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ABSTRACT: We apply a molecular theory to predict the structural properties of poly(acrylic acid) macromolecules
grafted via one of their ends to solid surfaces. The theory explicitly incorporates thebasd equilibrium
responsible for the charge regulation of the acrylic groups, as well as the conformations, size, shape, and charge
distributions of all the molecular species present. We compare the predictions of the theory with experimental
observations presented in the preceding article for the height of the layer as a function of ionic strength for
different polymer molecular weight and polymer surface coverage. The calculated heights are found to be in
good agreement with the experimental observations. The theory predicts the distribution of charges within the
layer. We find that the counterions adsorb to the grafting surface, overcompensating the charge of the polymer.
The charge regulation within the polymer layer is determined by the interplay between the bulk pH, the ionic
strength, and the density of polymer. The system tends to become uncharged with decreasing ionic strength of
the solution and increasing polymer density. In all cases the charge regulation acts in order to minimize the
electrostatic repulsions in the system. The local distribution of protons within the polymer layer is predicted to
be very different from that of the bulk solution. The local pH within the polymer layer can be tuned by varying
the solution ionic strength and the polymer surface coverage; the variation can be large as two pH units, relative
to the bulk pH. This large variation of the local pH within a couple of nanometers within the brush can be used
in the design of biosensors.

Introduction [A7]
= 2

In the previous papérwe presented a systematic experi- [A7] + [AH]
mental study of the behavior of poly(acrylic acid) (PAA) brushes
grafted on flat solid substrates and analyzed the results in termswhich is related to the binding constant and the concentration
of scaling theories. In the present work, we describe the detailedof protons:
structure of the polymer layer by comparing the experimental

observations with the predictions from a molecular theory. PAA - 1 )
tethered layers represent an example of weak polyelectrolyte [H+]
brushes made of monomers containing carboxylic acid groups, 1+ K

whose charge depends upon the equilibrium between the charged a

and uncharged species. In bulk solution, the chemical equilib-
rium between the charged and uncharged monomers;~AH
A~ + HT, is characterized by an equilibrium constant:

The pH at which 50% of the acid groups are dissociated is
denoted as 8. Concurrently, at pH lower (higher) than the
pKa, the majority of the groups are uncharged (charged). While
this always holds true for homogeneous bulk solutions and when
the acid groups are present as monomers in solution, the situation
is rather different when the acid groups are chemically bound
to a polymer backbone. First, the polymeric nature of the
molecules changes the fraction of charged monomers with
respect to the isolated grodrurthermore, even for an isolated
coil in solution, the distribution of charges along the chain
depends on the position of the chargeable group along the
; . ) macromoleculé. This is a result of the different electrostatic
inverse absolute temperature, a@dis a constant ensuring  enyironment that each monomer feels due to the surrounding
consistency of units. It is convenient to describe the system in ,,onomers from the same chain. Second, as demonstrated by
terms of the fraction of charged groups: Ninham and Parsegigncharge regulation of acid groups is
largely affected by the effect of confinement and inhomogeneous
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where [] denotes the activity, which is usually approximated
by the molar concentrationdG® = 413 + ul. — 13, is the
standard Gibbs free energy of the aelshse equilibrium with
ﬂf’ the standard chemical potential of spedig$ = 1/KkT is the
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introduced by Isrde et al. in their seminal work,in which
they generalized the lattice self-consistent field (SCF) theory
of Schutjens and Fleer developed originally for neutral poly-
mers’ In their work, Isréés and co-workers assumed that the
local degree of dissociation can be determined by the require-
ment that at a given distance from the surfagethe acid
equilibrium constant is the same as in the bulk. Furthermore,
Israds et al. assumed that eq 3 holds but witland [H]
replaced by their local valueKz) and [H"(2)]. This stems from

the same ideas put forth by Ninham and Parségiartheir
treatment of surface-localized acid groups. The problem with
the expression used in the SCF appréashhat it is not clear
whether the local dissociation obtained in this way is the one
that minimizes the free energy. Namely, the bulk equilibrium
constant, eq 1, is obtained through the minimization of the
system’s free energy. Therefore, what is fixed is the free energy
of the reaction AG®. However its relation to the ratio of the
local concentrations and thus the local dissociation is not clear.

In this paper, we use a molecular theory recently developed
to describe the behavior of weak polyelectrolytes grafted on
surfaces of arbitrary geometfylhe basic idea is to write down
a free energy functional that explicitly includes the ability of
the acid groups to dissociate. The degree of dissociation is
obtained upon functional minimization of the total free energy.
This approach was originally developed to treat uncharged
polymer brusheésand later generalized for cases in which some
of the monomers of the polymers were charéfe@ihe predic-
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Figure 1. Schematic representation of the weak polyelectrolyte tethered
layer. The red monomers with a negative sign represent thgréups
while those without a sign represent AH. The counter and co ions are
drawn in green with their corresponding charge. The blue line connects
the polymer segments. Thadirection is perpendicular to the surface.

depends on the specific distribution of segments, charge state,
and the surrounding environment, due to the intermolecular
interactions. This approach enables the consideration of all the
relevant interactions, including the coupling between electro-
static, van dew Walls, excluded volume and chemical activity
(acid—base equilibrium) well beyond the PoisseBoltzmann
approximation since for all molecular species, the size, shape,
conformations and charge distributions are explicitly considered.
A detailed description of the implications of the approximations

tions of the theory have been shown to be in excellent agreement g4 in this approach with its advantages and limitations can

with full-scale computer simulatioi’sand experimental obser-
vationg? for both structural and thermodynamic properties of
uncharged polymers. An early application of the thelSnysing

the Isras et al. approach for the local dissociatfoalso showed
good agreement with experimental observations on PAA. Here

we demonstrate that the application of the dissociation gradient

model obtained from the full free-energy minimization agrees
very well with experimental observations for the PAA brush
thickness as a function of solution ionic strength, bulk pH,
polymer surface coverage, and brush molecular weight. Fur-
thermore, the molecular theory reveals detailed information
about the structural properties of the polymer layer, the variation
of the fraction of charge groups as a function of the distance
from the surface, and the spatial distribution of counterions,
co-ions, and protons. We will discuss later in the paper that the
theory predicts that the polymer layer gives rise to an extensive
variation in the local pH inside the brush as a function of the
distance from surface, onto which the polymers are grafted.
These results may have important implications in the design of
sensors and in the understanding of chemical reaction in
inhomogeneous biological environments.

In the next section we derive the theoretical approach. Section
Il contains comparisons of the predictions of the theory with
experimental observations as well as detailed information on
the predicted structure of the polymer layer. Finally, section
IV presents concluding remarks.

Theoretical Approach

The basic idea of the molecular theory is to consider each
molecular species with all their (nonelectrostatic) intramolecular
and surface interactions accounted for in an exact way (for the

be found in refs 8 and 9.

Consider a system dfly grafted polymers on a surface of
total areaA spanning the—y plane (see Figure 1). The polymers
are composed af segments, each representing an acrylic acid
group whose volume ig,. Each polymer molecule can be found
to exist in any of their possible conformations,The polymer
is in contact with an aqueous solution containing NaCl salt
completely dissociated into Naand CI ions. The bulk
concentration of NaCl issa: and the bulk solution is assumed
to have a constant pH.

We assume that the direction perpendicular to the surface is
inhomogeneous, and thus the total free energy density, per unit
area, can be written as

w_l P() INP(y) + ~ 72— 72Dz
P = y () InP(y) 2ffx(| )20,
N N
(2)tzdz +Xg [B@IRN 1) + Bun ] olzJFXg [,

@M — @)L — f(2)) + Buan’1 dz+ [N py-
@v, — L+ ug 1 dz+ [0 (AN pou @von — 1+
Bron 1 dz+ [0, pDv, — L dz+ [y (2
[N pna @y, — 1 dz+ [ oc-(DIIN per- (@, — 1] dz+
¥ (2)\?
B[ )| ®

where the first term in eq 4 represents the conformational

1 (0
[p,(AW(2) — 5 6(

chosen model system), while the intermolecular interactions areentropy of the polymer chains, witA(y) denoting the prob-

considered within an inhomogeneous mean-field approximation.
For example, the polymer chains conformations, i.e., the spatial
distribution of the segments in their many possible ways, are
explicitly accounted for, and the probability of each conformer

ability distribution function of the chain conformations. The
second term accounts for the quality of the solvg(iz — Z|)

is a distance-dependent Flory interaction paraneterd [gg-
(20is the polymer volume fraction at. This interaction
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parameter corresponds to the mean-field strength of the van de

Walls attractions between polymer segments separated by a

distance|z — Z|. Namely, it is calculated by integrating the
contributions for an interaction of the formr/for the polymer
segments in the planeand those in the planel* The third

and fourth terms in the free energy, eq 4, represent the entropy

of mixing and the standard free energy of the charged and
uncharged acrylic acid groups, respectively, vitit}fz) Cdenoting

the average number of acrylic acid groups per polymer molecule
at z, i.e. betweerz andz + dz, f(2) is the fraction of charged
acrylic acid groups at and the standard chemical potentials
are as defined following eq 1. The fifth and sixth terms include

the translational and standard free energy of the protons anch|—(Z)Uw = expPBuc. — fr@Dvg- + BY(2)]

the hydroxide ions. The seventh to ninth terms represent the
translational (mixing) entropy of the water, cations and anions,
respectively pi(2) denotes the density of speciesvith i = w,

Na’, and CI respectively. The last two terms correspond to
the electrostatic contribution to the free energy Wit{r) being

the electrostatic potential at

N
B Y POIEIEG, + pue Db +
Y
Pci-(DAci- + Pu+(D: + pon-(DGon- (5)

is the total charge a ande¢ is the dielectric constant of the
medium, which we assume for simplicity to be independent of
the composition. The first term in eq 5 corresponds to the
polymer contribution withng(z ) being the number of acrylic
acid groups that a polymer in conformatiprhas atz andgy=
—1 is the charge of a dissociated acrylic acid monomer. The
second to the last terms in eq 5 correspond to the chamgefat
the cations, anions, protons, and hydroxide ions, respectively.
We denote the charge of each of the specieg;lgwen though
we describe specific chemical units. The reason for this choice
is that the same theory can be applied to other systems with
the proper change of chemical identity.

The hard-core repulsive interactions are included through
packing constraints, which read:

N
9
A Z P(y)vg(zy) dz + pnar(Donar dZ + oo (D dz +
7

P+ dz+ poy-(Jvon-dz + py (D, dz=1 (6)

where the first term represents the volume fraction of polymer
atz, with v4(zy) dz being the volume that the polymer chain in
conformationy occupies atz. The next three terms correspond
to the volume fraction az of the anions, cations, protons,
hydroxide ions, and water, respectively.

r
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pr+ @D = expl=pu.” — pr@u, — fP(@) — 1] =
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Pra-(Dvy = expBuna: — f(Dvna: — FY(D)] (10)
(11)
Pw(Dv,, = exp[=pr(2)v,] (12)
fd _ K
1-1@  p,, e (13)
XY@ 1
T2 e [py(2U (14)

where we have explicitly used the negative (positive) charge
of the proton (hydroxyl) and cation (anion) and the negative
charge of the acrylic group. Further, we have assumed that the
volumes of the proton and hydroxyl are the same as that of the
water moleculepip, i = HT and OH, is the bulk density of
speciesi. The specific derivation of these equations is docu-
mented in referencé.

Several interesting results result directly from the expressions
given by eqs 6-14. First, the probability distribution function
does not seem to have a clear Boltzmann factor representing
the energetic contributions arising from the electrostatic interac-
tions. If that were the case there should be a factor of the form
flf@¥@ndddz However, we find that due to the coupling
between the electrostatic potential and the fraction of charged
groups the final probability includes a seemingly pure electro-
static term associated with all acrylic groups and a reduction
of the electrostatic interactions due to the adidise equilibrium
appearing as an entropic-like term. However, there are two
contributions that are coupled through eq 13, one containing
the bare electrostatic contribution and the other including the
chemical equilibrium. Algebraic manipulation of the two
contributions leads to the pdf presented in eq 6. Similar results
for the combination of electrostatic interactions and chemical
equilibrium were presented by Borukhov et?dlSecond, the
local degree of dissociation i@t given by the relationship found
for bulk isotropic solutions, eq 3, replacing the concentration
of protons by their local value, as assumed in the SCF approach
of Israds et al. and used by us in early work. This is important

The next step is to determine the density profiles of all the because eq 3 assumes that the equilibrium condfans a
species and the electrostatic potential. This is done by finding fundamental constant, and thus the first equality in eq 1 is valid
the conditions that the free energy, eq 4, subject to the packingeven if the concentrations are the local ones. The minimization
constraint, eq 6, and the electroneutrality of the solution, given of the free energy, including the local dissociation, provides a

by ST(NQ/(A)E,P()Ne(Z)(@) g + pra(2)eva + per (e +
Pt (2t + por-(2)don-] dz = 0, is stationary to variations in
the probability distribution functior(y), the density of cations,
pnat(2), anions,pci(2), protons,pn+(2), water, pw(2), the local
dissociation of the polymer§z), and the electrostatic potential,
W(2). Upon introduction of Lagrange multipliefst(z), associ-

z-dependent variation of the concentration ratios that depends
on the local environment. Note though, that the local environ-
ment is determined by the strong nonlocal coupling between
the differentzZ's as clearly manifested, for example, in the pdf
of chain conformations, eq 6. This implies that the fighdgz)

and W(2) are not determined only by the propertieszabut

ated with the packing constraints, and the Lagrange multiplier eachzvalue is coupled to the whole system. The inhomogeneous
A, associated with the electroneutrality condition, following some environment affects the acidity of the groups due to the varying
algebraic manipulation, the following relationships for the intermolecular interactions and electrostatic potential. As we
probability distribution function, different density profiles, and  will see later, the change in the tendency to dissociate manifests
the local degree of dissociation are obtained: itself in large variations in the local pH inside the grafted layer.
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At this point, it is important to emphasize that the local Results
dissociation used by Istkeet al. is the correct one that would

be obtained for a Ia_ttige quel in which the uncharged Spedesproperties of the grafted PAA layer depend on polymer surface
has a volume that is identical to the sum of the two charged ¢qyerage, bulk pH, and ionic strength. Here we start with a direct
ions. Our result is more general since it enables any Comb'”at'oncomparison of the experimental and calculated data, and we
of volumes, and therefore we are able to consider chemical detailtg|iow that with a microscopic description of the structure of
that is not possible in a lattice model. The particular case that e layer, the local degree of dissociation, and description of
we discuss in this work, as manifested in eq 13, assumes thatcharge distribution in the system. In this way, we obtain a
the proton in solution is in the form of §®* and thus has the  complete picture of the structure of the polymer layer that goes
same volume as a water molecule, while &and AH have the  well beyond properties that can be experimentally accessed.
same volume. Third, eq 14 can be thought of as a generalized Figyre 2 displays the comparison of the predictions from the
Poisson-Boltzmann expression since the charge densities theory with the experimental observations for the height of the
appearing in the right-hand side of eq 14 explicitly include, prush as a function of bulk salt concentration for two different
through egs 713, the size, shape, conformation, charge PAA molecular weights and a variety of surface coverage and
distributions, and intermolecular interactions between all the bulk pH. The height of the polymer layer from the theory is
molecular species. determined as the first moment of the volume fraction distribu-

This molecular density-functional-self-consistent-field ap- tion. Namely,[hl= [Zl¢y(2)[d2/ [Tdg(2)[dz. In our experiments,
proach incorporates explicitly the coupling between the elec- the brush height was deduced by fitting the ellipsometry data
trostatic interactions, the conformation statistics of the polymer {0 @ simple “box” model, which does not accurately account
molecules, the intermolecular van der Waals and excluded for the shape of the concentration profile (see Figure 3 below).
volume interactions, and the chemical equilibrium of the acid " order to compare the experimental and calculated heights,
groups. Furthermore, due to the specific incorporation of the we determlne a scaling factor between the two heights (Ch"s?”
size, shape, and conformations of the molecules we include Y @PPIying to the data at 0.25 M) and use the same factor in

correlations that go beyond common mean-field approathes. comparing the heights at all other ionic strengths. As demon-

A . - .. _strated by the data in Figure 2, the qualitative comparison
The advantages and limitations of the theory and its application . . o
o ! between the experiment and the theory is excellent; for instance,
for polymer molecules in inhomogeneous environments have

been discussed in detail in refs 8 and 9 the theoretical pr_edictio_ns can f{aithfl_JIIy reproduce the occur-
) rence of the maximum in the height in the crossover from the

The application of the theory requires the evaluation of the salted brush regime to the osmotic brush regime. From the data
lateral pressure profilegin(z) and the electrostatic potential in Figure 2, it is apparent that the height of the layer in the
profile, W(2). From their knowledge, we can determine the high salt regime (quasi-neutral brush) is higher in all cases than
distribution of all charged species as a function of the distance that of the neutral brush regime found at very low salt
from the surface, eqs-812, the local degree of dissociation, concentrations. We will discuss the origin of this behavior below
eq 13, and any average conformational property of the poly- when we show the detailed structures of the polymer layers.
electrolytes, through the use of the probability distribution In spite of the simplicity of the fitting model, the experi-
function, eq 7. To this end, we replace the explicit forms of the mentally determined heights are in a very good agreement with
density profiles, the probability distribution function and the the calculated ones for all cases except the highest pH. This
local dissociation in the constraint equation, eq 6, and the right- demonstrates that the theory is capable of capturing the main
hand side of the Poisson equation, eq 14, using eq 5 for thevariations of the structure of the tethered polymer layer upon
local charge density. The resulting equations are discretized forchanges in surface coverage, pH, molecular weight, and ionic
their numerical solution, as shown and discussed in ref 8. The strength. This indicates that the coupling that exists between
input necessary to solve the equations includes the following: these interactions is properly treated.
the polymer surface coverage, the bulk salt concentration, the Before discussing the structural features of the polymer layer
bulk pH, the acid equilibrium constant in the bulk homogeneous we need to address the lack of agreement in the experimental
solution, the molecular models for the anion, cation, hydroxyl, observations and theoretical predictions atHO0. In this case,

proton, and water, and the conformations of the polymer the PAA behaves as a strong polyelectrolyte with all the groups
molecules. charged. Therefore, the maximum observed in the experimental

observations cannot be due to the different regimes characteristic
of weak polyelectrolytes. The reduction of the layer thickness
at low salt concentration is due to counterion condensation. Here
the distance between charges for fully charged PAA is smaller

In the preceding paper, we showed how the structural

The polymer chain conformations were generated using a
rotational isomeric state model, in which each segment can have
one of three isoenergetic states; see ref 9. The bond length is

= 0.3nm, and the typical number of independent, self-avoiding, y,,, the Bjerrum lengthg). Therefore, one would expect that

conformation§ that are ge_nerated by simple sampling is 5 e the Debye lengtii) becomes comparable ipManning-
10°. The chain conformations are generated once, for eachjje condensation will take place. The model cannot predict

conformation the distribution of volumes and charges is stored ajthfylly the layer collapse at low salt concentrations for the
and they are used in all the calculations when the sums OVerfy|ly charged polymers, because the theoretical approach as
conformations are required, see, e.g., eq 6. The ions are modelegresented here does not include counterion condensation. The
as spheres of diameter 0.4 nm. A water molecule has a volumeextension of the theory to include this effect has been recently
vs = 0.03 nnt. The protons and hydroxyl groups have the same presented® The predictions of the theory with counterion
volume as water. Thely = 5 is used for the acrylic groups in  condensation are in very good agreement with full scale Monte
the polymer chains. We assume that water ® aolvent for Carlo simulations. The calculations demonstrate that counterion
the PAA, and the values of the interaction parameters for this condensation affects film thickness that is qualitatively the same
solvent condition can be found in ref 14. The other conditions as the experimental observations shown for H10. The

are as stated in the Results. comparison between the theory and experiments in the case in
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Figure 2. Height of the grafted polymer layers, scaled by the heiglkat= 0.25 M, as a function of the bulk salt concentration for the conditions
presented within each graph. The symbols are the experimental observations and the lines are predictions from the molecular theory. The arrows
mark the salt concentrations described in Figure 3.

which counterion condensation is present is beyond the scopeconcentrations. The density profiles reveal that the layer at high
of the work presented here and hence will not be discussed heresalt concentration is stretched. This is due to the large charge
We have chosen one PAA chain length and bulk pH to density on the polymer as shown in the degree of dissociation.
demonstrate the changes in the structure of the layer and in theNote that even though the bulk dissociation for the pH akg p
local charge, dissociation, and pH for varying solution ionic is foux = 0.86, most of the polymer has a lower degree of
strength. Figures 3 depicts the polymer density profiles for four dissociation, which is due to the coupling with the local polymer
different bulk salt concentrations, together with the degree of density and counterion distribution. Namely, due to the finite
dissociation of the acrylic groups as a function of the distance polymer density, there is an increase in the charge repulsion
from the surface. The chosen values are marked by arrows in(very large local charge) and charge regulation takes place in
the corresponding height profiles in Figure 2; they correspond order to reduce the overall free energy of the system. In other
to a high salt concentration, an intermediate one (in the region words, the chemical equilibrium is shifted to the uncharged
of the thickness maximum in Figure 2), and two low salt species. Because of the large salt concentration, i.e., short Debye
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Figure 3. (A) Polymer volume fraction profiles for four differentbulk ~ Figure 4. Average distance between charged groups scaled by the
salt concentrations, as denoted in the legend. (B) Degree of dissociationgjerrum length Ig, red curves) and scaled by the Debye lendth (

of the acid groups as a function of the distance from the surface for pjack curves) as a function of the Debye length. Both cases correspond
the same four cases shown in the upper graph. In all cAsesg6, to N = 66, pH= 5.8. Key: (A)o = 0.095 nnZ (B) o = 0.145 nnt2.

pH = 5.8, ando = 0.094 nnm2. The four cases are marked by the
arrows in Figure 2.

strength is to reduce the charge of the polymer. Namely, the
length and weak electrostatic repulsions, this effect is relatively salt plays a dual role of screening the electrostatic interactions
small and therefore it causes only minute changes in the localand regulating the polymer charge. The very low charge of the
dissociation. polymer implies that the dominant role at these salt concentra-

For csar = 0.1 M, the polymer layer exhibits the maximum tions is the charge regulation.
in height in Figure 2; Figure 3 shows a highly stretched polymer  Another way to look at the charge regulation and the
layer. This maximal stretching is found even though the polymer competing length scales is to determine the average distance
layer has a relatively low degree of dissociation. At this point between charges in the polymer and compare it to the Debye
it is important to compare the different relevant length scales and Bjerrum lengths. This comparison is expected to determine
that determine the interplay in the electrostatic interactions. The the level of charge regulation. As can be seen in Figure 3, the
Bjerrum length [g) is 0.714 nm, and the distance between acid degree of dissociation depends on the distance from the surface.
groups in our model PAA is 0.3 nm; the Debye lengtb)(is However, in order to be able to have a single average number
0.3 nm for 1 M and 0.96 nm for 0.1 M. For a salt concentra- that enables a simpler comparison, we determine the average
tion of 1 M, the screening is so strong that electrostatic distance between charges in the polymer in the following way.
interactions do not play a major role. However, at 0.1 M the We calculate the weighted average fraction of charged groups
Ap > lg, and therefore, electrostatic repulsions between the by multiplying the average charge in the polynitti= sf(2)¢-
charged polymer segments become relevant. This is the sourc€z) dz/ /¢(z) dz by the distance between acrylic groups, li;e=
of the polymer stretching in reducing the bulk salt concen- [l Figure 4 depicts the average distance between charges as a
tration from 1 to 0.1 M. The interesting feature is that to- function of the Debye screening leng#). Specifically, Figure
gether with the increase in the role of the electrostatic repulsion, 4 displays two curves: In one of them the average distance
the system has the opportunity to regulate the polymer chargebetween charges is scaled by the Bjerrum lentgh hile in
and reduce some of the effect that arises from increasing thethe other the average distance between charges is scaled by
strength of the electrostatic interaction through the reduction We can see that the distance between charges increases with
of salt. increasing Debye length, reaching a linear regimeifpr= 2

The two lower salt concentrations shown in Figure 3 reveal nm. Thus,|{/Ap reaches a plateau for these large values of the
a further collapse of the polymer layer that results from the Debye length. This is the regime in which the polymer layer
decrease in the degree of charge of the polymer layer. At thesebecomes more compact, and the thickness decreases with
salt concentrations the more dominant role of the bulk ionic decreasing ionic strength (see Figure 2).
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One interesting result observed in Figure 4A is that the value,
where the distance between charges becomes larger than the
Bjerrum length, is very close to the point whélig= Iz (dashed
line in Figure 4). Considering that is a measure of the range
of the electrostatic interactions (screening), in cases whgre
< |g the Debye length is the only relevant scale. However, when
Ap > lg both length scales are relevant. The results in Figure 4
demonstrate that the charge regulation will always occur in order
to maintain the average distance between charges such that the
electrostatic repulsions between charged groups is smaller than
the thermal energy. As will be argued later this effect can be
related to Manning condensatiéh.

The role of surface coverage is clearly seen by comparing
the crossover of the curves in Figure 4, parts A and B. For the
high surface coverage case,= 0.145 nm?, the distance
between charges is larger for all ionic strengths relative to the
low surface coverage cases. This behavior results from charge
regulation due to electrostatic repulsions between neighboring
chains. This demonstrates the strong coupling that exists between
acid—base equilibrium, ionic strength and polymer surface
coverage. The curves in Figure 4B crosdgtwhich is much
larger than thelg. The Debye length of the crossing point

pH(z)

pH(z)

pH(z)
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C

z(nm)

20

30

increases with increasing polymer su_rface coverage (resul_ts NOTFigure 6. Local pH, pH(z)= —log[H*(2)], as a function of the distance
shown). The curves cross at the Bjerrum length for a single from the surface. Key: (A) bulk pk= 4, N = 66,0 = 0.14 nn1% (B)
isolated polymer chain, where the only determining factors are bulk pH= 5.8,N = 66, = 0.09 nm1?, (C) bulk pH=5.8,N = 66,

the intramolecular electrostatic interactions.

o = 0.30 nn72

A question that arises is as follows: What is the charge the adsorption of the polymer counterions in an amount that

distribution within the polymer layer? Namely, how do the goes beyond what is needed to neutralize the polymer close to
different charged species (polymer segments, anions, cationsthe surface. Furthermore, we also see that at the tip of the brush
hydroxyl groups and protons) get distributed inside the brush there is an excess of cations making the two brush “surfaces”
as a function of the distance from the surface? In Figure 5 we charged positively, even though the polymer itself is negatively
plot the distribution of those charged moieties, as well as the charged. While the excess charges are in all cases rather small,
total local charge, as a function of the distance from the surface.their behavior is systematic. We find that there is a large
The curves in Figure 5 have been calculated for the following adsorption of counterions into the polymer brush, as expected,
set of parametersN = 66, 0 = 0.145 nnT?, pH = 4, andceait which help to neutralize the local charge and thus optimize the
= 0.01 M. We note, however, that qualitatively similar behavior electrostatic interactions within the brush. At a distance of 10
is observed for all other cases consideteé@ne of the most nm from the surface, corresponding to the distance, to which
interesting effects observed in all charge distributions that we the polymer layer extends, there is a decay of the charge that is
have calculated is that there is an excess of cations in the closecharacteristic of an electrostatic double layer and it is due to
vicinity of the surface. The cation segregation is not driven by the slight overall excess positive charge within the polymer
charges originating from the surface as in our case the surfacedayer.

are uncharged (see our previous pap&ie can see from Figure The final result we present is the distribution of protons, or
5 that the total charge starts positive in the surface, indicating the local pH, as a function of the distance from the surface.
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There are nine different cases displayed in Figure 6, corre- acid—base equilibrium toward the uncharged species is a
sponding to varying bulk pH, ionic strength, and polymer surface mechanism to lower these repulsions. These different scenarios
coverage. For a fixed polymer surface coverage and bulk pH, demonstrate that a strong coupling exists between packing,
the reduction of the pH within the polymer layer is larger as electrostatic interactions and charge regulation. Grafted polymer
the ionic strength decreases. This is the result of the protonslayers present a unique environment to take advantage of this
playing a more important role as counterions of the negatively coupling as one can reach large local densities within a relatively
charged polymers as the concentration of ions arising from the thin film.

salt decreases. It is important to emphasize that while the relative  The findings relating to the changes in the local pH are very
role of the protons as counterions increases, their overall numberimportant for the design of nanostructures based on weak
within the polymer layer remains low, as can be seen in the polyelectrolytes because they demonstrate that bulk consider-
distribution of charges presented in Figure 5 and recalling that ations cannot be applied in inhomogeneous regions and even
a pH= 4 corresponds to [H = 10~* M. There are two other  short polymers, such as the ones studied in this work, enable
trends in the results presented in Figure 6. local variations of charges that are orders of magnitude different

The reduction of the local pH with salt concentration increases than their bulk concentrations. These substantial changes in
with increasing solution pH and increasing po|ymer surface Charge distributions and Charge regulation can be taken advan-
coverage on the surface. The latter effect is weaker than thetage of in designing switches or sensors based on polymer
former one. In all cases, we observe that tuning the solution brushes.
conditions can lead to large gradients of pH with changes of We have identified one particular set of experimental condi-
up to two units, corresponding to 2 orders of magnitude in the tions, under which the theoretical predictions failed to describe
proton concentration, within a few nanometers. It is important the experimentally observed behavior. Specifically, at very high
to note that the changes in the proton local concentration PH, the polymer chains are completely charged at all ionic
correspond to a constant chemical potential (and activity) of strengths. The question that arises then is why there is a
the H' at all distances from the surface. The large gradients of reduction of the polymer layer thickness as the salt concentration
proton concentration may constitute an important tool for tuning decreases. The reason stems from counterion condensation due

the reactivity of enzymes, whose activity depends upon the localto the large charge on the polymer. Namely, the counterions

proton concentration. bind onto the polymer in order to relax the very strong
electrostatic repulsions from the very high polymer charge
Conclusions density. The counterion condensation takes place at the very

high pH because at those conditions there are not enough protons
that would be capable of shifting the chemical equilibrium to
the uncharged species of the acrylic acid groups. The theory,
as presented in this paper, does not account explicitly for
counterion condensation. However, a recent extension of the
theory was proposed where counterion condensation was
explicitly included in the molecular theory and the predictions
Svhere found to be in very good quantitative agreement with
full scale Monte Carlo simulations for a lattice polyniénn

our future work, we plan to extend the theory for realistic
molecular systems which would include the counterion con-
densation and we will compare the predictions with experimental
observations.

In this work, we have presented systematic comparisons of
the thickness of the polymer layer between the predictions of a
molecular theory to treat weak polyelectrolyte grafted layers
and experimental observations on poly(acrylic acid) chains
tethered to flat solid surfaces. The predictions of the theory are
in good agreement for all experimentally measured polymer

studied with the exception of very high pH. The ability of the

theory to predict the variation of the thickness of the polymer
layer with salt concentration under so many conditions gives
us confidence about the validity of the model for more detailed
structural properties. To this end, we studied the detailed
structure of the polymer layer under different conditions. Our
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