repulsion between charged 
groups on the polyion chain or block in the absence of 
electrostatic screening inhibits polymer accumulation 
a t  the solid-solution interface. 

(b) At a salt Concentration of 1 M, electrostatic 
interactions are screened sufficiently to allow aggrega- 
tion of polymer at  the solid surface; adsorbed amounts 
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can now be measured from ellipsometric data. Semi- 
quantitatively, this can be understood as follows: the 
range of repulsive interactions in the presence of dis- 
solved salt is given by the Debye length K-I,  where K~ = 
8zZl~;  Z is the ionic strength of the solution, and the 
Bjermm length, 1 ~ .  is given by le = e2/tT, where e is 
the electronic charge, e is the dielectric constant of the 
solvent, and T i s  the temperature in energy units. For 
distances larger than K-I, electrostatic interactions in 
solution are considered to be screened. The Debye 
length should be compared to the effective distance 
between repulsive charges on the polyelectrolyte chain. 
This would be the monomer length (-3 A) for the charge 
densities considered, except that counterion condensa- 
tion30 reduces the effective polymer charge for distances 
smaller than le (-8 A). The Bjerrum length is, there- 
fore, the appropriate length scale for electrostatic repul- 
sion along the chain. At 25 "C, K - ~  changes from around 
30 A at a sodium chloride concentration of 0.01 M to 10 

a t  0.1 M, and 3 A at 1 M. At 1 M, then, the Debye 
screening length is smaller than ZB, and the conforma- 
tional and aggregation properties of the polyelectrolyte 
chain or block should resemble those of a neutral chain 
in moderate-to-good solvent conditions. 

(c) Adsorbed amounts are 4-5 times higher for MT2 
than for PSS homopolymer of molecular size comparable 
to that of the charged block in MT2 for adsorption from 
a 60 ppm solution in 1 M salt. This indicates that the 
short, hydrophobic, PtBS block in MT2 plays a role in 
anchoring the block copolymer to the wafer surface: 
such a configuration is logical since it would minimize 
the (unfavorable) contact between the hydrophobic block 
and the aqueous solution. However, a more detailed 
description of the structure of the adsorbed layer is 
difficult to deduce from the adsorbed amount alone. In 
particular, the inability to estimate a unique value of 
the thickness of the adsorbed layer makes it impossible 
to infer a detailed conformation of the polyelectrolyte 
block of an adsorbed molecule from the ellipsometry 
data, including whether it plays a role in anchoring the 
molecule to the surface. 

(d) For MT3, no increase in the maximal adsorbed 
amount in 1 M salt is found when the polymer concen- 
tration in solution is increased by fivefold (from 60 to 
300 ppm). This suggests that the adsorbed amount is 
independent of polymer concentration in solution for the 
range of concentrations studied here, although more 
data need to be taken a t  varying concentrations to 
confirm this. 

(e) Within experimental error, calculated adsorbed 
amounts for the block copolymers are unchanged for 
measurements taken before and after filling the cell 
with pure water for up to 10 h. This shows that the 
rate of desorption in water, if any, is slow and also that 
the energy of adsorption of the hydrophobic block is 
large enough to compensate for the electrostatic repul- 
sion among charged segments in pure water, the 
expectation being that the repulsion would favor de- 
sorption. 

The difference in surface coverage between MT2 and 
PSS homopolymer was confirmed qualitatively with 
atomic-force microscopy (AFM) measurements on dried 
layers. Wafers were immersed for 24 h in 1 M solutions 
containing polymer at 60 ppm. These were then rinsed 
thoroughly with deionized water and allowed to dry in 
a vacuum oven for 1 day before AFM measurements 
were carried out. Figures 9 and 10 show AFM scans 
on the surface of the dried wafers for PSS and MT2, 
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Figure 9. Atomic-force microscopy scan of the surface of a 
wafer immersed in an aqueous solution of PSS homopolymer 
for 24 h. The surface was rinsed and dried before the AFM 
measurement. The polymer concentration in solution was 60 
ppm, while the salt concentration was 1 M. The molecular 
weight of the polymer is comparable to that of the PSS block 
in MT2 (see Table 1). The size of the sampled surface is 4pm 
x 4 pm, and the vertical scale is from 0 to  50 A. The root- 
mean-square roughness for this image is around 2 A, which 
is comparable to that for a bare silica surface, 

Figure 10. Atomic-force microscopy scan of the surface of a 
wafer immersed in an aqueous solution of MT2 for 24 h. The 
surface was rinsed and dried before the AFM measurement, 
The polymer concentration in solution was 60 ppm, while the 
salt concentration was 1 M. Significant aggregation of polymer 
on the surface was detected. The size of the sampled surface 
is 4 pm x 4 pm, and the vertical scale is 100 A. The root- 
mean-square roughness for this image is around 5 A. 

respectively. Clearly, the MT2 surface shows significant 
texture suggestive of aggregation of polymer whereas 
the PSS surface shows no texture and appears to be very 
similar to a bare silica surface. 
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Figure 11. Mass adsorbed amounts, A, for the neutral- 
charged diblocks versus the square root of time in seconds, 
calculated from ellipsometric parameters for long measure- 
ment times. The polymer concentration in aqueous solution 
was 60 ppm, while the salt concentration was 1 M. In the 
early stage a transport-limited increase in the surface coverage 
is seen. At later times, a slowing down of the layer growth 
occurs until a saturation value of A is reached. 

Adsorption Kinetics: Transport-Limited Re- 
gime. A qualitative feature of all adsorption measure- 
ments for neutral-charged diblocks in 1 M salt is that 
the amount of adsorbed polymer increases monotoni- 
cally with time and reaches a plateau value. This is 
apparent without detailed analysis of the ellipsometric 
data. In the early stages of the experiment, a rapid 
change in the ellipsometric parameters suggests that 
the formation of the adsorbed layer may be controlled 
by diffision of material to the solid surface. In order 
to check that the experimental observations are consis- 
tent with the notion of transport-limited growth, an 
expression for the increase of the adsorbed amount with 
time, A@), is required; this may be arrived a t  by 
integrating the flux of material to the surface,jsurface, 
with respect to time:9,31 

(4) 

where D and co are the diffusion component and the 
concentration of the adsorbing species in solution, and 

jsurfaee is determined as a function of system parameters 
by solving Fick's second law with appropriate boundary 
conditions: 

c(x=O,t) = 0 c(x,t=O) = co ( 6 )  

Figure 11 shows calculated adsorbed amounts for MT2 
and MT3 plotted versus tU2 for experiments at  a polymer 
concentration of 60 ppm in 1 M salt. An initial linear 
regime, where the adsorption rate is controlled by 
diffusion of polymer to the interface, is indicated by this 
data, though it does not endure long. By inference, 
other processes, such as desorption and molecular 
rearrangement, are not rate-limiting in the diffusion 
regime, and the probability that polymer reaching the 
surface is adsorbed rapidly is high. It is important to 
note that the dynamics of the growth of the adsorbed 
layer in the diffusion-controlled regime for the block 

copolymer appear very different than those for the 
initial stages of PSS homopolymer adsorption (see 
Figure 7); for the same adsorption time, adsorbed 
amounts are larger for the block copolymer than for a 
homopolymer of comparable size. This indicates that 
the physical attachment of the small hydrophobic block 
to  the surface significantly increases the adsorption 
potential in the case of the diblock. 

The slope of A versus t112 in the early regime provides 
a measure of the diffusion coefficient for the transport 
of material to the solid surface, provided the appropriate 
concentration is used for the value of co in eq 4. 

The critical micelle concentration (cmc), the lowest 
polymer concentration at  which micellar aggregates will 
begin to form at equilibrium, is very small for MT2 and 
MT3. For MT2, the cmc in water solutions has been 
estimated at  a polymer concentration of 2 ppm (weightl 
weight) from fluorescence  experiment^.^^ This indicates 
that solutions used for adsorption experiments, at  
concentrations of 60 ppm or higher, will contain micelles 
in equilibrium with free chains. In this light, a critical 
question is whether adsorption in the diffusion-limited 
regime takes place by transport of single chains or of 
micelles to the wafer surface. This question can, in 
theory, be answered by the calculation of the diffusion 
coefficient, D, from the linear portion of the A versus 
t112 plot. This value could then be compared to estimates 
for the diffusion coefficient for micelles and single chains 
in order to discriminate the adsorbing species, the 
diffusion coefficient being somewhat lower for the more 
massive micelles. Unfortunately, data resolution in the 
first few points in Figure 11 is too poor t o  allow 
determination of D with the required accuracy. Also, 
the choice of the concentration of single chains (cmc) or 
the concentration of micelles (the difference between the 
solution concentration and the cmc) for co in eq 4 gives 
a corresponding low or high value for D, making a 

' critical comparison difficult. However, the qualitative 
trend from Figure 11 is clear: larger aggregates or free 
chains associated with MT3 (larger molecular size) 
adsorb the wafer surface at  a slower rate than those 
associated with MT2 (smaller molecular size). 

Adsorption Kinetics: Brush-Limited Regime. 
Increase in surface coverage beyond the transport- 
limited regime is understood as follows: The growth of 
the adsorbed layer by diffusion of material to the wafer 
surface will continue until empty area on the surface 
has been filled up. After this, adsorption of additional 
polymer at  the surface will require penetration of chains 
through the potential barrier created by chains already 
a t  the surface, and a significant slowing down of the 
rate of adsorption has t o  take place. The deviation of 
the A versus plot from linearity (see Figure 11) 
marks the end of the transport-controlled regime, and 
the adsorbed amount at  this point, Adiff, can be used t o  
calculate the average spacing, &Iff, between chains at  
this transition. The average intermolecular spacing, C, 
for a given adsorbed amount, A,  is given by 

M 49" =AN,, (7) 

where M is the molecular weight of the block copolymer 
and NA" is Avogadro's number. 

Table 4 shows that &iff has a value between R, and 
2R,, where R, is the radius of gyration of the PSS block 
in a 1 M NaCl solution. This demonstrates that eq 4 
describes the increase in surface coverage for relatively 
little interaction between adsorbed macromolecules. At 
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Table 4. Molecular Parameters for MT2 and MT3 in 1 M 
Salt 

polymer RgF A a &at: A RH,micelle,d A 
MT2 100 125 90 160 
MT3 150 210 130 450 

a Radius of gyration of polyelectrolyte block calculated at a salt 
concentration of 1 M in dilute solution using the wormlike model 
for the polymer conformation.14 Average spacing between ad- 
sorbed chains calculated at the end of the transport-limited regime 
for adsorption at 60 ppm polymer concentration (Figure 11). The 
same quantity Calculated at the maximal adsorbed amount for 
adsorption at 60 ppm polymer concentration (Figure 11). Hy- 
drodynamic radius of block copolymer micelle measured in solu- 
ti0n.3~ 

f-) 

.z 
Figure 12. Schematic model for the two regimes of adsorption 
for neutral-charged (A-B) diblocks in aqueous solutions at 
high salt concentrations. (a) The diffusion-limited regime with 
a rapid growth of adsorbed macromolecules. Chains are 
relatively unperturbed from their solution configuration. (b) 
The brush-limited regime with slowing down of adsorption 
with increased surface coverage. Overlapping coils are stretched 
away from the surface. Z is the average distance between 
adsorbed molecules along the surface. 

this low coverage, the polyelectrolyte chains are, on 
average, widely enough separated so that their confor- 
mation on the surface is not perturbed significantly from 
their conformation as free chains in solution.33 This 
situation changes when the average distance between 
adsorbed chains becomes smaller than the size (diam- 
eter) of the polyelectrolyte coil in solution. Chains begin 
to overlap on the surface and the increased osmotic 
pressure in the solvated layer causes the polyelectrolyte 
coils to swell into the reservoir of solvent. The swelling 
involves the stretching of chain conformations and the 
creation of a brushy conformation (Figure 12).33 The 
energetics of increasing surface coverage in this brush- 
limited regime must balance the energy cost associated 
with chain stretching with the gain in energy due to 
adsorption at  the wafer surface. Chains from the 
solution have to penetrate the potential barrier created 
by the brush in order t o  reach the surface, and this 
becomes progressively more difficult as increased cover- 
age increases the stretching penalty. As a consequence, 
the adsorption is expected to  slow down and approach 
a saturation value in this regime. Figure 11 shows that 
the experimental data follow this trend for adsorption 
at long times. Xsat, the average distance between 
adsorbed chains at  saturation for adsorption at  60 ppm, 

1 I 
a 

. I 
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Figure 13. Long-time behavior of the adsorption for MT3 for 
two different polymer concentrations in 1 M aqueous salt 
solutions. A(m) is the adsorbed amount at saturation (infinite 
times). In the earliest stages, the diffusion-limited regime is 
seen. At longer times, the increase of the adsorbed amounts 
is described by an exponential law, and the slope of the plot 
gives the rate constant, k ,  of the adsorption process. 

is listed for each polymer system in Table 4. The 
increase of the adsorbed amount in the brush-limited 
regime is expected to follow an exponential time depen- 
dence that describes the slowing down of the adsorption 
process in this regime. This may be written as4,31 

A(t) = A(=)(l - e-kt) + A (8) 

where A indicates the adsorbed amount that must be 
reached for the exponential law to be valid and k is the 
rate constant of the adsorption process in the brush- 
limited regime. 

Figure 13 shows the long-time behavior of the adsorp- 
tion of MT3 for two different polymer concentrations in 
1 M aqueous salt solutions. In the early stage, the P2 
behavior can be seen, followed by the exponential 
behavior described by eq 8 for longer times. The slope 
of the lines for the brush-limited regime gives the rate 
constant, k, for the adsorption process in this regime. 
The rate constants for the two concentrations are 
different, even though the adsorbed amounts at  satura- 
tion are indistinguishable within experimental error 
(see Table 3). From the plots in Figure 13, k = 1.1 x 

s-l for a polymer concentration of 60 ppm and 1.7 
x s-l for 300 ppm. The increase in the rate 
constant with concentration can be explained as fol- 
lows: as the concentration in the solution is increased, 
there are statistically more molecules hitting the surface 
at  any given time, leading to a faster rate of growth of 
the adsorbed layer and a higher value of k at higher 
concentration. It is also possible that the slower long- 
time behavior is related to some sluggish rearrangement 
or dynamics in the adsorbed layer such as reorganiza- 
tion of adsorbed micelles. Both this and the barrier 
developed by constructing the brush may dictate the 
long-time behavior. 

Independent evidence for stretching of the PSS block 
can be found in a recent study using the surface-forces 
apparatus on adsorbed layers of MT2 on mica in 1 M 
aqueous salt solutions.20 The surface coverage was 
reported to be around 1.5 mg/m2. The onset of repulsive 
forces between two such adsorbed layers was reported 
at  a distance of 400 A between the mica surfaces. This 
corresponds to a layer height of 200 A, about twice the 
radius of gyration of the PSS block in a 1 M solution. 
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At the values of surface coverage reported in this study, 
the layer height for the same system is expected to be 
10% larger based on theoretical predictions, although 
unique determination of layer thicknesses has not been 
possible using ellipsometry. 

Finally, it is important to  note from Table 4 that the 
size of the solvated coil (Rg), rather than the size of the 
micelle ( R ~ , ~ i ~ ~ l l ~ ) ,  provides the better estimate of the 
intermolecular distance at  which overlap between ad- 
sorbed chains begins (&iff). This suggests either that 
transport of free diblock chains to the wafer surface is 
the dominant process for layer growth in the diffusion- 
limited regime or that diffusion of micellar aggregates 
to the surface is followed by reorganization of the 
micelles into single adsorbed chains a t  the surface. 

Variation of Adsorbed Amount with System 
Parameters. The dependence of the equilibrium ad- 
sorbed amount on the size of the photoelectrolyte block 
and the salt concentration can be predicted by con- 
structing an expression for the grand canonical free 
energy, G, for the polymer brush in contact with a 
reservoir of solution. This procedure follows the analy- 
sis of Marques et al. for adsorption of neutral diblock 
copolymers from a selective, nonpolar, solvent for one 
block,3 extended to neutral-charged diblocks in aqueous 
solutions by Dan and Tirrell.I7 The physical model for 
the adsorbed layer is that depicted in Figure 12b, rather 
than the one in Figure 2, since the small hydrophobic 
blocks are not expected to form a complete wetting layer 
at the adsorbed amounts measured. The polyelectrolyte 
chains in this analysis are envisioned as being grafted 
on the solid surface via the adsorbed hydrophobic block. 
The total free energy per unit area is given by 

(9) 

where a - the number density of chains on the surface, 
i.e., the number of chains per unit surface area, -6 is 
the energy gain per chain due to attachment of the 
hydrophobic block on the surface, and yex is the chemical 
potential of the solution. N B ~ ’ ~ / & ~ ~  is the free energy 
per grafted polyelectrolyte b l o ~ k , ~ ~ , ~ ~  NB segments in 
size, in a swollen brush (Figure 12b). The brush is in 
contact with an aqueous solution at  a salt concentration 
given by The inclusion of the salt concentration in 
the free energy expression indicates that, in the case of 
polyelectrolytes in contact with ionic solvents, electro- 
static interactions between charged segments contribute 
to the stretching energy of the grafted chain. An 
assumption in this analysis is that the energy of 
interaction of the hydrophobic block with the surface 
can be approximated by a constant and does not depend 
on the size of the block; for the materials used in this 
study, this assumption is justified by the small, and 
equal, size of the PtBS block for both MT2 and MT3. 

For the range of polymer concentrations studied here, 
the adsorbed amount at  saturation seems to be insensi- 
tive to the solution concentration CO.  This suggests that 
the chemical potential in the solution, Pex, which should 
change with CO, is small and can be neglected in the 
overall energy balance. Thus, the equilibrium surface 
coverage is covered by the balance between the energy 
of adsorption of a diblock and the free energy of the 
polyelectrolyte brush. Minimizing G with respect to 
gives 

(10) 

The height of the equilibrium brush, LB, is then given 
by 

or 

315 215 
L B = N B  (4) 

(11) 

The adsorbed amount, A, in weight of polymer adsorbed 
per unit area, is given by 

(14) 

Equation 10 predicts that the number of molecules 
absorbing per unit area decreases as N B ~ ~  with increae- 
ing polyelectrolyte block length, a consequence of the 
fact that longer chains pay a higher energetic penalty 
for stretching than do shorter chains for the same 
number density of molecules at  the surface, u, and the 
same salt concentration. The mass density, A, shows a 
weaker dependence, however, decreasing only as 
with increasing polyelectrolyte block length. 

Experimental results from this study are in qualita- 
tive agreement with these predictions: According to eq 
13, mass of polymer adsorbed per unit area (A) should 
be ca. 13% higher for MT2 than for MT3 on account of 
the difference in PSS block length between these 
systems, all solution conditions being similar. Experi- 
mentally, a range of 5-15% is calculated from different 
experiments. It needs to be noted that values of A are 
measured with an average error of lo%, which is 
comparable to  the expected difference in A between the 
two systems from scaling arguments. However, experi- 
mental values appear to be systematically lower for 
MT3, as can be seen in Figure 11. More importantly, 
eq 10 predicts that the ratio of the number of chains 
per unit area (a) should be around 2:l for MT2 versus 
MT3. This is the result that is seen experimentally, 
with statistical significance well outside the bounds of 
experimental error. 

The effect of salt concentration is expected to become 
significant when local flexibility in the polyelectrolyte 
brush starts to be affected by electrostatic interactions. 
Quantitatively, one may compare the intrinsic segment 
length of PSS, Lp, which is around 12 with the 
electrostatic persistence length, LE, which varies in- 
versely with the salt concentration. For PSS, LE is given 
by14 

LE 3.5 X 10-’/K2 (15) 

where K - ~  is the Debye screening length. LE is only 
about 0.3 A for PSS at a salt concentration of 1 M, rising 
to  3 A at 0.1 M, and 30 A at  0.01 M. For LE > Lp, 
therefore, adsorbed amounts at  equilibrium are expected 
to increase with increasing salt concentration along with 
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ellipsometry provides adequate sensitivity for the mea- 
surement of adsorbed amounts for these systems. For 
unique thickness measurements, however, a more sen- 
sitive technique than ellipsometry is required. Some 
work in this regard has already been done using the 
surface-forces apparatus.20 

a decrease in brush height for a given surface coverage, 
as predicted by eqs 10 and 11. At 1 M salt, charges on 
the polyelectrolyte are sufficiently screened so that the 
aggregation properties of the neutral-charged diblocks 
resemble those of an uncharged diblock in a nonpolar 
solvent. 

Conclusions 
This paper describes a preliminary study of the 

aggregation of poly(tert-butylstyrenel-poly(styrene- 
sulfonate) (PtBS-PSS) diblock copolymers at silica 
surfaces in aqueous solutions of the polymer. The PSS 
block is charged in solution and hydrophilic, whereas 
the PtBS block is uncharged and hydrophobic. Two 
block copolymers with molecular weights 8.7 x lo4 and 
1.6 x lo5 were studied. In both cases, the size of the 
hydrophobic block is small compared to the size of the 
hydrophilic block. 

In situ ellipsometry measurements using a solution 
cell indicate that an adsorbed amount cannot be mea- 
sured in salt-free solutions, demonstrating that elec- 
trostatic interactions between charged groups on the 
polyelectrolyte block inhibit the formation of an ad- 
sorbed layer in the absence of charge screening. In 1 
M salt solutions, electrostatic interactions are screened 
sufficiently to allow aggregation at  the water surface, 
and an adsorbed amount can be measured as a function 
of time. The adsorbed amount at  saturation is signifi- 
cantly higher for a diblock with a small hydrophobic 
group compared with that measured for a polyelectro- 
lyte homopolymer of comparable molecular size, under 
similar adsorption conditions. This shows that the 
hydrophobic block plays a significant role in the anchor- 
ing of the diblock a t  the wafer surface. Enhanced 
adsorption for the diblock copolymers is confirmed with 
atomic-force microscopy measurements on the adsorbed 
layers. 

The kinetics of adsorption of the diblocks clearly show 
a two-stage process. At early times, transport of single 
chains or micellar aggregates to the surface is the only 
limitation to the growth of the adsorbed layer. The 
surface layer in this regime is expected to consist of 
macromolecules that are relatively unperturbed from 
their configuration as free chains in solution. At later 
times, interactions between polyelectrolyte blocks teth- 
ered to the interface become progressively more impor- 
tant with increasing coverage and the adsorption pro- 
cess slows down. The solvated polyelectrolyte blocks 
must stretch into the solution to accommodate new 
chains, creating an activation barrier for further ad- 
sorption. 

The variation of the adsorbed amount at  equilibrium 
with the size of the polyelectrolyte block can be ex- 
plained using scaling laws for polyelectrolyte chains 
anchored t o  a solid surface by a short hydrophobic 
block: Larger solvated chains pay a higher elastic 
penalty for stretching, at  a given number density 
(number of molecules per unit area) at  the surface. This 
favors the adsorption, per unit area and a t  equilibrium, 
of around twice as many chains if the polyelectrolyte 
block size is reduced by half. This is the result that is 
seen experimentally for the diblock copolymers studied 
here. 

Scaling laws also predict that the equilibrium ad- 
sorbed amount for a given system will decrease with 
decreasing salt concentration, accompanied by an in- 
crease in the brush thickness for a given surface 
coverage. This needs to be studied experimentally, and 
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