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How different are the properties of critical adsorption of polyampholytes and polyelectrolytes onto
charged surfaces? How important are the details of polyampholyte charge distribution on the onset
of critical adsorption transition? What are the scaling relations governing the dependence of critical
surface charge density on salt concentration in the surrounding solution? Here, we employ Metropolis
Monte Carlo simulations and uncover the scaling relations for critical adsorption for quenched periodic
and random charge distributions along the polyampholyte chains. We also evaluate and discuss
the dependence of the adsorbed layer width on solution salinity and details of the charge distribution.
We contrast our findings to the known results for polyelectrolyte adsorption onto oppositely charged
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rsc.li/pccp surfaces, in particular, their dependence on electrolyte concentration.

|. Introduction

Polyampholyte (PA) chains are hetero-polymers consisting of
positive, negative, and neutral monomers."® Various physical-
chemical properties of PAs find a broad range of applications®'°
in e.g. paper production processes, water desalination, colloid
stabilisation and flocculation, wetting and lubrication, and adhe-
sion, as well as other modifications of surface properties. The PAs
are also used as synthetic vectors for gene delivery applications®**
and as model systems to study charge-stabilised polypeptides and
intrinsically disordered proteins.'*"*

The phase behaviour, solubility, viscosity, conformational
and hydrodynamic properties of PAs have been systematically
studied (see ref. 1 and 6 for an overview). The charged state of
the PA sites can depend on the pH value, resulting in “annealed”
rather than “quenched” charge distributions. The effects of the
net charge on the configurations and shape of PAs have been
studied theoretically and experimentally."*'**® In particular,
elongation, coil-to-globule transition, and necklace formation for
PA chains have been examined."® The variation of the pH value
and charge asymmetry is known e.g. to affect the position of the
globule-to-coil transition for PAs.®

The properties of PAs near charged interfaces are of biol-
ogical relevance, i.a. for the behaviour of polypeptides near
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charged constituents in biological cells (e.g. near negatively
charged lipid membranes®®>?). The polypeptide chains are
composed of different amino-acid residues with widely varying
physical-chemical, hydrophilic, and surface-adsorption proper-
ties. Protein dynamics, protein folding in solutions,* and protein
unfolding via attractive surfaces® possess some similarities with
the behaviour of PAs near charged surfaces.

Similar to adsorption of polyelectrolytes (PEs),”**™® the
adsorption of PAs onto charged surfaces as well as onto
nanoparticles®® (polystyrene latex, mica, silica, etc.) has been
examined experimentally®”** and theoretically (see ref. 4 and
43-45 and the discussion below). The experimental techniques
used to measure the thickness of the adsorbed polymer layer
include ellipsometric, spectroscopic, potentiometric, plasmon
resonance, hydrodynamic, and electrophoretic mobility measure-
ments. The adsorption of net-charged PAs onto similarly charged
surfaces is possible (wrong side of the isoelectric point), as
observed e.g. for the negatively charged gelatin chains.'*®*"4>4¢
As possible applications, we mention also the interactions of
charged polymers (such as DNA, RNA, etc.) with the pore walls
and membranes in polymer translocation experiments®” as well as
the formation of DNA knots and denaturation bubbles*®*°
induced by surface adsorption.

The adsorption transition of PAs in front of charged surfaces
takes place as a consequence of chain polarisation in the electric
field.***** PA adsorption onto planar and curved surfaces has
been the subject of intense research,>**°* with random charge
distributions along PAs being often considered.* Important
trends in PA-surface adsorption were uncovered,*>>*™° including
the behaviour of weak titratable chains,®® diblock®>** and multi-
block PAs,**®* PA chains inside slit geometries, complexes of
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PAs with nanoparticles®>®® and PEs." Specifically, the adsorption of
PAs onto charged surfaces in the three basic geometries—planar,
cylindrical, and spherical—was considered.”® The effect of block
length on the distributions of periodic PAs near the adsorbing
plane in the absence of screening was examined by simulations.®?

Recently, the conformations of PAs near a uniformly charged
rod and salt-induced transitions have been considered.®* It was
demonstrated that at higher salt concentrations a transition
occurs from large-loop PA conformations to ‘“necklace’-like
PA complexes parallel to the cylinder.® The properties of
both single- and multi-chain** PA adsorption onto surfaces
were studied, both theoretically and by computer simulations.
The effects of solvent quality and dielectric permittivity value on
PA-surface adsorption were also rationalised.>® Note, however,
that often a non-screened version of the electrostatic (ES) potential
is implemented in simulations.>>%

One vivid difference of PA- versus PE-surface adsorption
is that—due to non-uniform distributions of non-identical
monomers along the PA chains—their adsorption onto charged
interfaces can produce some ‘star-like” structures, as well as
“trains” and “arms” of irregular length,** emerging as a response
to a particular PA charge pattern (see Fig. 1). We refer also to a
recent study® for a detailed overview of PA-rod adsorption.

The adsorption-desorption ES-driven first-order phase
transition of PEs and PAs onto charged surfaces is a critical
phenomenon.’>®” In equilibrium, at the threshold curve the ES
attractive interactions of the polymer to the interface are exactly

Fig. 1 Snapshots of typical configurations of periodic PAs near negatively
charged surfaces, as obtained from simulations. Parameters: the surface
charge density is ¢ = —0.1 C m™2, the salt concentration is ng = 107> M, and
the chain polymerisation degree is N = 208. The top and bottom panels
show the PAs with two and sixteen blocks, so that the block length is
n = 104 and 13, respectively. Negative monomers are red beads, positive
monomers are blue beads. Video files illustrating PA adsorption dynamics
to the surface in the electrolyte solutions with salt concentrations
no=10"7M(lp ~ 96 A, 0L M (ip = 96 A), and 0.25 M (/p ~ 6.1 A),
recorded during 10 simulation steps for diblock and hexadecablock PA
chains, are included in the ESI.¥
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balanced by the entropy losses accompanying chain confinement
near the surface. For PE chains, the general adsorption trends and
critical adsorption conditions onto oppositely charged surfaces
were studied for planar****>°”~77 and curved®*”"””~%° interfaces,
as well as in confinement.®’~** The scaling behaviour of critical
surface charge density, g., required for PE adsorption onto the
weakly charged plane is”**°7:¢%7%79

O-c,PE(K) ~ K3) (1)

where k = 1//p is the reciprocal Debye screening length in the
solution. Physically, as more salt is added to the solution, the
PE-surface ES attraction is screened better and thus larger
surface charge densities are required to ensure polymer adsorp-
tion. The values of ¢, for critical PE-plane adsorption get reduced
at lower temperatures T, higher PE linear charge densities p, and
shorter polymer persistence lengths [,, composing the universal
adsorption parameter yielding |o.pe| ~ eksTlpKk’/|p| (see ref. 35).
This expression provides the critical adsorption characteristic in
terms of physical-chemical parameters potentially controlled in
experiments. The adsorption of periodic PEs with block-like charge
structures onto charge-patterned surfaces was also studied,”***
as a function of patch size and surface and polymer charge
densities (see also ref. 95 for general ES of patchy surfaces).

The properties of critical adsorption of PAs onto charged
interfaces have not been examined, however, to the best of our
knowledge. The PA-surface adsorption is known to be driven by
polarisation effects and short-ranged non-ES contacts.®>*>7%¢
A multitude of PA conformations in solution—as compared
to e.g. a swollen state of a weakly charged PE chain in the
absence of condensed counterions®”'%>'%*1%__together with
often irregular PA charge distributions, makes the general problem
of critical PA-surface adsorption interesting and challenging,
both analytically and by simulations. This is the main subject of
the current study.

In particular, we study the effects of varying Debye screening
length Ap in tuning the strength of ES chain-surface contacts.
Similarly to PE adsorption, the adsorption-desorption transi-
tion of PAs is expected to take place when the entropic free
energy of the chain in the desorbed/free state overcomes the
energy of its ES binding to the interface in the adsorbed state,
with the energetic barrier of the order of thermal energy, kgT.**
We unravel the adsorption-desorption curve o.(x) via extensive
simulations, quantifying the statistics of polymer-surface con-
tacts under conditions close to thermodynamic equilibrium.
The current study thus adds an important bit of information
to the—often quite approximate—scaling relations derived
theoretically for PA-surface adsorption.

The paper is organised as follows. In Section 2, we discuss
the approximations and present the details of our computer
simulations. We consider the ES interactions within the chain
and with the adsorbing interface; the effects of fine parameters
of PA charge distributions are examined too. In Sections 3 and 4
we overview the main findings on monomer distributions and
critical adsorption conditions of PA chains onto negatively
charged planes. We examine the adsorption conditions of a
single PA chain onto surfaces with varying charge density o.
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In Sections 3 and 4, we examine the behavior of PA chains with
periodic'®® and random charge distributions, respectively.
Finally, in Section 5, we outline possible applications of our
results and extensions of the model.

II. Model, approximations, and
simulation methods

We employ the standard linear Poisson-Boltzmann equation®*>*

to compute the ES potential ¢rg(x) emerging from the planar
uniformly-charged interface. This external potential defines the
magnitude of ES interactions of all N PA monomers with the
surface, namely

N
4nlo|
£ = }ﬁw%s )= st e )

where x; is the distance of the ith monomer from the flat surface.
For a negatively charged surface, the “plus” sign above is taken
for negative PA monomers (that is, for unfavourable ES energy),
whereas for positive PA charges the ES interaction energy in
eqn (2) is negative (the “minus” sign above, as PA-surface contacts
are beneficial). The potential distributions ¢gs(r) in simple 1:1
electrolyte—i.e. monovalent cations and anions—near charged
surfaces of different geometries were summarised in ref. 34, 35,
77 and 92. The physical limits of applicability of the linear Poisson—
Boltzmann solution (2) were discussed in our recent study,”” where
the properties of PE-surface adsorption for linear and nonlinear ES
potentials were examined. We showed e.g. that for a charged plane
the critical surface charge densities ¢, for the linear and nonlinear
theories are very close as soon as k < 0.2 AL

We also assume below that the dielectric constant attains its
bulk value even close to the highly charged surfaces, ¢(x) = ¢,
and also in the PA vicinity. In reality, the ES-induced ordering
of water molecules near significantly charged interfaces makes
the dielectric response anisotropic, with often a much lower
effective permittivity near the surface. Also note that the adsorp-
tion of PA chains in experiments often takes place onto non-polar
media, such as silica surfaces and latex particles, with dielectric
permittivities &, <« & The additional ES repulsion of image
charges induced underneath the interface* “displaces” the
charged polymer from the attracting surface and therefore larger
surface charge densities are required to achieve adsorption onto
a low-dielectric substrate. The detailed analytical consideration
of the image-charge effects for critical PE-surface adsorption was
presented in ref. 80, including changes in scaling of o, versus .
The effects of image charges are particularly pronounced at low
salt concentrations, as expected. A systematic investigation of
the ec-effects on PA-surface adsorption is, however, beyond the
scope of the current study.

The ES interactions of PA monomers within the chain are the
sum of exponentially screened (internal) Coulomb contributions
at inter-charge distances r;;, namely

Egg= ) Fewe™/(ory)- ()

ij,i#j
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Here

k= +/8nlgng = Ap ! (4)

is the inverse Debye length at salt concentration n,
Iy = eo*/(eksT) ~ 7.1 A (5)

is the Bjerrum length, ¢ = 78.7 is the dielectric constant of the
solution, and T = 298.15 K is the absolute temperature. In our
simulations two consecutive monomers are connected by the
harmonic potential, so that the total Hookean elastic energy is

Eel = NZ_I k(b, - b0)2/27 (6)

where k = 1.0 N m~* and b, = 7.0 A is the average distance
between the neighbouring PA beads carrying the elementary
charge +e, or —e, (see also Fig. 3). The chain contains no
neutral monomers. The additional hard-core potential is added
to (3) in order to avoid the overlap of PA beads.®* The Debye-
Hiickel repulsion of PA charges of the same sign gives a positive
contribution in eqn (3), whereas the ES energy is negative for the
attraction of oppositely charged PA beads. Non-ES or specific
chemical interactions—that can affect the polymer adsorption
behaviour®*—are not taken into account, for simplicity (see the
Discussion section for some details).

We are interested in the PA adsorption characteristics in
the single-polymer limit, often under conditions close to the
adsorption-desorption coexistence line. In this situation, one
can neglect the effects of mutual interactions between the
fragments of the adsorbed chain. We use the same simulation
procedure as implemented recently for simulating critical
PE-surface adsorption.””””*%%9%! The inter-monomer ES and
non-ES potentials and the simulation methods are the same as for
(above-critical) PA-cylinder adsorption in ref. 64. This reference
contains a detailed analysis of PA conformations and physical
principles of polymer adsorption. We perform Metropolis Monte
Carlo simulations in the canonical NVT ensemble. The equilibration
is reached after ~10” steps and we account for ~10” statistically
independent configurations of the chain—the same as the
number of simulation steps—to calculate average quantities
and monomer distributions.

We observe that—for a given surface charge density ¢ and
salt concentration n, not far away from the critical transition
line—the polymer undergoes transitions between the coexisting
adsorbed and desorbed states (see Fig. 1 and video files in ESIf).
Varying the surface charge density in simulations, the critical o,
value is found according to the procedure similar to that used
in our previous works.””””® The adsorbed state is characterised
by the ES binding energies of up to several kg7 per monomer
(see Fig. 5 and 9). In contrast, in the desorbed state the PA
chain has a rather weak binding energy (often close to zero).
With increasing salt concentration or decreasing surface charge
density, the fraction of PA configurations in the desorbed
state increases due to weaker ES attraction to the surface.
The difference of PA binding energies in the adsorbed and
desorbed states allows us to compute the overall fraction of PA
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configurations in each state, in the course of simulations. We
define the critical surface charge density ¢ = g. such that the
number of configurations in the adsorbed and desorbed states
is equal, the “50/50”" rule.

Note that several other polymer adsorption criteria exist
in the theoretical and simulational literature. Some of them,
e.g., involve a criterion for confinement of most of the polymer
monomers within a thin—but not universal as a function of the
system parameters—Ilayer near the interface. The issue is similar
to that for defining the condensed versus free counterions in the
double layer near highly charged interfaces. The “50/50” criterion
on chain configurations we use allows, however, a better sampling
of polymer coexistence in the adsorbed and desorbed states, as
compared to other adsorption criteria employing thin-layer
shells or binding-energy thresholds. Therefore, at . the number
of PA configurations in both the adsorbed and desorbed states is
the same.””””*°112° Note, however, that for “inverse” PE-surface
adsorption in confinement,”’ we often did not observe the
adsorption-desorption transition and the value of . was defined
as the surface charge density at which the PE-surface binding
energy |E5S| 2 kgT. The monomer radius in simulations below
is R = 2 A and the charges are positioned in the centre of each
bead.”®" The reader is referred to ref. 77 for the effects of the
monomer size on PE-surface adsorption.

For net-neutral PAs—the only situation considered below—the
number of positive N, and negative N_ charges is identical, so
that the charge asymmetry parameter,*

f={®, — N_)/(N, + N_), (7)

is zero. When positive charges prevail in the PA chain, the
parameter f attains positive values, 0 < f < 1. For net-neutral
random PAs, the fluctuation-induced attractions between the
charges keep short chains close to the Gaussian coil state,
whereas at length-scales larger than the typical blob size the chain
becomes more compacted. For a progressive accumulation
of non-compensated charges, the chains of random PAs adopt
ES-stretched cylinder-like conformations and, finally, “necklace”-
like structures.* The latter emerge due to the competition
of the fluctuation-induced ES attraction of neighbouring
monomers'*"*®” and (screened) Coulomb repulsion of excess
PA charges.” One expects that—as the charge asymmetry grows,
f> 0,and more positive monomers are brought in contact with
the negative interface—the critical charge density |o.| for PA
adsorption should decrease. In contrast, for negative charges
prevailing in the chain, f < 0, higher |o.| values are expected. The
detailed analysis of critical adsorption conditions for PAs with
non-zero net charges is, however, the subject of a separate study.

For net-neutral PA chains, a random positioning of charges
along the polymer can be mimicked by a random walk, with its
direction of motion on each step defining the sign of the charge
on a given monomer." For periodic PAs, the charge distribution
is a simple alternating sequence of n positive and n negative
charges. By construction, the entire PA is then neutral. To
define the charge distribution for random PAs—in order to
start the simulations—we first attribute positive or negative
monomers randomly along the chain, with equal probability at
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each bead. If the polymer is not neutral after this, we chose
randomly a monomer with the same charge sign as that of the
whole chain, and revert its charge. This procedure is repeated
until we obtain a neutral PA chain that possesses a random
positive-negative charge distribution (no neutral monomers).
The results in Section 4 are obtained after averaging over
multiple different initial PA random-charge configurations.

lll. Periodic PA charge distributions

In this section, we present the results of simulations for
monomer distribution profiles, bond length distribution, width
of the adsorbed layer, and conditions of critical adsorption for
PAs with periodic patterns of positive and negative charges onto
a negatively charged planar surface.

A. Monomer density profiles p_(x)

Above the adsorption threshold—for highly charged surfaces
o > |o.| and low concentrations of simple salt in the solution
Kk < KkZ***—the PA chains form an adsorbed layer on the surface
(see Fig. 2). Its width or thickness is determined as the distance
from the interface containing half of the PA monomers, of
both positive and negative charge, during the simulation time.
To compute the net cumulative PA charge per surface area, we can
integrate the monomer density distribution, eo[p. (x) — p_ (x)],
from the interface at x = 0 up to position x.

We find that periodic PAs with f = 0 can adsorb onto a
sufficiently charged plane if the patches of charges of the same
sign along the chain are long enough. The PA chains are
confined near the interface so that the adsorbed ‘“trains” of
positive charges are attracted by ES forces to the negative
surface and the desorbed loops of negative charges repelled
from the surface alternate along the contour (see Fig. 5 below
and the video files in the ESI;f compare also to some experi-
mentally proposed conformations®?). The length of surface-
adsorbed segments is correlated with the length of positively
charged PA blocks, [ = nb, particularly at low salt concentra-
tions. Such quasi-regular structures are similar to the “rosette”
states for PE adsorption®®® and also “star-like” structures for
PA adsorption®® onto charged spherical particles. At a given
surface charge density o, the PAs with shorter charge patches
adsorb as progressively more extended layers near the surface
(see Fig. 2 and below).

The video files in the ESIf visualise the dynamics of the
diblock and hexadecablock PA chains adsorbed to the surface.
The mid-point PA monomer is positioned at the centre of
the visible surface in the videos, so that the rotational dynamics
and binding-unbinding events can be observed. The positive
block of the diblock chains at relatively low salt concentration
(no = 107° M) is strongly bound, whereas the negatively
charged block is strongly repelled from the surface, as expected.
This causes the maximal stretching of the polymer at its
central monomer, where the blocks are connected. We find
that PA conformations for almost unscreened ES inter-
actions are very regular, for both diblock and multiblock PAs.

This journal is © the Owner Societies 2017
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Fig. 2 Density distributions of positive p,(x) and negative p_(x) monomers of a PA chain near the negatively charged flat surface, at the surface charge
density above the adsorption transition. Parameters: the salt concentration is, respectively, no = 0.001 M and 0.1 M for the top and bottom panels, the
surface charge density is ¢ = —0.1 C m™2, the PA charge asymmetry is f = 0, and the chain length is N = 208. The PA charge periodicity of n = 13 (red),
26 (green), 52 (blue), and 104 (black curves) monomers corresponds to hexadecablock, octablock, tetrablock, and diblock chains, respectively.

At very low salt, the hexadecablock PAs are in the “train” and
“loop” states. For diblock PAs, large changes in the adsorption
dynamics occur between 1, = 100 mM and 250 mM of simple
salt, whereas for hexadecablock PA chains more pronounced
changes are observed to take place between 1 mM and 100 mM
of salt in the solution. At higher salt amounts the adsorbed
chains acquire progressively more freedom: the number of
adsorbed PA conformations increases and switching between
them takes place constantly in the simulations. The PA chains
at large salt amounts are only weakly bound to the surface and
much more intermingled/knotted'** and irregular in shape.
These internal inter-connections and links strongly affect the
chain dynamics, whereas the ES forces—both of attractive and
repulsive nature—are strongly screened in the limit of high salt.
Note that the statistics of PA chains perpendicular to the ES
gradient remains unchanged (along the interface), whereas it is
strongly non-Gaussian in the direction perpendicular to the
interface, particularly in strong adsorption regimes (low n, and
high |o| values).

Fig. 2 illustrates the density profile p,(x) of monomers of
adsorbed periodic PAs. We observe that positive PA monomers
are ES-attracted to the negatively charged surface, being close
to the interface. In contrast, negative PA monomers are repelled
from the interface to a large distance, compare the left and
right columns of Fig. 2 for p.(x) and p_(x). At lower solution
salinities—when both the attractive and repulsive ES interac-
tions get amplified—the distributions of positive PA monomers
p+(x) get closer to the surface, whereas the profile of negative
PA monomers p_(x) gets substantially more extended into the

This journal is © the Owner Societies 2017

solution. The results for different salt concentrations are shown
in the top and bottom panels of Fig. 2. For longer PA chains,
the distribution p_(x) becomes even more expelled from the
surface, whereas the profiles of ES-attracted positive monomers
on longer PAs appear closer to the interface (results not shown).

The effect of periodicity n of patches of the same charge
along PAs is as follows. For shorter block lengths the positive
monomers show a profile more extended from the interface;
compare the red and black curves for p.(x) in Fig. 2. For
negative PA monomers, we find that at large separations from
the interface there is a significant peak in the p_(x) distribution,
particularly pronounced for the conditions of low salinities and
long charge blockiness n. This is due to ES repulsion of longer
PA stretches of the same charge from the surface. Overall,
negative PA monomers displaced away from the interface by
ES repulsions are much further from the boundary, as expected
intuitively; compare the panels p,(x) in Fig. 2.

Also, as the salt concentration increases in Fig. 2 from
ny=0.001 M to 0.1 M, the negative PA monomers get distributed
in a closer proximity to the interface. The ES repulsions of
negative PA monomers from the negative surface get diminished
at higher salt and negative patches thus more readily follow the
blocks of ES-attracted positive PA charges.

Note that the distribution of PA bond lengths is rather
broad but it gets only slightly altered upon such a change in
the solution salinity, Fig. 3. As the average monomer-monomer
distance is b,
free space between the two neighbouring monomer surfaces is
~3 A. Thus, on average, the hard-core potential in our model

~
~

7 A and the monomer radius is 2 A, the
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Fig. 3 Distribution of PA bond lengths for the salt concentration of
no = 0.001 M and 0.1 M, computed for ¢ = —0.1 C m~2. The colour
scheme is the same as in Fig. 2.

prevents bonds between the monomers from slipping over
each other. We also checked that the equilibration of the bond
length is achieved (for tetrablock PA chains) under these
conditions after ~5 x 10° simulation steps.

B. Adsorbed layer width w

Above the adsorption-desorption transition,**** the width of
adsorbed layers w is an important experimental characteristic
for both PE- and PA-surface adsorption.”*®?*7° Theoretically,
the layer width of adsorbed random PAs was predicted*** to
change only slightly if the Debye length Ap, is shorter than the
Gouy-Chapman length,'%®

Aac = eol(2nlg|al), (8)

(see also Section 4). With increasing salt concentrations
no—when the adsorbed layer width w becomes comparable
to Zp—the PA layer width wp, starts to decrease.®** This trend
is opposite to that for PE adsorption on oppositely charged
surfaces, where the relation

wpg(0) ~ o3 9)

was theoretically predicted in the dilute regime (single-chain
limit),”2%34357475,109.110 yye discuss this relation below for
different definitions of the PA layer width. For experiments
probing relation (9) the reader is referred to the original studies
listed in ref. 7, 74 and 75. The width of adsorbed PE layers is
also known to increase with salt concentration,* in agreement
with experimental evidence.""" Theoretically, for the conditions
above the adsorption threshold, smaller |¢| and larger x values
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“drive” the system towards the adsorption transition curve,
where the adsorbed layer width diverges.****

The Monte Carlo simulations of ref. 50 showed that the
thickness of the adsorbed PA layers near a non-screened charged
plane (n, = 0) is non-monotonic with ¢. The layer width w first
increases, then saturates, and finally it starts to decrease as |o|
increases. We here detect similar trends (see Fig. 4 and the
discussion below). Also note that, due to a finite PA monomer
volume in reality, the scaling theoretical predictions for the layer
thickness* versus the chain length N for infinitely thin chains
need to be modified.”® We quantify the adsorbed layer width for
PA-surface adsorption at varying interface charge density in
Fig. 4. In this figure, we use n, = 10> M, to be closer to a salt-
free system and plot the results up to the charge density of
—0.1 C m . Note that at even larger |o| and lower salinities the
links connecting PA beads acquire a considerable stretching.

We use several methods and measures to quantify the
PA layer width, namely wy, wR, wso, and Rg. The layer width
on 1/2 of the height of the peak in the distribution of all PA
monomers, p.(x) + p_(x), is denoted as wy,. The same computed
from the density distribution of only positive monomers in the
adsorbed peak is denoted as wh. The layer width encompassing
about 50% of all the PA monomers independent of their charge
is ws. Finally, the layer width can be characterised by the chain’s
radius of gyration in the direction normal to the interface,
Rg. For PA-cylinder adsorption, the component analysis of the
gyration tensor was performed recently.®*

Depending on a given physical problem, one or another
width quantifier can be preferred. The layer width based on
half-height of the surface-adsorbed monomer profile gives us a
“local” description of bound monomers. This method works
best for well-defined short-tail monomer profiles. In the limit
of large |o| it produces the same scaling (9) for both PE- and
PA-surface adsorption. In contrast, the radius of gyration is a
global measure of polymer dimensions, assessing better the
overall extension. For instance, this is the case for PA profiles
extended substantially normal to the interface and lacking
a pronounced first-adsorption peak; see some representative
PA configurations at small |o| presented in Fig. 5.

We start with the results for wy(s) and wh*(g). Consistent
with the monomer density distributions in Fig. 2, we find that
for weakly charged surfaces the PA chains with shorter block
length reveal a larger layer width wy, (see Fig. 2A and 4A). For
highly charged surfaces the layer width is almost independent of
charge periodicity 7 and in this regime universal scaling (9)—similar
to that for PE-surface adsorption—is observed. The longer the
charge block length n, the smaller the surface charge density
|o| after which this large-¢ scaling becomes valid, as expected;
compare the red, green, blue, and black curves in Fig. 4A for
n =13, 26, 52, and 104 monomers, respectively.

For the layer width from the distribution of only positive
monomers, we find rather similar trends. Also, in the limit of
large |a| we recover for wh*(c) dependence the same PE-related
scaling (9) (Fig. 4B). At smaller |o|, however, only the PA chains
with the longest charge periodicity are strongly adsorbed and
follow eqn (9). In this regime, we observe that the PA layer is
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Fig. 4 Width of surface-adsorbed layers of PAs with periodic charge
distributions versus the surface charge density |o|. Panels (A and B) show
the width at 1/2 of the height, computed from the distributions of all the PA
monomers and from p.(x) only (see the text). The asymptote of eqn (9) is
the dashed line in the large-o limit. Panel (C) shows the layer width where
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radius normal to the interface. The colours are the same as in Fig. 2: n = 13
(red), 26 (green), 52 (blue), and 104 (black symbols). The simulation time to
produce a point of this plot for a given charge density on a standard single-
core workstation is ~3 days. Parameters: no = 107> M (corresponding to
Jp = 960 A), f = 0, and N = 208.
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much thinner than the Debye screening length Ap. The PA
chains with shorter periodicities—n = 13 and »n = 26 in Fig. 4A
and B—reveal very large widths w;, and wh®® for small surface
charge densities.

At a particular surface charge density the layer width char-
acterised by these two quantifiers rapidly drops from very large
values towards the asymptote described by eqn (9). We verified
that large values of wy and wp® at small |o| occur because
the chain is mostly normal to the surface, and thus the first
peak of the monomer distribution profile is small or absent.
The PA monomers further away from the interface contribute
then to the total width of the adsorbed layer. The snapshots
of hexadecablock PAs shown in Fig. 5 at small |g| values
illustrate such configurations and changes in conformations
with growing |o|. Note that in Fig. 4A and B the surface charge
density is above the adsorption-desorption threshold for all ¢
values presented.

The two other width indicators reveal a very different behaviour
with increasing ¢. For wso(g), we often detect a non-monotonic
dependence with ¢ (see Fig. 4C), and no clear scaling for ws,(c)
variations. This behaviour is consistent with the trends described
in ref. 50. We also find that longer charge “blockiness” n along
PAs gives rise to larger width ws, of the adsorbed layer. Note that
the layer widths wy, and wh®® in the limit of large surface charge
densities are dramatically smaller than the ws, and the gyration
radius; compare the panels of Fig. 4. The quantifiers wy, and
wh®® provide rather local information about PA configurations,
because they are based on the width of the first peak of the
monomer distributions, p(x). This is in contrast to the gyration
radius R; that quantifies globally the separation of all PA
monomers from the surface. We also observe that as || gets
reduced further and approaches the adsorption threshold
for the chosen conditions, the widths of the adsorbed layer
wy, and wh® naturally grow and ultimately diverge at ¢ — o (this
region is not shown in Fig. 4A and B), see the consideration
below and ref. 34 and 35.

C. Critical adsorption conditions: o,

Here, we present the results for the PA-surface adsorption-
desorption phase transition and compute the dependence o(x).
We start with Fig. 5 showing the decrease of the PA-surface ES
binding energy and typical changes in PA conformations taking
place with increasing surface charge density. We find that—
particularly for long likely charged blocks in the PA structure
such as in Fig. 5A—for highly charged surfaces the ES binding-
energy magnitude increases linearly with |o|. It reaches—for
large PA charge periodicities n, low solution salinities, and large
surface charge density—enormous values of >10°ksT. In this
regime, the positive PA monomers are in a close interface
proximity and |¢gs| ~ ||, as expected from the linear Poisson-
Boltzmann theory®**> (see eqn (2)). The ES energy of surface-
bound PAs then grows linearly with |g|, as Fig. 5 shows for highly
charged surfaces and diblock PA chains.

One can estimate the ES binding energy Egg of a strongly
surface-bound diblock PA as the product of all positive mono-
mers with their charge and the ES potential at the distance of
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are represented by the snapshots coupled to panel (B), evaluated for varying surface charge densities for diblock and hexadecablock PAs. Parameters:

N =208, no=10"°M

bead radius from the surface. However, even for very highly
charged surfaces some positive monomers are not at the immedi-
ate contact with the interface (see e.g. the left panels of Fig. 2).
Then, a more quantitative way to estimate Eg3 is to fit the number
of bound positive monomers (denoted by N,) and use the ES
potential at the peak of p.(x) distribution near the surface, namely

EEXSt(O') X (N/Z)eo‘;bES[O"x = R] ~ N+*60¢ES[O';x = xmax(p+)]‘

(10)

This latter method with N,* ~ 95 provides the quantitative
agreement for the linear growth of |EgS| with |o| observed in
our computer simulations for diblock PAs with long stretches
of positive charges. The asymptotes (10) are shown in Fig. 5A
for n = 104 and N = 208.

The linear Egs(o) behaviour in the large-o limit is interrupted
at small surface charge densities, due to severe conformational

23404 | Phys. Chem. Chem. Phys., 2017, 19, 23397-23413

rearrangements of PA chains (see the conformations linked to
Fig. 5B). At small |g| values the oppositely charged blocks within
the PA chain are weakly bound to the surface and internally
bound to one another by ES attractions, eqn (3). At high surface
charge densities, a strong ES binding of the PA’s positively
charged blocks to the oppositely charged interface takes place.
In the course of this abrupt transition, the positive-negative ES
contacts between the blocks within the PA are exchanged for
external contacts of positive blocks with the negative surface and
free negative PA blocks (see Fig. 5A). As we reach the critical
adsorption transition, ¢ — o, an abrupt decrease in the binding
energy takes place (see the inset in Fig. 5A).

For PA chains with shorter block lengths, n = 13 as compared
to n =104, a smoother transition with increasing surface charge
density is detected. It is associated with changes of PA shapes from
a configuration mostly normal to the surface to “train-and-loop”

This journal is © the Owner Societies 2017



PCCP

conformations parallel to the surface (see Fig. 5B). This figure
shows that for shorter block length n along PAs, the decrease
in the ES PA-surface binding energy with |o| becomes slower
(the red triangles in Fig. 5B). The reason is that the gain in the
attractive EB energy of positive PA monomers in the ‘“trains” is
now diminished by the ES repulsion of negative PA monomers
in the “loops”’, which are now rather close to the surface, due to
a short block length n. Note also here that for random PAs, see
Section 4, the binding energies under the same conditions and
surface charge densities are dramatically smaller than for the
periodic PAs considered here. The reason is that no binding
of consecutive monomer ‘trains” takes place for random PA
chains in front of the charged surface.

For calculating the critical adsorption surface charge density
o, we implement the algorithm outlined in Section 2 for different
values of the PA charge periodicity. Fig. 6A and B illustrate the
dependence of |o.| required for the onset on PA-plane adsorption
versus solution salinity, the so-called adsorption-desorption tran-
sition curve.*** At || < |o.| the PAs are in the desorbed state:
the ES attraction to the interface is not strong enough to overcome
the entropy losses in delocalised states. Physically, as the Debye

Desorption

10 102 10
x (A7)

-1

o, (C/m?)

Fig. 6 Critical surface charge density |o.| for adsorption of PAs with
quenched periodic charge distributions, plotted versus the reciprocal
screening length k. The charge periodicity is n = 13 (open red), 26 (open
green), 52 (open blue), and 104 (open black symbols). The colour scheme
is the same as in Fig. 2. For comparison, the data for the adsorption of
positively charged PEs of the same length are the filled black circles. The
panels (A and B) show the results in the log—log and linear—linear scales,
respectively. The inset zooms into the region of low salinities and small oc.
The simulation time needed to obtain each point of this graph on a
standard workstation is about 8 days. Error bars are smaller than the
symbol size. Parameters: f = 0, N = 208, and R = 2 A.
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screening lengths Ay, get shorter, the ES attraction of positive PA
patches to the surface weakens, and the magnitude of |o.| has
to increase to still ensure the PA-surface adsorption. We show
in Fig. 6 the results for a set of different lengths / = (n — 1)b of
alternating patches of positive-negative charges along the PA
chains. We systematically vary the salt concentration n, and, for
each k ~ ,/ng, we enumerate the value of critical o.(x) for a
given PA length L = (N — 1)b and charge periodicity n.

Showing the data in the log-log scale as in Fig. 6A, we
identify a rather weak dependence of the critical o, on « at low
salinity of the solution,

(11)

This scaling is fairly independent of the length of charge
patches along the PA chains. In the opposite limit of high
salinity—when the respective Debye screening length becomes
even shorter than the bead-to-bead distance b, along the
chain—we observe that

ocpalK) ~ K%-2,

Oc,pall) ~ K. (12)

When the patch length n becomes large, the properties of
PA-surface adsorption tend to those for PE-surface
adsorption,®**>”” as expected. In this limit, the entire long
positive patch of the chain is attracted to the surface uniformly
along its length, the width of the distribution of surface-
adhered PA positive charges p.(x) gets small (see Fig. 2), and
thus the value of |o.| is expected to be reduced dramatically.
This is indeed the case, as we exemplify in Fig. 6A and B, where
the PE-plane adsorption data are also shown, for the sake of
comparison. For PE-surface critical adsorption at low salt we
detect a much stronger dependence on solution salinity,

(13)

see also ref. 34, 35, 67, 69 and 91, as compared to the weak
k-dependence of eqn (11) for PA-surface adsorption.

One physical reason for this striking difference in PA- versus
PE-surface critical adsorption at low salt is the ES contribution
to the polymer persistence length. The ES-induced stiffening is
more pronounced for the PE chains carrying a substantial net
charge, as compared to charge-neutral PAs of the same length.
For the latter, some ES softening was actually predicted.’
Particularly pronounced for flexible PAs, a given monomer on
the PA chain is on average surrounded more often by oppositely
charged monomers and the resulting correlation-induced
dipole-dipole interactions'®* give rise to a negative ES term
in the persistence length, so that [;ks < 0.>''> We remind the
reader that—depending on the bare PE persistence length—for
the ES contribution the scaling relations [pgs(k) ~ x ' and
Ihies(k) ~ 1~ exist for the flexible and semiflexible (rod-like)
chains, respectively,3%3%113113

We find that, as the periodicity of alternating patches of
charges n along the PA increases, the corresponding critical
surface charge density . decreases slightly but systematically.
This effect is visible at intermediate-to-high salinities in the
linear-scale plot of Fig. 6B. Physically, longer alternating blocks

UC,PE(K) ~ K1.4,
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of positive and negative charges along the chain will enable the
polymer to displace the negative patches further away from
the negative surface attracting positive PA patches (see also
ref. 114). This, in turn, will help in reducing the magnitude of
|o.| necessary for PA-surface adsorption driven by ES attraction
of positive PA monomers.

IV. Random PA charge distributions

In this section, we present the results and clarify the differences for
monomer distribution profiles, adsorbed-layer width, and critical
adsorption conditions for the PA chains with random—rather than
periodic—distribution of charges. The results shown are averaged
over M = 30 different random PA charge distributions, generated
according to the algorithm in Section 2. This averaging is vital to
get the statistically meaningful results, but it requires considerable
simulation times. For instance, the simulation time for each point
of Fig. 10 is about 2 months on a single-core computer.

Let us summarise here some basic trends known for surface
adsorption of randomly charged PA chains, at varying surface charge
density ¢. For non-screened PA-plane interactions, the width wp, can
vary non-monotonically with ¢ (see ref. 1). For weakly charged
surfaces, the “pole” regime for PA adsorption is realised (stretched
chains),*****>! with the PA layer thickness predicted to increase
with |o| value. In this regime, the Gouy-Chapman length A (8) is
much larger than the size of an unperturbed PA coil.’ In the
intermediate “fence” regime (folded stretched PAs) and strong-
adsorption “pancake” regimes,”** the ES attractions of the oppo-
sitely charged PA monomers to the surface get stronger. They are
counter-balanced by the entropic free energy of loops extending into
the solution. The Gouy-Chapman length /g in these limits is as
short as the polymer size or inter-charge distances, respectively.* For
highly charged surfaces, the PA layer thickness in the “pancake”
regime only weakly depends on chain polymerisation degree N and
surface charge density |o|, being determined by the length of the
polymer loops formed between the adsorbed PA fragments® (see also
Fig. 1 and 5). The surface charge densities for the “pole” and “fence”
regimes were predicted theoretically to scale as gpoe(N) ~ N *and
tence(N) ~ N~** whereas in the “pancake” adsorption regime no
dependence on the chain length is expected.* Note that theories
of PA-surface adsorption often assume the Gaussian monomer
statistics, with weak perturbations by ES attachment to the surface.

A. Monomer density profiles p_(x)

The distribution of PA monomers in the vicinity of a negatively
charged surface, p.(x) + p_(x), computed in our simulations is
presented in Fig. 7. We observe that with increasing surface
charge density the first peak near the interface becomes more
pronounced and gets narrower; compare the curves in Fig. 7.
In this plot, the values of wy, are shown by the horizontal lines

for¢ = —0.01 Cm ?and — 0.03Cm 2

B. Adsorbed layer width w

The widths wy,(0) and wf*(o) of the adsorbed PA layer in their
dependence on ¢ are shown in Fig. 8A and B. The layer thickness
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is computed at the half-height of the PA monomer density
profile (above the adsorption threshold). We find that the layer
width wy, decreases with the surface charge density |¢|. This
trend is consistent with progressive accumulation of PA mono-
mers near the surfaces with a higher charge density, as for the
case of periodic PAs (see Fig. 4). It is also in agreement with the
previous findings (see e.g. Fig. 9 in ref. 1).

Similar trends exist for the wh°(s) dependence shown in
Fig. 8B: positively charged PA monomers are localised stronger
near the surfaces possessing higher charges. The general trend
is that for low |o| values the adsorbed layer widths w; and
wh®® for random PAs are smaller than for periodic PAs, with the
shortest periodicity considered here of n = 13 (see the red
triangles in Fig. 8). The periodic PAs in the adsorbed state stay
mainly parallel to the surface, whereas random PAs form large
loops dangling in the solution at distances = Ap, giving rise to
a larger width of the adsorbed layer; compare the snapshots
in Fig. 5 and 9. For highly charged surfaces, however, the
adsorbed layer of random PAs is thicker than for periodic
PAs; compare the curves in Fig. 8A and B.

The adsorbed layer width can also be estimated as the
distance from the plane up to which 50% of PA monomers
are located, wsg, and from the polymer gyration radius normal
to the surface, Rg, as demonstrated in Fig. 8C and D. The latter
definition yields, on the contrary, that the adsorbed layer width
grows with increasing |o|. This is reminiscent of the results of
Fig. 4D for periodic PA chains (note, however, the different
maximal ¢ values for these two plots). To explain this observation,
we refer the reader to Fig. 7 that shows that with increasing
surface charge density, an extension of the monomer profile away
from the surface takes place, in addition to a sharper maximum of
the first p.(x) + p_(x) peak near the plane. This polymer extension
promotes an increase in Ry and, thus, yields larger adsorbed
layer thickness in terms of the gyration radius. Note that Ry
yields similar trends for both periodic and random PAs.

Similarly to the layer width assessed by computing the values
of wy, and wf*, at moderate and high surface charge densities
the width estimators ws, and Ry for random PAs are larger than
those for periodic PAs. Note that charge-neutral random PAs are
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Fig. 8 Width of surface-adsorbed layers of random PAs (orange circles)
versus surface charge density magnitude, |s|. Panels (A and B) show the
layer width at 1/2 of the height computed from the distributions of all
monomers and evaluated from the p.(x) profiles only. Panel (C) shows the
width of the adsorbed layer which contains 50% of all the PA monomers.
Panel (D) shows the chain’s gyration radius (normal to the surface).
Parameters are the same as in Fig. 7. The results for periodic PAs with
n = 13 from Fig. 4 are shown as the red triangles. Note that the maximal |a|
value here is 3 times larger than in Fig. 4.

rather compact in solution and the ES interactions with a charged
surface deform and stretch their coils (the “pole”” regime) until
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o reaches the value above which the behaviour gets inverted,
the so-called “fence” regime (see ref. 1, 4, 43, 44 and 57 for a
detailed picture of PA-surface adsorption regimes).

In Fig. 9 we show some representative conformations of
random-charge net-neutral PAs for growing surface charge
densities |o|. When computing the PA-surface ES binding energy,
we find that both the number of PA-surface contacts and their
binding energy increase for more highly charged surfaces. Note
that the linear growth of the absolute value of the ES binding
energy with |o| for random PAs is much slower as compared to
periodic PAs, even for the shortest charge periodicity (see the
red triangle in Fig. 9 for the n = 13 case).

C. Critical adsorption conditions o,

Fig. 10 illustrates the critical surface charge density |o.| versus
the solution salinity required for the adsorption of PAs with
quenched random charge distributions (the orange circles).
The dependence o.(x) exhibits similar trends and close values
as for periodic PAs with the shortest periodicity of n = 13
(the red triangles in Fig. 10 are for the hexadecablock chain).
Random PAs have statistically very short charge blocks, irregularly
distributed along the polymer.

For large solution salinities, we observe somewhat larger
critical ¢. values needed for adsorption of random PAs, as
compared to periodic PAs. For small x values, however, random
PAs require somewhat smaller |o.| for critical adsorption, with
respect to charge-periodic PA chains; compare the data sets
in Fig. 10. This behaviour is consistent with the variations of
the layer widths wy,, wh®, and ws, with growing surface charge
density o, as computed for charge-periodic and random PAs in
Fig. 8A-C. The critical PA-surface adsorption curves in Fig. 6
and 10 are the main results of this study.

The repulsion of negative PA monomers from the negatively
charged surface at low salt leads to the formation of large loops,
which pull/displace positive PA monomers away from the
surface (see Fig. 9). This can be one reason for somewhat
larger |o.| values obtained for periodic PAs with longer blocks
at low salt (see Fig. 10). As random PAs can be considered as
polymer chains having very short and irregular charge blocks,
ordered loops are formed rarely and the critical surface charge
density at low salt is smaller than for periodic PAs (see Fig. 10).
Note that for random PAs, the increase in |o| leads to a
decreasing loop length in the “fence” regime and reaches the
“pancake” limit.* For periodic PAs, the loop length increases
with |o| and reaches saturation when the loops cannot stretch
anymore.

Another probable physical reason for these o, differences
between periodic and random PAs can be that at very small 7,
the periodic PA chains—when free in the solution—are strongly
complexed internally. Namely, the positive and negative blocks
form rather ordered, folded structures, see the top left image in
Fig. 5. The longer the block length, the stronger and more
ordered this internal ES-driven complexation is (in the low-salt
limit). When such an internally folded PA approaches the
charged interface, the internal ES contacts need to be disrupted.
To ensure this for longer PA charge periodicities n, larger surface
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Fig. 9 ES binding energy of random PAs to the negatively charged plane (orange circles) versus surface charge density, with significant PA
conformational changes illustrated. The data for periodic PAs with n = 13 are the red triangles. Parameters: N = 208 and ng = 10> M (lp &~ 96 A).

1 0 1 Ll T
10% V-V Hexadecablock ‘ %
—_ Random
N
g -1 /
g 10 F A~ 4
o OV
© e
! 0-2 wﬁhﬂ 3
10° L : .
10 10° 102 10" 10°
k(A7)

Fig. 10 Critical charge density |o| for adsorption of PAs with random
charge distribution (orange circles) onto a plane, plotted versus k. The data
for PAs with periodic charges at n = 13 (hexadecablock polymers with
N = 208) are the red triangles. Parameters are the same as in Fig. 7.

charge densities are needed. This can describe the order of the
low-salt curves in Fig. 6 and smaller values of ¢, for random
PAs as compared to the periodic ones in the low-salt regime
(see Fig. 10).

In the limit of very high salt, on the contrary, the ES
interactions within the PA chains are strongly screened and
the differences in the critical surface charge densities can be
due to differently restricted entropic freedom of the PA chains
upon adsorption.

23408 | Phys. Chem. Chem. Phys., 2017, 19, 23397-23413

V. Discussion and conclusions

We performed Metropolis Monte Carlo computer simulations
aimed at investigating the properties of ES-driven adsorption of
flexible PA chains with periodic and random charge distribu-
tions onto charged planar surfaces. The PA chains that are
charge-neutral form rather compact structures in the solution
and the ES interactions with the surface stretch and polarise
the chain, stabilising thereby the adsorbed state. Different ways
to define the width of the adsorbed layer used above (Fig. 4)
have shown that increasing |o| leads to accumulation of
positive PA monomers near the surface, but concurrently gives
rise to more stretched chains in terms of the gyration radius. In
comparison to random PA chains—for which in the low-salt
limit the “pole”, “fence” and “pancake’ regimes are known to
occur***—for regular periodic PAs the adsorption onto the
charged surface was typically considerably stronger. Diblock
PAs have a larger ES binding energy: such chains are most
extended in the solution and most condensed onto the inter-
face, as compared to multi-block PAs. The differences in the
PA-surface ES association energy were even more dramatic if
diblock PAs are compared to random PAs (Fig. 5 and 9).

Our findings for the critical adsorption conditions revealed a
number of new features for both periodic and random PA
chains (Fig. 6 and 10). We showed that increasing PA block
length enhances the adsorption and accordingly |o.| gets
reduced at large salt concentrations (but not at small n,). We
detected a weak dependence of g. on the solution salinity,
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namely o.(x) ~ x°?, for both periodic and random PAs at
low ionic strengths. Similar weak dependence of |o.| on the
reciprocal Debye length was also observed for PE adsorption
onto dipolar net-neutral spherical Janus nanoparticles.”” We
also found that at high salinities—when the corresponding
Debye lengths become shorter than monomer-monomer
distances—the PA adsorption reveals the same scaling beha-
viour as for PE critical adsorption onto the oppositely charged
plane, namely a(x) ~ 3343567

In future simulation-based studies of PA-surface adsorption
several additional effects can be included. First, similar to
PE-surface adsorption,® the implications of a low dielectric
permittivity below the adsorbing interface'® can be considered.®
Second, the effects of varying PA linear charge density ey/b, and
counterion condensation onto the polymer and charged surface
can be investigated. For this, the compensation fractions and
the effective charge densities need to be self-consistently com-
puted for the plane and linear chain. Third, the adsorption of
PAs with annealed charge distribution and titratable groups
can be studied.’”'*® The value of |o,| for this case is expected
to be smaller because the PA charge pattern can adjust, in order
to enhance the PA-surface ES attraction. This, in turn, will
reduce |o|. Fourth, the length of the PA charge patches can be
a random variable drawn from a particular distribution. One
can consider power law, exponential, or Rayleigh-like forms,
p(n) = 2nexp[—n?/(n*)])/(n*), with (n*) being the average block
length. The chains constructed in this way will feature a
mixture of surface-adsorption properties of both periodic and
random PAs considered above. Then, additional ensemble
averaging over independent realisations of PA charge patterns
needs to be performed, in order to obtain reliable results for the
adsorbed layer width and |o.|. Fifth, the implications of varying
PA length on critical adsorption for both periodic and random
chains can be elucidated. The results are then to be compared
with the theoretical predictions for PA-surface adsorption
charge density, decreasing for long chains as* |o(N)| ~ N **
(in the “fence” regime) and expected to be only weakly depen-
dent on the chain length at strong screening. Finally, one can
compute the amount I" of adsorbed PAs per unit surface area,
see e.g. ref. 42 and 46 for the experimental data on gelatin
coverage of mica surfaces and gold particles.*" This requires
explicit simulations of multi-chain adsorption** with finite PA
concentrations in the bulk,** salt-dependent intra-chain ES
interactions, and PA-surface adsorption isotherm**”* to be
determined. All these experimentally important interrelations
require systematic large-scale simulations, the subject of our
future research.

Lastly, we believe that our simulation-based analysis of
critical PA-surface adsorption conditions will help in elucidating
the properties of protein denaturation and unfolding triggered
by adsorption onto charged interfaces.**
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We vary the surface charge density in a very broad range,
but still use the solutions of the linear Poisson-Boltzmann
equation to compute the PA-surface ES interactions. This
is a rather crude approximation: for the potentials well
above x~25 mV the non-linear Poisson-Boltzmann theory
should be used.”” In addition to the modified potential
distribution profile, the condensation of counterions®” will
set in onto highly charged surfaces, as well as the ordering
of water molecules (the Stern layer, in addition to the Gouy-
Chapman diffuse layer). This, in turn, reduces the bare
surface charge density down to a point when no counterions
are getting condensed anymore and thus the overall
potential values are not too high any longer for the linear
Poisson-Boltzmann theory to be applied. An appropriate
consideration of all these additional effects can, however,
only be performed in computer simulations with explicit
ions and solvent molecules.”®*°* The implications of these

This journal is © the Owner Societies 2017



PCCP

121

(electrochemical) effects on PA-surface adsorption can be
the subject of future research, but it requires much larger
computer facilities and longer simulation times than used
in the current study. The reader is also referred to Section
2.2 of ref. 77 where the description is provided for the
charge densities of some highly charged surfaces, such as
mica, silica, cement paste, DNA, and some proteins. The
values of |¢| ~ 0.1-0.5 C m 2 are not so uncommon in
these physical and biological systems—these are also
roughly the highest |g| values we use in simulations.

For PE-surface adsorption the polymer amount I’ can
increase with salt concentration in some range of n,. The
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reason is that—despite the polymer-surface ES attraction
getting screened more strongly upon the addition of
salt—the ES repulsion between the segments of already
adsorbed PE chains can be weakened at larger «, and this
effect can be even stronger.’® Then, higher salt concentra-
tions in the solution n, provide a better compaction of PEs
on the interface and larger adsorbed amounts, I".>"'*®
Note also that at very high salinities, with n, 2 1 M of
simple salt, the amount of PE adsorbed onto the oppositely
charged surface often drops rapidly, see ref. 116, so that
the maximum of I'(x) dependence at intermediate salt
amounts can emerge.''’,
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