
LONGO ET AL . VOL. 7 ’ NO. 3 ’ 2693–2704 ’ 2013

www.acsnano.org

2693

February 25, 2013

C 2013 American Chemical Society

pH-Controlled Nanoaggregation in
Amphiphilic Polymer Co-networks
Gabriel S. Longo,† Monica Olvera de la Cruz,†,* and Igal Szleifer‡,*

†Department of Materials Science and Engineering and ‡Department of Biomedical Engineering and Department of Chemistry, Northwestern University,
2170 Campus Drive, Evanston, Illinois 60208, United States

S
timuli-responsive hydrogels are cross-
linked polymer networks that can per-
form mechanical work in response to

modifications in their environment. The sti-
muli include external changes of the physi-
cal properties of the system such as its
temperature,1,2 electric field,3�6 and expo-
sure to light,7 but also changes in the che-
mical composition of the solvent such as its
quality,8,9 pH,10�12 ionic strength,11 and con-
centrationofbiomolecules.13 Theenvironment-
controlled behavior of these polymer hy-
drogels is well-suited for the development
of a variety of applications that include,
but are not limited to, superadsorbent
materials,14 electrolyte batteries,15 micro-
fluidic devices,16 microactuators,17 and arti-
ficial muscles.5,18�20 Moreover, in biomedical
and biomaterials research,21 the use of
responsive hydrogels has found novel ap-
plications in drug delivery,22�24 tissue
engineering,25 biosensors,26 and intelli-
gent materials that can imitate biological
functions.27

Due to the large changes in pH that occur
along the digestive track, pH-sensitive hy-
drogels are generally used in drug delivery
to achieve controlled oral administra-
tion.22,23,28�31 These hydrogels can swell
many times their volume in response to
changes in the pH of the environment as a
result of the presence of acidic (or basic)
groups on the polymer network.23 Since the
release of the molecule generally occurs by
diffusion in the swollen polymer network,
which has an intrinsically highwater affinity,
pH-sensitive gels have been mainly consid-
ered for the delivery of hydrophilic drugs.32

However, an increasing number of anti-
cancer drugs and many proteins are hydro-
phobic, which constrains the use of a
swellable hydrophilic polymer network for
the oral administration of suchmolecules. In
this work, we use amolecular-level theory to
study the structure and thermodynamic
behavior of amphiphilic polymer co-networks.
In particular, we concentrate our attention
on how nanostructures within the gel can
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ABSTRACT Domain formation and control in pH-responsive

amphiphilic polymer co-networks are studied theoretically. Two

different molecular architectures of the polymer network are

considered, depending on whether the pH-sensitive motif is borne

by the hydrophobic or the hydrophilic monomer. When the hydro-

phobic polymer contains acidic groups, such chains form nanometric

aggregates at acidic conditions, but they are found in a swollen state

at alkaline pH. At intermediate pH, the nanoaggregation behavior of

the hydrophobic polymer depends critically on the environment salt concentration. Moreover, our results indicate the presence of microphase separation

into domains of swollen and aggregated hydrophobic chains. If the hydrophilic polymer is the ionizable component of the network, the nanoaggregation of

hydrophobic monomers is weakly dependent on the pH and salt concentration, and except at very low volume fraction, the aggregate is the most probable

conformation of the network in the entire range of pH and salt concentration studied. The two different hydrogels display quantitatively similar swelling

transition and apparent pKa, but at the nanoscale, their behavior is qualitatively different. The spatial distribution of electric charge on the network as well

as the local density of the different chemical species within the hydrogel can be controlled, as a function of pH and salt concentration, by the molecular

architecture of the polymer network. These findings have relevance for applications in biomaterials and nanotechnology, in particular, in the design of oral

delivery devices for the administration of hydrophobic drugs.
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be controlled by solution variables, such as pH
and solution ionic strength, for different molecular
architectures of the gel. Moreover, we study how
modifying bulk properties changes the nanostruc-
ture and local environments, e.g., local pH and ion
concentration.
Molecular design of the hydrogel can provide the

answer to achieve efficient loading and release of
hydrophobic drugs through the modification of the
hydrogel nanostructure to incorporate hydrophobic
motifs within the swellable template.33 Amphiphilic
polymer co-networks (APCNs) are hydrogels that con-
tain both hydrophilic or polar (P) and hydrophobic (H)
monomers.34,35 APCNs are widely used as materials for
soft contact lenses35,36 and hold great potential for the
development of surface coatings with nonfouling
properties,37 antimicrobial coatings,38 drug delivery
devices,39 and scaffolds for tissue engineering.40 Enzy-
matic activity in organic solvents can be enhanced by
their encapsulation into a nanophase-separated am-
phiphilic network, as demonstrated by Bruns et al.41

Moreover, responsive hydrophobic�hydrophilic block
copolymer gels showpromising features for the design
of photonic materials with exceptional flexibility to
tailor the device stop-band.42 The use of these copo-
lymer networks as membranes for the separation of
water/ethanol mixtures via pervaporation has also
been investigated.43 In addition, amphiphilic copoly-
mer networks have been considered for the develop-
ment of responsive materials that can mimic pan-
creatic activity.44,45

One of the key features of polymer networks con-
taining hydrophobic groups is that they may display
microphase separation in water,34,46,47 and depending
on the molecular architecture of a pH-responsive
amphiphilic co-network, nanophase separation can
be observed.48 The behavior of APCNs is determined
by the competition between chemical equilibrium,
molecular organization, and physical interactions: nano-
aggregation in water is driven by hydrophobic attrac-
tions among the nonpolar segments, while the elec-
trostatic repulsions between charged monomers
oppose this aggregation. This balance is more subtle

when the polymer segments are charge regulating, i.e.,
acids or bases, whose state of protonation can be
controlled with pH and salt concentration. We have
recently considered the swelling of model poly(acrylic
acid) gels49 and shown that the pH within the gels is
different from that of the bulk solution. Therefore, the
degree of protonation of the acid groups is different
fromwhat would be expected from bulk pH considera-
tions. This is due to the confinement of the acidic
groups within the gel that, if charged, results in very
large electrostatic repulsions. As a result, the acid�
base equilibrium is shifted toward the protonated
(uncharged) species to relax some of the repulsions.
The shift is evenmore pronounced when the polymers
are hydrophobic, as has been recently shown in a
grafted polymer layer where domain formation was
predicted.50 How do these effects determine the nano-
domain formation on APCNs?
We have considered two different molecular archi-

tectures of APCN depending on whether the ionizable
component of the network is the hydrophobic or the
hydrophilic polymer. Our findings show that the nano-
aggregation of hydrophobic chains, when such
polymer chains bear pendant acidic groups, can be
controlled by the environment pH (bath pH). The pH-
responsive behavior can be useful to engineer devices
for the targeted delivery of hydrophobic drugs. For
example, the drug can be accurately localized within
the hydrogel in the hydrophobic pockets at the pH
where they are aggregated. The hydrophobic drug's
release can be externally controlled by varying the pH.
In addition, the molecular design of the amphiphilic
network provides a way to precisely control, as a
function of the bath pH and salt concentration, the
spatial distribution of charge on the network and the
chemical composition within the hydrogel.

RESULTS

In this work we present theoretical predictions for
APCNs with the molecular structure shown in Figure 1.
The networks are composed of cross-linked block
copolymers of equal length, where one monomer is
hydrophobic (red) while the other is hydrophilic (blue).

Figure 1. Schematic representation of the highly swollen amphiphilic polymer co-network. The polymer volume fraction is
φG = 0.003. Each nodal monomer is cross-linking three hydrophobic and three hydrophilic polymer chains; there are
25 monomers in each chain; the polymer segment length is 0.5 nm.
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We are interested in pH-responsive networks; there-
fore, some of themonomers are functionalized with an
acidic group. The only difference between the two
networks we have considered is whether the function-
alized monomer (acid) is hydrophobic (H) or hydro-
philic (P). The type of monomers that can form the
networks modeled in this work are poly(4-vinylbenzoic
acid), which is not soluble in water at low pH,51 and
poly(acrylic acid), which is hydrophilic, as examples of
the ionizable polymers. The hydrophobic poly(styrene)
and the hydrophilic poly(ethylene oxide) are examples
of the nonionizable polymers. A H(i)-P(n) APCN, which
has ionizable hydrophobic and nonionizable hydro-
philic monomers, is described in the next section,
followed by a comparison with H(n)-P(i) APCN, i.e., with
nonionizable hydrophobic and ionizable hydrophilic
monomers. In this work, we use a theoretical approach
that combines the explicit description of charge reg-
ulation (acid�base equilibrium), determined by the
interplay between all the physicochemical interactions
described above, and the incorporation of specific
molecular details of the polymer network. The basic
idea of the theoretical approach is to write the free
energy of the system in terms of the probability of the
possible spatial conformations of the gel and include
all the relevant repulsive and attractive interactions
together with the different chemical states of the
chargeable species. The minimization of the free en-
ergy provides the probability of each of the confor-
mers, the state of protonation for each group, and the
electrostatic as well as other interaction potentials.
Thus, the theory does not assume a priori the state of
the gel, but it rather comes as output of the minimal
free energy for each set of experimentally controllable
variables. The conformations of the gel are obtained
from molecular dynamics simulations. The details of
the molecular theory, the chain conformation genera-
tion, and the minimization procedure are presented in
the Methods section and in the Supporting Informa-
tion (SI).

H(i)-P(n) Hydrogel. Consider an acid�base equilibri-
um in a dilute solution: the fraction of deprotonated
molecules, given by the degree of dissociation, f,
is completely determined by the intrinsic pKa of
the isolated acid group and the solution pH, and it

is given by

f ¼ 1

1þ Ka
[Hþ]

ð1Þ

As the pH increases two units from pKa� 1 to pKaþ 1,
the fraction of charged groups increases roughly
from 10% to 90%. However, as demonstrated by
Katchalsky more than 60 years ago for polyelectro-
lytes in solution,52,53 and in our previous results in a
variety of confined polyelectrolytes, grafted polymer
layers,50 and hydrophilic polyacid hydrogels,49 the
pKa of the solution does not provide substantial
information on the thermodynamic state in more
complex systems. Here we concentrate our attention
on the behavior of hydrogels of amphiphilic block
copolymers, where the intrinsic pKa of the acidic
monomers is 5, and in particular on the formation
of pH-dependent nanodomains.

In order to quantify the network nanostructure, we
defineΔNIJ(r), which gives the excess number of J-type
monomers on a spherical shell of thickness dr at a
distance r from a central I-type monomer, measured
with respect to the case of the I-type monomer in a
homogeneous solution of J-type monomers having
the same average density. Namely,

ΔNIJ(r) ¼ NJ

V
Vr(gIJ(r) � 1) with fI, Jg ¼ fH, Pg ð2Þ

where gIJ(r) is the I�J pair distribution function,NJ is the
total number of J-type monomers in the network
volume V, and Vr is the volume of the spherical shell
defined by r and rþ dr. The different panels of Figure 2
show the dependence on pH of the excess number of
monomers, for hydrophobic and hydrophilic pairs of
monomers.ΔNHP(r) curves are not shownbecause they
do not provide relevant additional information. The
sharp peak at r = 0.5 nm represents the chemical bond
between neighboring segments along the polymer
chains. Hydrophilic monomers are not ionizable in this
network, which explains the weak dependence of
ΔNPP(r) on pH. Therefore, ΔNPP(r) can be used as a
reference because it gives the contribution to the
excess number ofmonomers coming from the network
at the volume fraction of interest. The most interesting

Figure 2. ΔNIJ(r) between pairs of hydrophobic (HH) and hydrophilic (PP)monomers at different pH. The salt concentration is
c = 100 mM, and the polymer volume fraction φG = 0.013. The dashed line shows the y-axis.
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feature of Figure 2 is the different behavior found for
hydrophobic monomers at different pH. At low pH,
ΔNHH(r) shows a large excess of hydrophobic mono-
mers within a 5 nmdistance, indicating the presence of
an aggregate. The negative value of ΔNHH(r) for r >
5 nm, which indicates a depletion of H-monomers in
this region, is also consistent with the aggregation of
hydrophobic chains at r < 5 nm. On the other hand, the
HH and PP profiles are similar to each other at high pH,
indicating the swelling of the hydrophobic aggregate
intowater-soluble chains under this condition. Figure 3
presents the most probable, characteristic, conforma-
tions of the H(i)-P(n) network at the high and low pH
cases of Figure 2. All the APCN conformations with
nonzero probability at low pH are topologically similar
to the low-pH conformation shown in Figure 3, while
an analogous situation occurs at high pHwith the other
conformation displayed in the figure. Interestingly, at
intermediate pH, the set of high-probability conforma-
tions contains both families of conformations and their
ratio is pH dependent. The simultaneous presence of
both sets of conformations, containing swollen and
aggregated hydrophobic monomers, explains the less
pronounced excess of monomers observed in Figure 2
(r < 5 nm) at pH 5 as compared to pH 2. To further

characterize the aggregation, we define R1/2 as the
radius of a sphere that contains half of the hydrophobic
monomers within the volume of the calculation.
Namely,

4π
V

Z R1=2

0
gHH(r)r

2dr ¼ 1
2

ð3Þ

The probability distributions of R1/2 for the same
conditions of Figure 2 are displayed in Figure 4. At low
pH the distribution shows one peak, which corre-
sponds to the R1/2 of the aggregate (∼3.5 nm at this
volume fraction). At constant density of hydrophobic
monomers eq 3 gives R1/2 = (3V/8π)1/3 = 7.08 nm at the
volume fraction we are considering. Thus, at high pH,
although the aggregate has a nonzero probability, the
most significant part of the distribution centers around
a value of R1/2 that corresponds to a swollen domain.
Low, intermediate, and high pH are defined in terms of
whether the network is uncharged, weakly charged, or
strongly charged, respectively. These different regimes
are quantified using the weighted average degree of
dissociation of ionizable monomers,

Æfdæ ¼

Z
drÆφIP(r)æfd(r)Z
drÆφIP(r)æ

where ÆφIP (r)æ is the (ensemble average) local volume
fraction of ionizable polymer and fd (r) is the local degree
of dissociation, which is 0.001, 0.30, and 0.97 for the cases
shown in Figures 2 and 4 at pH 2, 5, and 7, respectively. At
pH 5 Figure 4 shows a bimodal probability distribution of
R1/2, indicating that both conformations of the hydro-
phobic chains, aggregated (low R1/2) and swollen (high
R1/2), have significant probabilities. The bimodal distribu-
tion suggests microphase separation in the APCN be-
tween domains of swollen and aggregated hydrophobic
chains.

Figure 3. Conformations with maximal probability at different pH, c = 100 mM, and φG = 0.013.

Figure 4. Probability of finding a given value of R1/2 at
different pH. The conditions correspond to the cases shown
in Figure 2, c = 100 mM and φG = 0.013.
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The behavior of the APCN aggregate under differ-
ent ionic strengths is presented in Figure 5, where
panel A shows the excess number of hydrophobic
monomer pairs for different salt concentrations, at
constant volume fraction and pH. The bath pH has
been chosen to be equal to the intrinsic pKa of the
acidic monomers (pH = pKa = 5.0), which corresponds
to the intermediate pH range; at lower pH, the depen-
dence ofΔNHH(r) on salt concentration is weaker, while
at higher values of pH the presence of the aggregate is
thermodynamically much less favorable. The hydro-
phobic aggregate forms due to the solvophobic attrac-
tions between those monomers. However, it is the
competition between chemical equilibrium and the
physical interactions that determine the thermody-
namic structure of the network. For pH near or above
pKa, the acid�base equilibrium favors deprotonation,
which has an energetic cost due to the stronger
electrostatic repulsions between the charged mono-
mers. If such repulsions become sufficiently strong, the
hydrophobic chains will swell to reduce the electro-
static interactions, at the cost of reducing the hydro-
phobic attractions, and the formation of the aggregate
will be unfavorable. Increasing the salt concentration
of the solution has a dual effect on the electrostatic
repulsions. On the one hand, there is a larger screening
of the interactions between chargedmonomers, which
reduces the effective range of the repulsions. Namely,
the Debye length of the solution, λD, which gives a
measure of effective extent of the electrostatic inter-
actions between charged monomers, decreases, thus
diminishing the importance of the electrostatic repul-
sions relative to the hydrophobic attractions. There-
fore, screening of the electrostatic repulsions leads to a
higher probability for the formation of the hydropho-
bic aggregate. On the other hand, a shorter λD allows
for an increase in the degree of dissociation, which is
strongly favored by the acid�base equilibrium, in-
creasing the electrostatic repulsions and decreasing
the probability for nanoaggregation.

The degree of dissociation in the cases shown in
Figure 5A are Æfdæ is 0.09, 0.13, 0.30, 0.35, and 0.37 for c=
5, 10, 100, 250, and 500 mM, respectively; at pH = pKa,

where the degree of dissociation of the isolated acid
group in bulk solution would be 1/2. We see that
increasing the solution ionic strength at fixed pH
increases the degree of dissociation of the acid mono-
mers of the gel. Interestingly, even at the highest salt
concentration the dissociation is significantly lower than
in bulk solution due to the role of local electrostatic
repulsion in shifting the acid�base equilibrium. One
very clear manifestation of the dual role of salt con-
centration and of its coupling with other interactions
and molecular organization is the fact that the max-
imum in ΔNHH (r ≈ 2.5 nm, excluding the monomer
chemical bonds) is a nonmonotonic function of the salt
concentration. Aggregation is favored by less charge in
the acidic monomers; however more charge does not
necessarily result in larger electrostatic repulsions
when the salt concentration changes.

Figure 5B shows R1/2 as a function of pH for different
salt concentrations, at constant volume fraction. The
formation of the hydrophobic aggregate with R1/2 =
3.5 nm is clearly observed at low pH. The size of the
aggregate is independent of the solution ionic strength
since the network is uncharged (Æfdæ≈ 0), and therefore
hydrophobic attractions are the only dominant inter-
actions. At high pH the hydrogel is strongly charged
(Æfdæ > (1/2)) and the electrostatic repulsions are the
most significant contribution to the free energy. The
magnitude of R1/2 in the high pH range indicates that
the hydrophobic chains are swollen. The degree of
swelling at high pH is a monotonic increasing function
of salt concentration, demonstrating that the most
relevant interactions are the purely electrostatic repul-
sions between the charged groups. However, the value
of the high-pH plateau depends on the solution ionic
strength, which can also be understood in terms of the
Debye length of the solution, namely, on the range of
the electrostatic interactions. For the two lowest salt
concentrations the Debye length is of the magnitude
of the fully swollen chains, and thus the hydrophobic
attractions play no role. At the other three ionic strengths
the decrease in the size of the charged hydrophobic
swollen domains is the result of the attractions starting
to play a (minor) role.

Figure 5. ΔNHH(r) at bath pH 5 (A) and R1/2 as a function of pH (B) at different salt concentrations,φG = 0.013. The inset of panel
B shows the pH-dependence of the average degree of dissociation at the same conditions.
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An interesting nonmonotonic dependence of the
nanodomain size on salt concentrations is observed at
intermediate pH. First, the width of the transition from
aggregated to swollen is a function of salt concentra-
tion. This is a direct manifestation of the dependence
of the degree of dissociation on pH, as shown in the
inset of Figure 5B. Æfdæ has a broader pH-dependent
transition from the uncharged (∼0) to the fully dis-
sociated regime (∼1) as the salt concentration de-
creases. The width of the pH region in which such
transition occurs can be quantified usingΔpH = pH1�
pH0, where Æfdæ = (1/11)(∼0.1) when pH = pH0, and Æfdæ =
(10/11)(∼0.9) when pH = pH1. ΔpH is exactly 2 for the
deprotonation of the isolated acid group in a dilute
solution with no salt. For the APCN at constant volume
fraction ΔpH always increases with decreasing ionic
strength (see inset of Figure 5B and Figure S2 of the SI);
this effect is similar to that observed in charged
biopolymers.52,53 However, at intermediate pH R1/2
shows a nonmonotonic dependence on c. Similarly
to that observed in Figure 5A, this behavior is the
consequence of the dual effect that increasing salt
concentration has on the strength of the electrostatic
repulsions and consequently on the competition be-
tween the electrostatic repulsions and the hydropho-
bic attractions that lead to domain formation. Interest-
ingly these results suggest that one can control the
microphase separation region, i.e., where the aggre-
gated and swollen domains coexist (Figure 4), with pH
and ionic strength.

The polymer volume fraction limits the average
end-to-end distance of hydrophobic chains and thus
the formation of the aggregate. Figure 6A and B
illustrate the behavior of the hydrophobic chains
for different total polymer volume fractions. At the
lowest volume fraction, the polymer chains are highly
stretched, which limits the flexibility of the network
and prevents the hydrophobic monomers from aggre-
gating at all pH's. For higher volume fractions the
formation of an aggregate is clearly observed. As the
volume fraction increases, the average end-to-end
distance of hydrophobic chains decreases, which fa-
vors the formation of the aggregate and explains why
the size of the aggregate at low pH is the same for the

two highest volume fractions shown in Figure 6B.
Indeed, increasing the volume fraction by almost an
order of magnitude to φG = 0.21 yields R1/2≈ 2.5 nm at
low pH, which indicates the presence of an aggregate
of similar size to that obtained for the highest volume
fraction shown in Figure 6B. The role of volume fraction
is clearly manifested in the balance between chemical
equilibrium and physical interactions. In other words,
at constant pH an increase in volume fraction disfavors
deprotonation due to the short distance between
monomers, i.e., increasing electrostatic repulsions. At
pH = pKa = 5, for example, the average degrees of
dissociation are 0.21, 0.29, 0.30 and 0.38, for φG = 0.062,
0.026, 0.013, and 0.008, respectively.

H(i)-P(n) vs H(n)-P(i) Hydrogels. In this section we com-
pare the molecular structures of the H(i)-P(n) network
with ionizable hydrophobic monomers, characterized
in the previous section, with a H(n)-P(i) network where
the hydrophilic monomers are ionizable. Except for the
position of the acidic groups the molecular architec-
tures of the two hydrogels are identical. We will show
that although the macroscopic responses of the two
networks are similar, their behaviors are substantially
different at the nanometer scale.

We begin by characterizing the response of the
hydrophobic chains to changes in the bath pH. R1/2 as a
function of pH at different salt concentrations and
constant volume fraction is displayed in Figure 7. For
the H(n)-P(i) APCN the formation of a hydrophobic

Figure 6. ΔNHH(r) at pH 5 (A) and R1/2 as a function of pH (B) at different volume fractions and c = 100 mM.

Figure 7. R1/2 as a function of pH for the two APCN, H(i)-P(n)
(circles, solid lines) and H(n)-P(i) (squares, dashed lines), at
different salt concentrations; φG = 0.013.
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aggregate is found to be favorable in the entire range
of bath pH and c studied. The probability of swollen
conformations of the hydrophobic chains is relatively
small, and it depends only weakly on the bath solution
composition. The H(n)-P(i) hydrophobic monomers do
not bear an acidic group, and thus, the dependence on
pH of the conformation adopted by these chains is
indirect. At high pH the swelling of the charged
hydrophilic chains constrains the end-to-end distance
of hydrophobic chains, which leads to a slightly higher
probability of the swollen hydrophobic chains (R1/2
increases), except at high c. At the volume fraction of
the figure, the swelling of the hydrophilic chains due to
increasing pH imposes only a weak constraint on the
formation of the hydrophobic aggregate. Actually,
increasing the pH for the highest salt concentration
results in a higher probability of the hydrophobic
aggregate (i.e., R1/2 decreases). The dual effect of
increasing salt concentration is observed in the non-
monotonic dependence of R1/2 on c in the region
between pH 5 and 7. The important result is that
while we observe the different competitions de-
scribed above for H(n)-P(i), the effects are rather
small, a major difference from the behavior of the
H(i)-P(n) networks.

To obtain a more detailed description of the struc-
ture of the networks, we show in Figure 8 three-
dimensional maps of surfaces of constant local volume
fraction for hydrophobic, ÆφH(r)æ, and hydrophilic, ÆφP-
(r)æ, monomers for the H(i)-P(n) architecture. The local
volume fractions are normalized by the average vo-
lume fraction of the monomer type in the network.
Thus, values higher (lower) than 1 imply locally

enhanced (depleted) densities of monomers. The pre-
sence of the hydrophobic aggregate is clearly observed
in the compact and high value of the ÆφH(r)æ/φH iso-
surfaces, while the hydrophilic polymer is more homo-
geneously distributed across the volume of the system,
although it is excluded from the region of highest
density of hydrophobic monomers.

Figures 9 and 10 present surfaces of constant local
pH and constant density of charge on the network for
the two architectures of APCNs considered. The local
pH inside the APCN is defined as pH(r) =�log([Hþ](r)),
where r is the position vector and [Hþ](r) is the local
concentration of protons inmolar units. The (ensemble
average) local density of charge on the polymer
network is ÆFqIP(r)æ, where the superscript IP refers to
the ionizable polymer: IP = H for the H(i)-P(n) archi-
tecture, and IP = P for the H(n)-P(i) structure. The
conditions of both Figures 9 and 10 are the same as
those of Figure 8: the bath pH is 5, c = 100 mM, and
φG = 0.013.

Figures 8 and 9 indicate that the density of electric
charge on the polymer network is correlated with
higher density of hydrophobic polymer for the H(i)-
P(n) network. This is expected since the hydrophobic
monomer is the one modified with acidic groups.
However, one needs also to consider that, as discussed
above, the acid�base equilibrium shifts to the unpro-
tonated species in regions of high acid-monomer
concentration. Both things are true; the local degree
of dissociation fd(r) decreases significantly in the re-
gions of highmonomer concentration (see Figure S3 in
the SI), which clearly indicates that aggregation dis-
favors deprotonation in the H(i)-P(n) network.

Figure 8. Surfaces of constant volume fraction of hydrophobic (top) and hydrophilic (bottom) polymer of the H(i)-P(n)
network at c = 100 mM, pH 5, and φG = 0.013. The magnitude of the various isosurfaces for both types of polymer can be
directly compared because φP = φH = (φG/2). The Cartesian coordinates are in nm.
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The product of the degree of dissociation by the local
density of hydrophobic monomers provides the local
charge. It is interesting to note the importance of
considering the local variation of the different proper-
ties in understanding the responsiveness of these
polymer networks. For example, the average degree
of dissociation for the case in Figures 8 and 9 and
Figure S3 is Æfdæ = 0.30; however, in the surface where
ÆFqH(r)æ = 0.24e nm�3, fd(r) = 0.22, while in the region

where ÆFqH(r)æ = 0.05e nm�3, fd(r) = 0.4. This implies that
drawing conclusions from average values of the
network may be misleading since the local arrange-
ment is highly inhomogeneous. At higher pH than
the one just discussed, the aggregates swell to
redistribute the increasing electric charge more
homogeneously across the volume. Moreover, to
further highlight the importance of molecular archi-
tecture, we will show that in the H(n)-P(i) architecture

Figure 10. Isosurfaces of local pH (top) and local charge density on the polymer backbone (bottom) of the H(n)-P(i)
architecture at c = 100 mM, pH 5, and φG = 0.013. ÆFqP(r)æ is in units of e nm�3, and the Cartesian coordinates are in nm.

Figure 9. Isosurfaces of local pH (top) and local density of charge on the polymer backbone (bottom) of the H(i)-P(n)
architecture at c = 100 mM, pH 5, and φG = 0.013. ÆFqH(r)æ is in units of e nm�3 (e is the electron charge), and the Cartesian
coordinates are in nm.
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the electric charge is more spread across the sys-
tem volume, which allows for a higher degree of
dissociation.

The negative charge on the network backbone
induces a recruitment of mobile positive ions to locally
balance the electric charge, which explains the inverse
correlation between isosurfaces of local pH and those
of density of network charge observed in Figure 9. As
an interesting consequence, constant-pH surfaces are
controlled by the formation of the hydrophobic ag-
gregate, and the lowest pH is obtained in the region of
highest density of hydrophobic polymer, which has the
highest network charge density.

The nanostructure of the H(n)-P(i) network at pH 5 is
described in Figure S4 of the SI. The surfaces of
constant-volume fraction of both types of polymer
are qualitatively similar to those of the H(i)-P(n) net-
work shown in Figure 8: compact and high-magnitude
isosurfaces of volume fraction of hydrophobic polymer
are obtained, which indicates the presence of the
aggregate, while the hydrophilic polymer is spread
across the volume. We have also found that surfaces
of constant density of hydrophobicmonomers are very
similar for both architectures at lower pH. At higher pH,
however, the aggregate is still present in the H(n)-P(i)
APCN, provided that the polymer volume fraction is
high enough, but vanishes for the H(i)-P(n) network, as
discussed in Figure 7.

The electric charge on the network is distributed
more homogeneously across the volume for the H(n)-
P(i) structure, Figure 10, as compared to the H(i)-P(n),
Figure 8. This is because in the former case the acidic
groups are on the hydrophilic polymer, and isosurfaces
of increasing density of such polymer are correlated
with those of higher density of charge on the network.
In addition, the more spread distribution of network
charge explains the higher average degree of dissocia-
tion in the structure with ionizable hydrophilic poly-
mer: Æfdæ = 0.37 at the conditions of Figure 10, as
opposed to Æfdæ = 0.30 for the H(i)-P(n) at the same
conditions.

We define pHGEL as the volume average of the local
pH inside the APCN. For the cases of Figures 9 and 10
pHGEL = 4.87, for the H(n)-P(i) network, and pHGEL =
4.90, for the H(i)-P(n) network. The lower pH in the
network with ionizable hydrophilic polymer is due to
the higher degree of charge in that structure. However,
pHGEL, which gives the average pH inside the hydrogel,
is not a very significant quantity for the H(i)-P(n) net-
work since the local pH changes dramatically in differ-
ent regions of the hydrogel. For example, changes of
up to half a pH unit within 5 nm are observed at the
conditions of intermediate pH, as shown in Figure 9.
The formation of the aggregate results in the localiza-
tion of the negative electric charge on the H(i)-P(n) net-
work, which generates a sharp gradient of positive
mobile ionswith potential applications for ion transport.

If the volume of the APCN is not constrained, the
optimal volume fraction of the gel would be that which
minimizes the free energy of the system at the given
bath pH and c. The optimal volume of both types of
APCNs shows an almost identical dependence on the
pH and ionic strength (see Figure S6 in the SI). At low
pH the hydrogel is in a collapsed, high-volume fraction,
state. As the pH increases the network transitions from
the collapsed state to a swollen, low-volume fraction,
state. The swelling starts to occurs at relatively low pH
values (depending on salt concentration), and it is
completed close to the bulk pKa. The width of the pH
region in which the network transitions from collapsed
to swollen depends critically on the salt concentration.
The smaller the ionic strength is, the sharper the
transition (see Figure S6 in the SI); for example at c =
10mM the transition occurs in one pH unit, while at c =
100 mM it spreads through two units. This swelling
response as pH and c change is analogous to the
behavior described in our previous work for a poly-
(acrylic acid) hydrogel.49

Another quantity that can be used to describe the
macroscopic behavior of the APCNs is pKGEL, the
apparent pKa of the APCN. pKGEL is defined as the bath
pH at which, on average, half of the ionizable mono-
mers are deprotonated (i.e., ÆfdæpH=pKGEL = 1/2). The
apparent pKa as a function of the total polymer volume
fraction for both of the APCNs considered is presented
in Figure 11, at different salt concentrations. At con-
stant volume fraction, it always requires a slightly
higher pH to strongly charge (fd g 1/2) the hydropho-
bic monomers in the H(i)-P(n) network than it does to
strongly ionize the hydrophilic monomers in the H(n)-
P(i) hydrogel. However, the differences in pKGEL be-
tween the two APCNs are small compared to displace-
ment from the solution behavior (pKa) introduced by
the presence of the network. The macroscopic beha-
viors of the two architectures, characterized by both
the swelling transition and the apparent pKa, are
quantitatively similar, while the behaviors of the net-
works at the nanoscale are qualitatively different. A
macroscopic measure such as pKGEL is not an appro-
priate quantity to describe the structure of the gel.

Figure 11. Apparent pKa vs volume fraction at different salt
concentrations. Results for both APCNs: H(i)-P(n) (circles,
solid lines) and H(n)-P(i) (squares, dashed lines), are shown.
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This may have important consequences for the
molecular design of responsive hydrogels, e.g., in
oral drug delivery applications that require control
over the structure and local environment of the
hydrogel host, in particular in light of the dramatic
differences and large gradients found in the local pH,
charge density, and more, described in connection
with Figures 8 to 10.

CONCLUSION

In this study, we have described the responsive
behavior and nanoscale structure of two APCNs with
different molecular structures as a function of the salt
concentration and pH of the solution in equilibrium
with the network. We have considered a regular mo-
lecular model of the amphiphilic network. In the H(i)-
P(n) network, the hydrophobic monomers bear acidic
groups, while the hydrophobic monomers are not
ionizable. In the H(n)-P(i) network, the hydrophilic
monomers are the ones modified with acidic groups,
and the hydrophobic monomers are nonionizable. The
pKa of the ionizable monomers is the same in both
cases. Even for this simple molecular model of APCN,
the nanoscopic behavior shows several interesting
features. If the hydrophobic monomers are ionizable,
their aggregation is controlled by the bath pH. At low
pH, a hydrophobic aggregate is found. Increasing pH
reduces the probability of finding such an aggregate
until that probability becomes negligible at high pH. At
intermediate pH, our results indicate that the APCN
separates intomicrophases of swollen and aggregated
hydrophobic chains. Except at low pH, the most likely
conformation of the hydrophobic chains depends on
the solution ionic strength. When the pH is near or
above the intrinsic pKa of the ionizable monomers,
the chemical free energy favors a substantial in-
crease in the degree of dissociation of the network.
However, the electrostatic energy favors a low de-
gree of charge to minimize the repulsions between
charged monomers. Strong electrostatic repulsions
oppose the aggregation of charged hydrophobic
monomers.
The addition of salt to the solution has a dual effect.

On one hand, there is a larger screening of the electro-
static interactions, which reduces the effective range
and strength of the repulsions between charged
monomers, favoring the aggregation of hydrophobic
monomers. On the other hand, a shorter Debye length
enables a higher degree of dissociation, which in-
creases the strength of the intranetwork electrostatic
repulsions, leading to swelling of the hydrophobic
aggregate. These two competing effects have themost
significant consequences at intermediate pH, that is,
when the degree of dissociation is neither high nor
close to zero (0 , Æfdæ < 1/2). For this reason, the
probability of finding the aggregate shows a nonmo-
notonic dependence on c within this pH range. At low

pH, the degree of dissociation is close to zero and the
electrostatic repulsions are weak, which results in the
behavior of the hydrophobic chains being indepen-
dent of salt concentration. Moreover, at high pH, the
network electrostatic repulsions are already strong due
to the high degree of dissociation, and only the effect
of increased screening is significant. When the hydro-
philic polymer is ionizable, the nanoaggregation of
hydrophobic chains is less sensitive to environment
changes because the stimulus occurs indirectly due to
network connectivity interactions. Therefore, except at
very low network volume fraction, the aggregate is the
most likely conformation of the hydrophobic chains at
all pH and salt concentrations.
The environment pH can be used to control the

nanoaggregation of hydrophobic monomers in a H(i)-
P(n) APCN. This finding has potential for applications in
controlled oral delivery of hydrophobic drugs that can
be loaded by contact with a high-pH solution contain-
ing the molecule to deliver. As the pH is reduced, the
drug will be entrapped in the collapsing hydrophobic
regions of the network, and release occurs by diffusion
at the high-pH target environment when the hydro-
phobic chains are most likely swollen due to their
increasing degree of ionization. The H(i)-P(n) network
performs local mechanical work, which occurs at over-
all constant total volume of the hydrogel, in response
to changes in the chemical composition of the envir-
onment. This work given by the contracting and relax-
ing of the hydrophobic regions of the network can be
exploited in the development of devices such as
artificial muscles.
The macroscopic responses (i.e., swelling behavior

and network apparent pKa) of the H(n)-P(i) andH(i)-P(n)
APCNs are similar. However, at the nanoscale the
hydrogels behave very differently. Inside the H(i)-P(n)
network, well-defined, confined pH and polymer den-
sity of charge isosurfaces are observed at a bath pH
where the aggregation is favorable. These surfaces are
highly correlated with the surfaces of equal density of
hydrophobic monomer, which is in this case the ioniz-
able monomer. The variability of pH (or the polymer
charge density) inside this network is also higher than
it is in the H(n)-P(i) APCN. In the latter network,
isosurfaces of pH and polymer charge density follow
the surfaces of constant volume fraction of hydrophilic
polymer, which contains the ionizable monomers. As a
consequence, these surfaces are not confined but
extend across the volume of the network, or more
precisely, they span the entire volume complementary
to that of the hydrophobic aggregate. Therefore, the
molecular design of the network can be used to control
the local charge distribution inside the hydrogel, even
for regular structures such as the one considered in this
study. In most applications of pH-responsive hydro-
gels, molecular design is generally used to control the
swelling properties of the network. Appropriate choice
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of the molecular architecture of APCN, however, can
help engineer novel applications that go beyond the
use of hydrogels as simple sweallable templates, in
which local domains and large gradient of charge and
pH can be used to optimize the state of hostmolecules,

e.g., drugs, and their release to the environment.
Molecular design of the APCN allows localizing the
charge distribution within the network structure as
well as controlling the distribution of chemical species
within the hydrogel.

METHODS
To describe the thermodynamic behavior of the APCN, we

use a molecular theory that accounts for specific details of the
polymer network. The molecular conformations of the network
are incorporated into the approach using MD simulations. One
of the salient characteristics of thismolecular-level theory is that
it explicitly describes charge self-regulation, which is the dis-
tinguishing feature of most stimuli-responsive hydrogels. The
first step in this theoretical framework consists in writing the
total free energy of the APCN, which is given by

F ¼ �TSconf � TSmix þUvdw þUst þ Fchm þUelec ð4Þ
where T is the system temperature, Sconf is the conformational
entropy of the flexible network, Smix is the translational entropy
of the different free species in the solution, Uvdw is total
attractive van der Waals interaction, Ust is the total repulsive
steric (excluded volume) interaction, Fchm is the chemical free
energy that accounts for the acid�base equilibrium, and Uelec is
the total electrostatic energy. Each of these terms of the free
energy can be explicitly expressed as a functional of the
probability of the different molecular conformations of
the network, the local density profiles of the mobile species in
the solution, the local degree of dissociation of the ionizable
polymer, and the electrostatic potential. The next step is to
optimize the free energy functional with respect to each of
these functions, which leads to a series of equations that are
solved numerically. All structural properties can be determined
from the probabilities and interaction fields obtained from the
minimized free energy, and any thermodynamic quantity of
interest can be computed by taking the proper derivative of the
minimized thermodynamic potential. Technical details and all
the relevant equations of the molecular theory can be found in
the SI and in our previous work.49
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