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ABSTRACT: The adsorption of flexible polyampholytes to charged surfaces has been investigated. The
electrostatic interactions are included in a mean-field manner, while the chain connectivity is treated by
Metropolis Monte Carlo (MC) simulations. For large enough surface charge densities, adsorption is found
both for neutral polyampholytes and for polyampholytes carrying the same net charge as the surfaces.
The simulation results are used to check the reliability of previously proposed analytical theories. The
exponents predicted in those scaling relations are not reproduced by MC simulations. The simulations
show that the size of the adsorbed polyampholyte initially grows with increasing surface charge density,
but for sufficiently charged surfaces it reaches a maximum and starts to decrease. This general behavior
is qualitatively captured by scaling arguments. The MC simulations do not bear any evidence for the
existence of three disparate regimes where the polyampholyte adsorbs in different conformations.

1. Introduction

Charged polyions are an important subset of polymers
comprising biopolymers such as DNA, RNA, and pro-
teins and also synthetic species, which are important
in practical applications. Polyelectrolytes have been
extensively studied by experimental and theoretical
means. Much less is known about polyampholytes,
which are polymers containing both positively and
negatively charged chain segments, although a recent
review on polyampholytes is available.!

The overall topology of a polyampholyte is important
for its conformational properties in solution. Polyam-
pholytes with a net charge are dominated by the
polyelectrolyte effect; i.e., a strong repulsion between
like-charged monomers stretches the chain, and these
chains dissolve even in solvents that are poor for the
polymer backbone. For neutral polyampholytes the
charge sequence is important which has been shown in
experiments,? simulations,®~® and analytical theories.®7”
Narrow distributions, where the extreme is alternating
charges, lead to a swollen chain that dissolves readily,
while polyampholytes with broad charge distributions
tend to collapse and precipitate.

For ensembles of polyampholytes with random
distributions of charges there exists a net-charge thresh-
old for which the polyampholytes collapses |f1 — f_|
< 1/+/N.8-10 Here f, is the fraction of positive charges,
f_ is the fraction of negative charges, and N is the
number of monomers. Thus, the longer the chain, the
lower is the threshold for collapse.

Less is known about the adsorption behavior of
polyampholytes to charged surfaces and colloidal par-
ticles, although the importance of understanding protein
and polyampholyte adsorption for controlling emulsion
stability and rheology is well documented.’> Many
technological processes such as wastewater treatment,
flotation, paper production, etc., are closely connected
with adsorption phenomena, and polyampholytes are
widely used in the food, the photographic, and the
pharmaceutical industries as stabilizers and modifiers
of interfacial properties. Adsorption of ampholytic pro-
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teins plays a key role in many biological processes, e.g.
drug delivery, biocompatibility, and blood coagulation.

In recent years, experiments'? and also analytical
theories®~16 concerning the complexation behavior of
polyampholytes have been presented, and the main
conclusion is that neutral polyampholytes and even
polyampholytes with a net charge opposite to the wall
charge adsorb to the wall.

In the present work, the adsorption behavior of a
polyampholyte to a charged surface is investigated with
numerical tools. While the charged surface and its
counterions throughout this work will be treated in a
mean-field manner, the chain properties will be treated
with Monte Carlo (MC) simulations. For short chains
or when the intrachain electrostatics are weak, the
polyampholytes will take on Gaussian conformations in
the absence of an external electrical field. In other
words, when the electrostatic interactions between two
monomers are smaller than kT (k is the Boltzmann
constant and T is the absolute temperature), the chain
entropy will dominate the conformational behavior. The
present simulations take advantage of the fact that the
systems studied are in this so-called weak coupling
regime.®>10 (For stronger coupling the polyampholyte
would form a globule and precipitate.) This permits the
use of a simplified model where the intrachain electro-
static interactions are neglected, which decreases the
computing time with an order of magnitude. Compari-
sons with simulations that include the intrachain
electrostatics are included to validate the simplified
model.

The simulations performed without intrachain elec-
trostatics give an opportunity for comparison with some
of the analytical theories developed by Dobrynin et al.14
and Netz and Joanny.’® The theories of interest here
are valid in the weak coupling regime and predict that
the adsorption behavior for a single polyampholyte is
due to the fact that the field from the charged wall
polarizes the polyampholyte which is attracted to the
charged wall. Adsorption is found for neutral polyam-
pholytes and for polyampholytes with the same net
charge as the wall as long as the attraction, due to the
polarization of the chain, is stronger than the net charge
repulsion.
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Figure 1. A schematic figure of the model used in the

simulations. The walls are perpendicular to the z-axis, and z

= 0 is in the middle of the two surfaces which are a distance

2a apart. Note that in the simulations performed the two walls

are very far from each other which is not reflected by the
figure.

z

Table 1. Scaling Results According to the Mean-Field
Approaches by Netz and Joanny and by Dobrynin et al.
from Which the Naming of the Different Regions Is

Adapted
Jac 2042
Acc > bNf Y227 no adsorption
Joc > 22042 b2N3/21géf 12 (pole)
}LGC < [22042 }-GC (fence)

Acc < bf 1227 bf ~12 (pancake)

The scaling relations predicted by the theoretical work
in this area,#1 see Table 1 (in which Agc is the Gouy—
Chapman length defined in eq 3, f is the fraction of
charged monomers, b is the bond length, and [Z2[372 is
the z-component of the end-to-end distance), claim that
the adsorption behavior can be divided into three
regimes depending on the surface charge density. The
pole regime (for low surface charge) where the polyam-
pholyte adsorbs in a single stretched coil of vertical size
smaller than the Gouy—Chapman length, the fence
regime where the polyampholyte adsorbs in multiple
blobs with a vertical size comparable to the Gouy—
Chapman length, and the pancake regime (for high
surface charge) where the polyampholyte adsorbs in
multiple blobs of size bf ~1/2,

We will now continue in section 2 by introducing the
numerical methods used. A presentation of the results
is given in section 3 together with a discussion of the
validity of analytical theories. Finally in section 4,
conclusions from the present study are summarized.

2. Computer Simulations

The system of interest is a polyampholyte in between
two charged walls, and a schematic figure of the model
is depicted in Figure 1.

2.1. The Mean Field. Throughout this work, the
potential originating from the charged surfaces and its
counterions is treated in a mean-field approximation.
The surfaces and counterions give rise to an effective
potentiall?.18

kT 2(SZ
V, (2) = = In|cos’[—= 1
$(@) = 5 Infeos?(% (1)
where z is the distance from the midplane between the
surfaces, a is half the surface—surface distance, and Ze
is the counterion charge. Only monovalent counterions
will be considered; hence, Z will be put to unity
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henceforth. The parameter s can be found from
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stans = 2KkTe € Asc (2)

by iteration. In eq 2, the surface charge o is introduced
together with the dielectric permittivity €r¢o. The last
equality defines the so-called Gouy—Chapman length
]«GC as

_ e
2rlgo

3

AGC

where Ig is the Bjerrum length Ig = e%/4mepe, KT and has
a value of 7.14 A for water at room temperature. The
Gouy—Chapman length is the distance from the surface
at which the electrostatic interaction between a mono-
valent ion and the surface will be in the order of the
thermal energy kT, and the Bjerrum length is the
distance at which the electrostatic interaction between
two monovalent particles equals kT. The Gouy—Chap-
man length becomes smaller with increasing surface
charge density, as seen in eq 3, which also means that
the potential varies faster. This fact is important for the
thickness of the adsorbed polyampholyte. Typical values
for the Gouy—Chapman length are the following: mica,
~1 A; DNA, ~5 A; biological membranes, ~5 A; weakly
charged proteins, ~100 A.

2.2. Model Systems. In the simulations the polyam-
pholyte is made up of charged point particles connected
by harmonic springs. (When intrachain electrostatics
are included, charged hard spheres are used instead.)
The macromolecule is enclosed between two negatively
charged surfaces, represented by infinite plane walls
with a uniform charge density o. Since the main focus
in this work is on adsorption of a polyampholyte, the
surfaces are kept widely apart to ensure that the chain
only adsorbs to one wall at a time. The solvent only
enters via the dielectric constant ¢, = 78.7, valid for
water at a temperature T = 298 K. In the following two
models, the potential originating from the charged
surface is treated in the mean-field approximation
described above; i.e., the counterions are not modeled
explicitly but rather by modifying the wall potential into
an effective potential described by eq 1. The chain is
described in two different levels of approximation, with
and without intrachain electrostatics.

2.3. Monte Carlo without Intrachain Electro-
statics. In this model it is assumed that the equilibrium
conformation (when disregarding the walls) of the
chains is Gaussian. To model a Gaussian chain, the
monomers building up the chain do not interact elec-
trostatically with each other but only with the mean-
field potential originating from the adsorbing surface
and its counterions. Thus, the total energy for a
polyampholyte built up by N monomers is given by

c _ N y N—lE B ,
0 Z'Vie o(Zi) + 2(|"i risal?) (4)

where v; is the valence (+1 or 0) and r;j is the position
of monomer i. K is the spring constant, chosen to K =
13.6 x 1073 N/m, which sets the average monomer—
monomer distance to b ~ 10 A at room temperature.
This simple model is suitable for comparisons with the
analytical theories presented in the Introduction.1#16
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Figure 2. Solid lines show the x-component of the end-to-
end distance, and the dashed lines show the nearest bead
distances as a function of temperature. Squares are used for
the model which includes intrachain electrostatic interactions
and circles for the model without those interactions. The
simulations have been carried out for chains with N = 40.

2.4. Monte Carlo with Intrachain Electrostatics
Included. Here the intrachain electrostatics are in-
cluded while the wall and counterions are still modeled
in the mean-field approximation resulting in

2

N V-V
E=E,+) —+ S uj(ry) (5)
° 5 4me gl — 1l ; Y
where uIJ , the hard-core term, now is included as
he o, |ri—rj|zd
ujy (ry) = {oo, Ir—rl<d (6)

with d = 4 A being the particle diameter.

2.5. Methods. The Monte Carlo (MC) simulations of
the model systems are performed in the canonical
ensemble with the traditional Metropolis algorithm.19.20
The monomers are moved one at a time, and the new
energies are computed according to eq 4 or 5. The time
to achieve good statistics is hugely different for the two
methods outlined above. The simulations without in-
trachain electrostatics took minutes while the inclusion
of the intrachain electrostatics increased the simulation
time needed to hours on a powerful workstation.

3. Results and Discussion

The simplified polyampholytes studied in this work
are not intended to mimic actual experimentally realiz-
able polymers; rather, the goal is to point out the
qualitative behavior of polyampholytes, near a charged
surface. The importance of intrachain electrostatics can
be inferred from a comparison of the x-component of the
end-to-end distance X2[}2calculated with and without
intrachain electrostatics, since there is no external field
in the x-direction. For low temperatures, i.e., strong
coupling, the two approaches may differ by a factor of
2, but at room temperature the X2[¥2 obtained in the
simulations are indistinguishable (see Figure 2).510.21
These findings support the use of the more simple and
computationally appealing approach, eq 4. It is also
interesting to note that the average monomer—monomer
distance b is the same in both approaches.®
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Another restriction is that almost all the chains
studied here are fully charged. For a realistic polyam-
pholyte the proportion of charged monomers will be
smaller than one (f < 1). But, the qualitative behaviors
of chains with f < 1 and f = 1 are very much alike, which
will soon become evident. By using fully charged polyam-
pholytes, it is somewhat easier to classify the different
sequences.

A broad spectrum of methods has been developed for
investigating the nonrandomness of sequences in the
folding of proteins into specific ground states (see e.g.
Irback et al.?2 and references therein). For the electro-
static interactions considered here, there exists no
unique ground state, and only a simple classification
scheme will be used which will provide the general
trend. One way of characterizing the sequence is to
define a local charge correlation parameter (for a neutral
chain where every monomer has a charge) as

h = z!\l:_llvile @

corr N — 2

This parameter is constructed so that her = 1 for a
diblock polyampholyte, heor = —1 for a perfectly alter-
nating, and her = O for a totally random chain.

Obviously, when discussing the adsorption of a polyam-
pholyte to a charged surface, features regarding both
the electric double layer and the charged polymer are
of importance. The number of parameters (length scales)
is large and includes among others the Bjerrum length,
the Gouy—Chapman length, the chain length, and the
hard core radius. Here we will focus on a dilute
polyampholyte solution and anticipate that for a suf-
ficiently long chain a variation of Asc and the charge
sequence will reveal most of the physical properties
relevant for a real system.

3.1. Neutral Polyampholytes. The monomer dis-
tribution pm(h), where h = a — z is the distance to the
wall (see Figure 1), for polyampholytes with different
charge sequences is shown in Figure 3. It seems clear
that all but the alternating chain are drawn to the wall.
The chains try to orient its positive monomers to the
negative wall and keep its negative parts as far away
as possible. Naturally, this is easiest for the diblock
chain and hardly possible at all for the alternating
chain, for which the two distribution curves (for positive
and negative monomers) are almost identical. The
charges on the random chain, with less charge fraction
f = 0.1, can adjust better to the field from the wall, and
the higher flexibility of these charges accounts for a tail
far from the wall. Still there are only small qualitative
differences between this chain and the other random
chains, and all of them are more or less attracted to the
wall.

Another way of visualizing the adsorption to the
charged surface is to measure the fraction of chains
whose center of mass resides within an undisturbed

chain length from the wall, ho = b+v/N—1. The adsorp-
tion I' is thus defined as

ho_p(h)
o p ho

av

r= dh @8)

where p(h) is the center-of-mass distribution function
and p,y is the average density. The rangeof I'is0 < T’
< alhg, and if I' > 1, the chain is considered to be
adsorbed. The rather arbitrary choice of cutoff length
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Figure 3. Distribution function for the (A) negative and (B)
positive monomers, of polyampholytes with different charge
sequences, near a negatively charged wall. The solid lines
corresponds to f = 1 and the dashed to f = 0.1. The amplitudes
of the latter chain has been multiplied by 10, since the charge
concentration is 1/10 of the other chains. The simulations have
been carried out for chains with N = 80. The surface charge
was one charge per 400 A2, which corresponds to a Gouy—
Chapman parameter 4 = 8.9 A. Also in the figure are the
charge sequences of the polyampholytes. Note that the two
polyampholytes with he,r = 0 have different charge sequences
and that the scales of (A) and (B) do not coincide.

ho has been checked, and the qualitative results stand
firm. By defining a single polyampholyte as adsorbed if
h < hyg, it is possible to distinguish the properties of the
adsorbed chains from the properties of the nonadsorbed.
The different mean values, such as [Z%[] are thus
averaged over the adsorbed chains only. This implies
that when averaging over chains with different charge
sequences, those with a greater tendency to adsorb will
give a larger contribution to the mean values.

Alternatively, the adsorption can be defined as the
proportion of monomers inside a certain cutoff length.
The actual numbers are sensitive to the choice of cutoff
length, but the qualitative behavior is the same for 5,
10, 15, and 20 A. Clearly, the definition of adsorption
is somewhat arbitrary, but for sensible choices the
qualitative behavior is not much altered.

In Figure 3 the adsorptions for different charge
sequences are shown. The diblock polyampholyte ad-
sorbs to a great extent, with the oppositely charged half
close to the wall and the like charged half dangling out
from the wall. The alternating chain adsorbs very little
since this chain is hardly polarized and prefers the bulk
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Figure 4. Adsorption of polyampholytes, with different N and
f, to walls with surface charges between 1/50 /A2 and 1/40 000
e/A2(1.1 A < Agc < 890 A). In the first three graphs the
adsorption is defined as the proportion of positive monomers
within 20 A from the negative wall. (A), (B), and (C) correspond
to different charge sequences; (A) heorr = —1, (B) heore = 0, and
(C) heorr = 1. The results in (B) are averaged over 100 different
random sequences. The different chain lengths are N = 20
(circles), N = 40 (squares), N = 80 (diamonds), and N = 160
(triangles). (D) Adsorption, defined in eq 8, as a function of
the Gouy—Chapman length for different f; f = 1.0 (circles) and
f = 0.1 (squares). For every f, 100 chains with random
sequences have been used, each with N = 160 and b ~ 10 A.

before the charged surface. The different random chains
fit somewhere in between. For long polyampholytes the
number of chains with he ~ 0 will be dominating due
to the high degeneracy of these chains, and their
adsorption behavior can be expected to resemble each
other as can be seen for the two chains in Figure 3 with
Neorr = 0.

From the discussion in the Introduction it is clear that
the Gouy—Chapman length is an interesting parameter.
Here we will investigate Agc by changing the surface
charge concentration o, in a broad range from 1 charge
per 50 A2 to 1 charge per 40 000 A2, which means a
variation in Agc of 1 to 800 A, well beyond most real
systems. In Figure 4A—C the adsorptions for alternat-
ing, random, and diblock chains are shown. The general
behavior is the same for all the investigated chains, with
high adsorption for low Agc and with a decreasing
adsorption with increasing Agc. Notably, it is possible
for the alternating chain to adsorb only at very high
surface charges (when Agc ~ b). Figure 4D shows the
adsorption of an ensemble of fully charged random
chains and random chains with f = 0.1. Again, the
adsorption behaves as expected with the fully charged
chain adsorbing more and at lower surface charges. It
is worth noticing once more that there is no qualitative
differences between the adsorption of chains with dif-
ferent f.

In Figure 4 the effect of the chain length on the
adsorption behavior is also depicted. The transition
between high and low adsorption occurs at higher Agc
for longer chains, which indicates that longer chains are
more easily polarized by the electrical field from the
wall.

To check the mean-field theories, for ensembles of
chains with random sequences, the thickness of the
adsorbed chains, [Z2[¥2, is plotted against Agc in Figure
5. In Figure 5, 100 different sequences have been
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Figure 5. Thickness of the adsorbed layer as a function of
Acc for chains with N = 20 (circles), N = 40 (squares), N = 80
(diamonds), and N = 160 (triangles), all with f = 1.0. The
unfilled triangles correspond to N = 160 and f = 0.1.
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Figure 6. Thickness of the adsorbed layer as a function of
chain size, for different surface charges: Acc = 1.12 A (circles),
Jdec = 11.2 A (squares), Aec = 112 A (diamonds), and Agc =
892 A (triangles).

simulated for every point plotted; i.e., for every N and
Acc there are 100 simulations, and Figure 5 contains a
total of 6200 simulations, which explains the necessity
to use the simple and fast mean-field simulations.
For high Agc the chains do not adsorb, and [z2[3/2

approaches the bulk value b+/(N—1)/3. In Figure 5,
[22(32 is actually somewhat smaller since the averaging

is taken over a distance b4/(N—1) out from the wall,
and in that range the chain dimension is disturbed by
the wall. As adsorption sets in for lower Agc, (2232 starts
to grow, but not with the predicted scaling relations
given in Table 1. When [Z2[¥2 reaches the same order of
magnitude as Acc, [Z23/2 hits a maximum and starts to
decrease. The decrease does not follow the scaling
relations shown in Table 1, though.

Figure 6 depicts how [#2[¥2 scales with N. For low
surface charges, when the polyampholyte is in the bulk,
the normal Gaussian scaling is retrieved [22[32 ~ NO5,
For lower Agc, in what Dobrynin et al.* would call the
pole regime there appears to be a scaling relation [z2[3/2
~ NO7, which is different from the ones predicted in
Table 1, where [Z2[¥2 ~ N3%2, For even higher surface
charges there seems to be no simple scaling relation-
ships. The scaling theories predict that in the fence and
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Figure 7. Adsorption of polyampholytes with a net negative
charge to a negatively charged surface. The simulations have
been carried out for chains with N = 160. Note that all
monomers were charged and that the same 10 sequences have
been used for the different Gouy—Chapman lengths which are
Aec = 2.2 A (circles), lcc = 4.4 A (squares), lcc = 6.6 A
(diamonds), Acc = 8.8 A (triangles), and Acc = 22 A (stars).
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Figure 8. Distribution functions for (A) the mass centers and
(B) for [Z2[¥2. Averages over 100 random sequence chains with
N = 160. The following Gouy—Chapman lengths have been
used: Agc = 1.12 A (dot—dashed lines), Aec = 11.2 A (long-
dashed lines), Acc = 112 A (dashed lines), and Agc = 892 A
(solid lines).

pancake regimes the size of the adsorbed chains will be
independent of N, which is contradicted by the simula-
tion results in Figure 6. Also, the claimed universality
of the pancake regime where [Z2[32 ~ b is not found in
the simulations.

The MC results and the scaling theories do not
produce the same scaling exponents though the general
trends coincide; i.e., (2232 increases with Agc until [22[¥2
~ Asc, and then [Z2[¥? decreases with Agc.

3.2. Chains with a Net Charge. The interaction
between polyampholytes with a net-negative charge and
a negatively charged wall has been simulated. The
results, given in Figure 7, confirm the results from the
mean-field analysis416 that the chains will adsorb and
that the adsorption is stronger for higher surface
charges. This is also reflected qualitatively in experi-
ments.12:23

3.3. The Adsorption Mechanism. From the numer-
ical simulations a wealth of information can be re-
trieved, which helps us to understand the adsorption
behavior. In Figure 8A the distribution of mass centers
is shown for different surface charges. It is clear that
the chain moves closer to the surface at higher surface
charges. The averaging over 100 chains means that
different chains may contribute to different parts of the
curve. In Figure 8B, the corresponding distribution for
(22032 is given, i.e., the size that the average chain would
have if it was positioned at a certain h. In Figure 5 the
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Figure 9. Distance to the wall for the polyampholyte mass
centers h (circles), the size of the adsorbed layer [Z2[}2
(squares), and the z-component of the dipole moment gy,
(diamonds) as a function of Agc. The curves are averages over
100 random sequence chains with N = 160. Note that the
integration is over the full system in order to generate
meaningful values of h.

size of the adsorbed chains is obtained as a convolution
of the curves in Figure 8B with the corresponding curves
in Figure 8A. Notice that even if high surface charges
gives large (2(¥2 at around 200 A from the surface, the
chain will rarely occur at this position, and that part of
the curve will not contribute to the mean value of [Z2[}2
for the adsorbed chains. In Figure 8B this is also
manifested in the poor averages for large h at high
surface charges. The form of the distribution functions
in Figure 8 shows why the choice of cutoff does not much
alter the averages for the adsorbed chains. For high
surface charges all of the chains are adsorbed and are
well inside the cutoff, and for low surface charges [Z2[¥?
does not change much with h. Also, in Figure 9 the
integration is taken over the full slit, and the results
are not changed qualitatively.

In Figure 9, h, [22[32, and u, are shown as a function
of Acc. The Monte Carlo simulations show that when
the surface charge is increased a polyampholyte is
drawn closer to the wall, and the chain responds to the
increased electrical field by ordering its charges to
increase the dipole strength, even if [Z2[¥2 decreases.

4. Conclusions

Monte Carlo simulations show that neutral polyam-
pholytes adsorb to a charged surface. Also, a net charged
chain can adsorb to a like charged surface. The adsorp-
tion increases with the surface charge, the polymer size,
and the “broadness” of the charge distribution, with the
diblock as one extreme.
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For large Agc there is no adsorption, and the polyam-
pholyte prefers the bulk. As Agc decreases, adsorption
sets in and the chain expands. When Agc reaches the
same magnitude as the chain dimension, the chain
starts to contract. The size of the chains varies smoothly
as described by Figure 5, and with decreasing Agc the
chain is drawn closer to the wall and arranges its
charges to increase the dipole strength. Furthermore,
there exists no low-Agc region where all the oppositely
charged monomers reside inside the Gouy—Chapman
length as a flat pancake. The three distinct regions
suggested from mean-field analysis are not reproduced
in the numerical simulations, and it seems too bold to
make pictures of the polyampholytes as pancakes,
fences, and poles. However, MC and scaling theories do
describe the same general behavior of the polyam-
pholytes; i.e., even though the numbers of the exponents
do not coincide, their signs appear to agree.
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