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Abstract

In this work, the weak polyelectrolyte (PE) adsmmpton a strong cationic surface is
studied with constant pH Monte Carlo simulations)\gsa coarse-grained model. When a large
number of PE chains is added to the system, thedB&rbed amount vs pH curve exhibits a non-
monotonic behavior, with the appearance of a maninelose to the intrinsipk?-value of the
PE titratable groups. The appareii{,-value of the PE chains shows a non-trivial tenglenc
depending on the pH-value and the surface covedageee. In increasing the pH-value, the
small anions that accompany the cationic surfaeergplaced by PE chains and small cations.
For pH > ~ pK? + 1, an evident charge reversion of surface is observ&hese results are
explained analyzing the interplay between the ditra and repulsion electrostatic interactions
between the different components of the systenerfinind intra-charged monomers of PE

chains, the strong cationic surface and small iand)their effects on the PE chain ionization.



1. Introduction

Polyelectrolytes (PEs) are polymer chains withcfional groups capable to ionize in
certain conditions.[1] On one hand, when the PEctional groups are fully dissociated
independently of bulk condition, the polyelectrelys called to be a strong PE. On the other
hand, when the dissociation degree is pH-dependaatpolyelectrolyte is considered a weak
PE. When PEs are dissolved in a polar solvegt (ater), they become ionized and they can be
adsorbed on charged surfaces. The PE adsorptiarcharged substrate can modify the interface
properties of substrates, which can be of intei@sindustrial application on paper technology,

water treatment, etc.[2,3]

The strong PE adsorption on charged surfaces heas ddensively studied by means of
experimental, theoretical and computational studiese interesting phenomenon experimentally
observed is that the amount of charge due to addgublyelectrolyte chains can compensate or
even overcompensate the surface charge.[4,5] Ti@s@nenon, known as charge reversion, has
been profited in several applications, being p@geblyte multilayer formation the prime
example. In this technique, a charged substrateodified by cyclic adsorption of positive and
negative PE chains.[6] This process is possible theecharge reversion taking place on the
substrate at every adsorption step.[6] The amotiatsorption of strong polyelectrolytes also
depends on the curvature (concave or convex) afgekdananoparticles.[7] On the other hand,
the charge of strong polyelectrolytes gives différ&inds of interactions between charged

surfaces and/or nanoparticles depending on the eifgrthe charge and the strength of



adsorption.[8] Computational studies using Montel&€Caimulations have been undertaken to
understand the phenomenon of PE adsorption.[9-Al@ese studies, the PE chain is modeled as
a set of beads joined by harmonic bonds and thetsue as an uniformly charged surface.
Caetano et al. demonstrated that the conditiomsittdal PE adsorption on a charged surface are
highly dependent on the number of PE chains in dfigtem.[13] Since, the PE-surface
interaction and lateral interaction between adsbrbtleains plays key roles in the adsorption
process. Narambueret al. have proved that it is possible to observe a Bagtive charge
reversion using simple coarse-grained models [JGahdl that the adsorption proceeds with a
non-trivial counterion condensation degree on tblygdectrolyte chains.[12] However, charge

reversion is a topic that even nowadays leadsoogtdebates on its exact explanation.[14]

In the weak PEs case, its adsorption on a chazgedce exhibits a more challenging and
complex physicochemical process compared to theing counterpart. This is because the
ionization behavior of weak polyelectrolytes inug@n is regulated by the binding of small ions
(protons, metal ions, etc.) present in solutiord #reir charge depends on pH, ionic strength,
conformational changes and interactions with othgolyelectrolytes, surfaces and
nanoparticles.[15—-17] This mechanism, known asgehaegulation (CR), is of great importance
in order to understand the physicochemical behawfopolyelectrolytes in a wide range of
situations, as for example, in receptor-ligand Hopig in biochemical systems, supramolecular
chemistry, wastewater treatment, stability of ddiéd systems, etc.[18] On the other hand, this
mechanism affects the interactions of weak polysdgdes with other polyelectrolytes,[19]
protein-surface,[20-24] protein-protein,[25,26] tein-RNA,[27] protein-strong
polyelectrolyte,[28,29] protein-weak polyelectr@)B0,31] between surfaces[32] and between

weak polyelectrolytes and nanoparticles.[33—36]réhare few attempts to study theoretically



the effect of CR in the interaction of weak polyielytes, mainly focused on rigid and linear
polyelectrolytes.[37] Most of the studies on thileet has been performed using constant—pH (or

Semi-Grand Canonical) Monte Carlo simulations basedoarse-grained models.[34,35,38-41]

In the particular case of a weak PE chain closa tharged flat surface, the proton
concentration and the electrostatic environmensageificantly different from those in the bulk
values. This difference becomes more significatage the charge density of the surface is
increased. In turn, these differences become matieeable as the ionic strength of the medium
decreases. Nowadays, weak polyelectrolyte adsorgistill a relatively unexplored topic, with
only a small number of experimental and theoretivatks on this topic.[42—-45] The first
theoretical approach to study the adsorption of kwBexible polyelectrolytes on charged
surfaces was made in a Self-Consistent Field (SG&Qry by allowing the dielectric constant
and the dissociation degree to vary with the dsgdnom the surface.[43,44] These models have
been applied to study the adsorption of polyacr@ad (PAA) adsorption on a positively
charged polystyrene latex.[45] The latex particiesvstrongly charged in the all the pH range
studied. At low pH values, the adsorption was fotmgroceed similarly to the case of a neutral
polymer chains interaction with a charged surféesmause at those pH-value polyacids have a
very low charged monomer fraction. On the opposése, at high pH-values, the adsorption
behavior of strong PE chains is recovered. Howeveiyween both limiting pH conditions, the
situation becomes more complex and the polyelgdtoadsorptionversus pH curve was
observed to have a maximum located at pH-valueswbéhe pK, of the weak PE titratable
groups.[45] This can be explained by the actiotwaf antagonistic electrostatic phenomena. On
one hand, the negatively charged PE chains ardradéatically attracted to the positively

charged surface, which promotes the PE adsorpt@m.the other hand, PE chains are



electrostatically repelled to each other, whichdenrs their adsorption to the charged surface
since it reduces their inter-chain distance. Atlimtediate pH-values, the polyelectrolyte chains
are only partially negatively charged which cauthesn to be absorbed to the charged surface,
but it is not enough to cause significative inteeio repulsion. By increasing the pH-value, the
charged monomer fraction accordingly increases,am$equently the amount of PE adsorbed
into the surface is lowered. The interplay betwtenelectrostatic interaction and ionization of

titratable groups of PE is far from being fully @mgtood.

In this work, we use constant pH Monte Carlo simofe to study the adsorption of
weak PE chains on a substrate with positive chadggbuted in a square lattice. The adsorbed
amount of PE and small ions, the PE degree of dson and the electrostatic potential are
estimated as a function pH. The article is organized as follows: in sectioth2 computational
methods are descripted in detail whereas the seaunlil discussion are developed in section 3.

Finally, the conclusions can be found in section 4.

2. Computational Methods

2.1 Coar se grained models

The system is composed BNy particles in total:

NT = NSurf+ Nm +NC +Na

(1)

whereNg,, is the number of charged particles in the surfaceN, = N,x, is the total

number of monomers in the system, distributed My aumber of polyelectrolyte chains with



monomers per chairN, andN, are the number of small cations and anions oitbaovalent
salt, respectively. The solvent is modeled as dediéc continuum with relative dielectric

constant,.

Figure 1. Simulation box and coarse-grained model for thaknecid polyelectrolyte chain.

|ON

A) Coarse grained model that represents the we#&kelpatrolyte. B) Positively charge
square lattice that represents the strong baseratésC) Simulation box with dimensions

W x W x L with W? ~ 85 nm? andL = 50 nm.

The polyelectrolyte is represented as a linearncbéi, monomers, as can be observed
in Fig. 1A. The monomet is joined with a consecutive monome# 1 by a bond with a

potential energy:

: 2
Uéond = kbond(li,i+1 - lo)

()



wherel; ;,4 is the distance between the monomerandi + 1 andl, is the equilibrium bond
length. The potential energy is characterized Ispring constanky,nq = 10°kgT, wherekg is

the Boltzmann’s constant afid= 300 K is the absolute temperature. Thg,q value is chosen
high enough to avoid significant fluctuation in tHistance between neighbor monomers. Each
monomer is modelled as a rigid sphere with a diamet= 0.2 nm centered in the position of
the monomer. In turn, each mononidras a chargg;, located in its center, that can be either 0
or -1 elementary chargeg, for a neutral or ionized monomer, respectivelyncg the
polyelectrolyte is a weak polyacid, the charge ltd monomers is considered a fluctuating

property and it varies within the simulation.

The simulation box (Fig. 1B) is a rectangular patapiped with volumé&/ = W x W X

L, and sided¥ andL. Two solid walls are localized at= 0 andz = L. Charged spheres are
centered at = 0, in order to mimic the strong basic groups of shistrate. Those charged
particles are distributed forming a square latioethat the total number of surface particles is
Nsurs = 13 X 13 = 169. Within the simulation, the particles positiorfiled and thus the square
lattice is preserved. The particles are solid sphevrith a diameted = 0.2 nm with a punctual
positive elementary charge, located in its center. Since the particles erclssong basic
groups, its charge is kept constant and it is abwagsitive, independently of the pH conditions

of the media. The charge of the surface partickeerptes a positive surface charge density

_ Nsyrr e
JSuI‘f - W2
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which is settled tag, s = 0.2 e/nm? (around to32 mC/m?). Consequently, the simulation

box length isW? = 845 nm? with W =~ 29.069 nm and a distance between neighbor surface

particles ofds = \/e/0gys = 2.2 nm.

The electrostatic interaction between two chargediclesi andj, whose centers are
separated a distanag;, is calculated with a coulombic potential with axcleded volume

correction

qidj . d; dj
lB# if Tij>—l+—]

_ rij 2 2
Un(ryj) = _ P
(&) if rij < ? + ?

(4)

wheregq; andgq; are the charge valence of particleandj, respectively andg is the Bjerrum

length:

e?

lp = —
B AmegerkpT

®)

whereg, is the permittivity of the vacuum argl = 78 is the dielectric constant for water at
room temperaturely represents the separation between two elementanges that have an

electrostatic energy equal to the thermal energytWo interacting particles located at a smaller
distance tharig, their electrostatic interaction is greater thae thermal energy. For water at

room temperature, its valuelis = 0.71 nm. The long-range electrostatic interactions aratée



with the external potential method (EPM), which Miestly proposed by Torrie and Valleau[46]
and subsequently modified by Boda.[47]

Since the modeled chain represents a weak polyelge, the number of charged
monomers is governed by the ionization processchvtiepends on several variables such as the
pH-value, the salt concentration, etc. This prodéesdassically described using the weak acid-

base chemical equilibrium, which for a protonateid group of the chair-HA reads

—-HA 5 —A~ +H*

(6)

where—A~ is the ionized deprotonated weak acid of the claihH™ is a proton. This
equation describes the deprotonation process ofvibak acid and it is governed by its acid

equilibrium constantk; , defined as a function of the chemical activitigsof the species

involved

K, measures the weak acid tendency to dissociaté &memical activity is connected with the

molar concentration; by a; = c; y;, wherey; is the activity coefficient. Additionally, theK; is

defined as
pK,; = —logqoK;.

(8)
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For ideal complexation/protonation process, whéithal acid-base groups have the same

value of the acidity equilibrium constari,, and in infinite dilution ¥_,,y_,4 — 1), the ideal

dissociation degree of the polyelectrolytds: can be calculated as a function of tié =

—logqoay+, from the well-known Henderson-Hasselbalch equats

id Ca- 1

PE ™~ Ca- + CHA - 1+ 10(pK§—pH)'

9)

Far from ideal conditions, the protonation equilion is governed by the PE apparent

dissociation constank:P?, which provides information about the average nifi of the
macromolecular sites for the protons.[18,48-50] Kj&"-value, in general, depends on the
charge of the macromolecule, different at eadh and ionic strength value, and can be

calculated using a generalization of the Henderbtasselbalch equation [51]

pKa?pp = pH — log( ) = f(pH, I, cpg, ... ),

1— apg
(10)
where apg is the average dissociation degree of the tittatgboups of the polyelectrolyte in
non-ideal situations, which in this work will be aseired by constant pH Monte Carlo
simulations. We consider all the PE titratable moars to be identical with the same intrinsic
dissociation acid constant valygk; = 4.25, which is a value typically found in polycarboxyli

acids.

2.2 Monte Carlo method

The Monte Carlo (MC) simulations were performed ngsithe Metropolis

algorithm.[52,53]
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In order to effectively sample the configuratiosplace and equilibrate the system, the
following trial movements are done: (i) translaBbnmotion of small ions and monomer
particles, (ii) translational motion of the PE ahais a whole, (iii) pivot rotation of the PE chain
and (iv) flip rotation of the PE chain.[54] Thedrimovements were accepted according to the

probability:

min{1, exp(—BAU)}
(11)
whereAU is the total energy difference between the indiad trial states.

The ionization of the titratable groups was changedforming a MC semi-grand
canonical procedure.[55,56] Every hundred MC stdps charge of each titratable monomer is
increased or decreased by 1 unit due to protonir@hthbinding to the group. In order to
maintain the system electroneutrality, the creafideletion) of a small anion was therefore
required. Those trial protonation/deprotonation groents are accepted according to the semi-
grand canonical probability

min (1’ e—ﬁAUElilnlo(pH—pKa))

(12)
Where AUy, is the total change in electrostatic energy arddign+ can be either - o#
corresponding to the protonation or deprotonatiespectively.[55,56]

For all the simulations performed, the total numbieMC steps wag x 10°. Every simulation
was equilibrated in the first0® steps, necessary to stabilize the ionization mscand the
remaining10® steps were used to calculate the ensemble averBigesontrol variables, which

are fixed throughout the simulation, are: the numddepolyelectrolyte chaindy,,; the proton

pl;
chemical potential (so that the number of protohateprotonated PE groups is not fixed); and,

12



finally, the chemical potential of the salt (thenmher of small ions is thus variable). The
chemical potentials of the proton and the smalsiare supposed to be fixed by the presence of
an external reservoir. The salt concentrationxeditocg,;; = 1 mM in the reservoir using an
algorithm of insertion/deletion of neutral pairssafit particles. This procedure as well as itd tria
movement probability are explained in detail in][%nd it was applied to the computational
study of the diffuse double layer in an ionic syst@ext to a uniformly charged plane
surface.[46]

2.3 Measured quantities

The local density of monomers, (z) (in nm™3) is measured as a function of the distance
to the charged surface at= 0 using a histogram methodology. The simulation isodivided in
parallel bins with are#/’? and thicknesaz = 0.1 nm, soc,,(z) can be calculated as

<nm(zi))

() = (@) ==

(13)

where (n,,(z;)) is the average number of monomers localized astarite from the surface

betweenz; andz; + Az and the bin volume i&, = W?Az. The total number of monomers can
be calculated a8y, = Npx, = Yi=500(n (z)). The local density of small cations and anions,

c.(z) andc,(z) can be defined of analogous way.

The PE adsorbed amouhf, is measured counting the total number of monomers
adsorbed on the volume compress between the sufaed)) and a parallel plane located at

distancez = 2.5 nm

13



z=2.5nm 25
Iy = j cm(2)dz = z cm(z)Az.
z=0 i=1

(14)

The distance = 2.5 nm, taken as the superior limit in the integral,i®gen considering

the concentration profiles. In turn, the ionizatdegree of adsorbed monomers is calculated as:

L2 pm(2)d]

fzz:oz.s nm o (Z) dz

Opg =

(15)
where p,(2) (innm™3) is the local charge density due to the chargedamers of the PE

<Qm(Zi)>

pm(z) 7 pm(Zi) = Vb

(16)

and Q,,(z;) = 2;.“:“1(2") qj(z;) is the total local charge due to thg, monomers located

betweery; andz; + Az. q;(z;) is the electrical charge of monomer j.

The electrostatic potential at a distaacom the charged surfagg(z) is calculated as

follows:[47,58,59]

L
W(z) = —— j o) — 2)dz

Eoér

(17)

14



where thep(z) is the total charge density at a distandeom the charged surface, and it

is calculated as

p(z) = pm(2) + pc(2) + pa(2)
(18)

where p.(z) and p,(z) are the local charge density atdue to the small cations and
anions respectively, and it is calculated in theeavay as the monomer charge density (Eg. 16).
The deduction of Eq. 17 can be found briefly exptdi in the Supplementary Material (Section
S1).

3. Results and discussion

The system studied is the adsorption of weak PEnshaith x, = 60 (60 monomers per PE
chain) andl, = 0.50 nm. The weak PE adsorb on a strong charged surfagresented by a
square lattice ofl3 x 13 positive charges. This lattice witl, s = 13 X 13 = 169 charges is
placed on a surface with = 845 nm? in order to set the charge density of surfacénéovialue

Osyrf = 0.2 e/nm?.

15



pH=2

o H ¢ )

2
z[nm] z[nm]
Figure 2. Concentration of monomers as a function of distanitom the surface at differer]

—

pH-values ranging from 2 to 8 and for two differentntbers of PE chaind,, added to the
system: A)N, = 4 and B)N,, = 10.

Fig. 2 shows the concentration of monomers asnatifon of the distance from the
charged surface at differept-values ranging from 2 to 8, when four PE chaing.(EA) and
ten PE chains (Fig. 2B) are added. In the firsecésur PE chains are added to the system,

N, = 4, so there is a total d¥,, = x, - N, = 240 monomers inside the simulation box. At

pH = 2, the monomer concentration is well distributedhwét maximum value close to~

1 nm. As the pH-value increases the position of theceatration maximum shifts to the surface
(located atz = 0) and it increases in intensity, which suggests tiina polyelectrolyte chains are
more attracted to the surface. pil = 4, the concentration profile has a maximum located a
z = 0.5 nm and most of the monomers are located at a distesseghan 2 nm from the surface.
This concentration distribution reflects a stat@tiaverage of a set of conformations that the
polyelectrolyte takes throughout the Monte Carlogation. Let us compare ttedistance of
maximum adsorption with the dimensions of the plelgiolyte chain. Two limiting values can

be considered: the diameter of a monomdet(0.2 nm) and the end-to-end distance of the fully

16



stretched conformation of PE chain, which is appnated by the chain contour length =

(xp — 1)l0 = 29.5nm. The maximum localizatiorz(= 0.5 nm) is much smaller than the size
of the stretched chain and just a couple of tirhesdiameter of the monomer. This fact indicates
that the PE chains adopt a conformation with thetmbmonomers close to the surface, so they
are placed co-planarly to the surface.pi = 6 andpH = 8, the maximum of adsorption is
closer to the surface, but the intensity of con@dimn maximum slightly decreases as the pH
increases. Let us now see how this picture chaiigea chains of chains PE are added to the
system(.e. Ny, = x, N, = 600 monomers in total), which is shown in Fig. 2B. AtH = 2, the
concentration profile of the PE chains shows a mari at a distance ~ 1 nm from the
surface. It can be also observed that as the ptkvailcreases the concentration of PE
accordingly increases. AtH = 4, it can be observed an increase in the intenditthe peak
located atz =~ 0.6 nm. However, it can be noted that, fad = 6 andpH = 8, the concentration

of monomers close to the surface abruptly decreases

In order to better understand the latter obsesmatand to quantify the weak PE - surface
interaction, we calculate the PE adsorbed amByntEqg. 14) as a function qfH. In Figure 3,
[m is shown as a function of thp-value for differentv, values ranging from 4 to 12. When
four chains are added to system), (= 4, orange triangles), the adsorption is moderatievat
pH-values. The amount of PE adsorbed increases gstivalues increases, until a plateau is
reached apH = 3. The adsorption plateau value is clos€o~ 0.28 monomers/nm?, which
is close to the maximum possibé,/W? ~ 0.284 nm~2, which suggests that the chains are

fully adsorbed on the surface.
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Figure 3. PE adsorption on the charged surface as a funcfipd at different number of PE

chains added to the system. The PE chains lgwe 60 monomers and, = 0.50 nm. The

solution has a salt concentration equalstp: = 1 mM.

When six chains are added to the systaim= 6), the adsorption curves show a high

plateau for pH-values ranging from 3 to 5 with dued’, ~ 0.42 monomers/nm? which is

close to maximum possiblé,,/W? ~ 0.426 nm~2. At high pH values, the adsorption decreases

to a low valley ofl,, ~ 0.35 monomers/nm?. The appearance of a maximum adsorption is

more evident in increasing tt&, value. The systems withi, = 8, N, = 10 andN, = 12 have

maximum of adsorption values equalllp ~ 0.56, I';, ~ 0.7 andl, =~ 0.82 nm™2, respectively,

which are close to the corresponding maximum vahesibleN,,/W? namely~ 0.57, ~ 0.71

and ~ 0.85 nm™2 respectively. This fact indicates that the chaims fully adsorbed in the

maximum in thepH range betweempH = 3 and pH = 5. However, at high pH values the

adsorption has a similar magnitudg, (~ 0.41 monomers/nm?) for the three cases, which

suggests that the surface is saturated of PE. Tésepce of a maximum in the adsorption of

18



weak PE on strong charged surface was first obdeexgerimentally by Tanaket al. four
decades ago.[42] In turn, several theoretical sgidsing mean field approach was performed in
order to explain these phenomenon.[43—-45] Up tokmomvledge, this is the first time that the
maximum of weak PE adsorption has been reporteanbgns of computational simulation,

allowing a molecular analysis of this phenomenon.

Figure 4. Snapshots of equilibrium configurations obtaingdNbonte Carlo simulation at
pH = 4 (top) andpH = 7 (bottom) of a system with twelve PE chaing & 12). The PE

chains haver, = 60 monomersand/, = 0.50 nm and the reservoir has a salt concentration

equal tol mM.
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In Fig. 4, two snapshots of equilibrium configuoais obtained by Monte Carlo
simulation of twelve chaingV, = 12) at pH values opH = 4 (Fig. 4 top) and opH = 7 (Fig. 4
bottom) are shown. The titratable groups are degias green and red spheres, depending if they
are neutral o negatively charged, respectivelyo@mhand, it can be observeg#t = 4 that all
the PE chains are adsorbed, adopting a fairly eegnconformation. Analyzing the ionic
presence close to the surface, it can be notedhbet is not an obvious predominance of small
anions or cations, which suggests that the adsarhanhs neutralize the positive charge of the
substrate. On the other handpéit = 7 the number of adsorbed chains decreases compé#ted w
those atpH = 4 and it can be also observed that in this casehlés are a very and almost
totally ionized. The chains desorption @ = 7 can be explained by the repulsion between
chains which pulls them back to the bulk solutibms interesting to note that the high amount of
negative charge of the adsorbed PE chains causascamulation of small cation counterions

close to the surface, which suggests a possiblgelaversion in these conditions.

In order, to quantitatively study this phenomenbe tdsorbed amount of total and
charged monomers are estimated, as well as theerushlsmall cations and anions close to the
charged surface. In Fig. 5, the local densitiesaasbrbed amount of species are depicted. Local
density of monomers;,,,(z), local charge density of charged monomgf(z) are plotted as a
function of the distance to the charged surface in Figure 5A, showing dseilts obtained when
the case with two chaingV{ = 2) andpH = 4 is considered. It can be noted that the charged
monomers are a half part approximately of total amaf monomers, which suggests that the
monomers degree of ionization is close(t6. It can also be observed that is significant the
guantity of small anions close to the charged serfdhe concentration curves can be used to

calculate the adsorbed amount by means of Eq. h&hws depicted as a function of the pH-
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value for the cases witN, =2 andN, =10 in Fig. 5B and in Fig. 5C, respectively. The
adsorbed amount is calculated for PE monomers Khdacles), PE charged monomers (red
squares), small anions (orange diamonds) and saayan triangles). Fol, = 2 (Fig. 5B), at

low pH-values only a small amount of chains is aded tol' ~ 0.07 nm~2 and only a minima

fraction of monomers is charged.
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Figure 5. A) Local density of monomers, (z), local charge density of charged monorjer,
pm(z) as a function of distance to the charged surface, as well as the small anion

concentrationc,(z) , atpH = 4. B) Adsorbed amount of total and charged mononaad,

A"

small ions close to the charged surface as funafqrti whenN, = 2. C) The same that §
but with N, = 10. The PE chains havg, = 60 monomers and, = 0.50 nm. The reservoir

has a salt concentration equalltmM.

We can note that there are a significant numibesnwall anions close to the charged
substrate, because they are necessary to neutttadizeositive charge of the substrate. It can be
also observed that the adsorbed amount of totachatjed monomers monotonically increases
as the pH value increase until a plateau is reached natural consequence of the increase of
charged monomer adsorbed, the anion surface coatientaccordingly decreases as the pH-
value increases. However, it is important to noi&t the PE negative charge is not enough to
counter the surface positive charge and theredserbed anions even at high pH-values. Those
results can be compared with the ones obtained Wieesase with ten PE chaing,(= 10) is
considered, which is shown in Figure 5C. Interegyin the charged monomer surface
concentration does not show a maximum but it irsweaas the pH-value increases until a
plateau is reached, which equals the adsorbed ambumonomers. This fact suggests that the
PE chains adsorbed are fully ionizedpdt-values larger than 8. In turn, the number of small
anions close to the surface quickly decreases asingkeases. ArounthH = 4.25, the
concentration of anions close to the surface iaterfvanish, and it is replaced by a cationic one.
Furthermore, the amount of charge due to adsorbbelectrolyte chaing,,, ~ 0.2 nm=2 (red
filled squares) is equivalent to the surface chatgesityel.,, = os,¢ IN Other words, at this
pH value the PE charge neutralizes the charge @msdiface. Intuitively one would think that

this is the natural limit of adsorption. Howeves the pH value increases, the amount of
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polyelectrolyte increases until it reaches a platgléerpH = 8, where the amount of adsorbed
charge is a little more than the surface chaigg ~ 20g,.+ In turn, the cation adsorbed amount

increases until a constant value at pH values tahge 7.
At this point, these observations arise two natquastions:
A) How does the titration curves of the weak aditidhains change when they are adsorbed?

B) The composition of the ionic environment clogétte surface changes from small anionic to
cationic when the pH-value is increased. This fagigests a change in the surface-PE charge

density. Does this ionic exchange indicate a chergersal?

In order to answer the first question, we calcuthe PE degree of ionization (Eqg. 15),
apg VS. pH curves obtained by MC simulation varying thenter of PE chain/, from 1 to 10,
see Fig. 6. For comparative reasons, we also plétig. 6 the ideal titration curve of the PE
(black dashed line), and the titration curve oisolated PE chain in the bulk (black downwards
triangles), obtained by MC simulation of a singtein without the charged surface. Note that
for the ideal titration curve (Eq. 9) half of theogps are dissociated when thH-value is
pH = pK; = 4.25. However, for the case with a single PE chairhaliulk, the titration curve is

shifted to the right and half of the groups aresdsated at a pH-value of 5.6, which could be

considered a half-ionizatignk,-value so thapKaf“’E:O'5 ~ 5.6.
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Figure 6. Degree of ionization of PE chains asration ofpH. A) Ideal case (Eq. 9) and M
simulation of an isolated PE chaiNy(= 1). B) Different amounts of chains and conditions.
The simulated PE chains havg = 60 monomers andé, = 0.50 nm. The reservoir has a sglt

concentration equal tbmM.

This is because in the ideal case the ionizatiorawh monomer is independent of the
ionization state of the others and it depends exadly on the pH-value (Eq. 9). However, in
the Monte Carlo simulation the probability of acizn of ionization or deionization depends
on bothpH (in fact it depends on the differengE — pK,) and the electrostatic energetic change
involved in the procesAUg, (Eq. 12). The shifting of the Monte Carlo resuitsnpared to ideal
case can be explained because of the electrosegidsion between the negatively charged
monomers of the PE chain, which decreases the bilipaf ionization. As a result, higher pH-
values are necessary to find similar degree ofzairon values than in the ideal case. It is
interesting to compare these results with the am¢gined in MC simulation of one PE chain in
the presence of the charged surface (violet circldsag. 6B). It is important to note that in the
following cases the apg is calculated only of the PE chains adsorbed @ndinface (see

equation 15). The PE degree of ionization of orsoduked chain shifts to the left compared to the
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results obtained in the case of the PE chain irbthle. It is observed a half-ionizatigik, value

of pl(’;f“’E:O'5 ~ 4, which indicates that the chain has an more amdzation behavior than the
ideal casefK; = 4.25). Now let us investigate what happens when moretriins are added to
the system with the charged surface. Fpi= 2 (red squares in Fig. 6B), the ionization curve is
very similar to the case witlV, =1 which suggests that the two adsorbed chains leehav
independently. However, wheM, is increased to 4 (blue diamonds in Fig. 6B), degree of
ionization shifts to the right again. This fact cha explained because the adsorbed chains
interact with each other in increasing the surfegeerage. Interestingly, when ten chains are
added (green triangles in Fig. 6B) the ionizatiehdvior gets more and more interesting. At low
pH-values, the ionization is similar to the casethiewer chains because the chains are only
slightly charged. However, in increasing the pHweal the N, =10 have two different
ionizations. First, its ionization is close to thehavior of the cases with loM, values but for
pH-values larger than 5 the ionization is closath®ionization of the isolated chain in the bulk.
In other words, when the degree of ionization isatgr than 0.3, the repulsive electrostatic
interaction between the adsorbed chains is strotiger the electrostatic interaction with the

positively charged surface.

To deepen the study of the acid behavior of thegbettrolyte, we will estimate the
apparentpK,-value, pK:"", as a function opH using the Eq. 10. Figure 7 shows & ""-

values at different conditions. The ideal valush®wn in a dotted line, which has a constant
valuepK: PP = pK; since this value is independent of pH-value. Alsis shown the acid-base
behavior of an isolated chain in bulk as a contirsuline. In this case, the chain showskg""-

value close to the intrinsjeK,; value at lowpH-values.
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Figure 7. ApparenpK:"? as a function ofpH for different amounts of PE chains. The
simulated PE chains havg, = 60 monomers and, = 0.50 nm. The ideal case and MC

simulation of an isolated PE chaiN,(= 1) are depicted for comparison. The reservoir has a

salt concentration equal fomM.

However, as theH-value increases, thek:’’-value increases indicating that the PE
chain has lower capacity to ionize its acid grogpgher affinity to bind protons). This is
because as the pH increases the amount of negdtarges on the PE chain also increases,
which increases in turn the electrostatic repulsiorpossible new ionized groups. At high pH-
values, thepK:FP-value reaches a plateau @ " ~ 5.75. All adsorbed PE chains (filled
symbols) show a similgskPP-value ofpK:FP ~ 3 at low pH values, since only a small fraction
of monomers are charged. For all systems undee tbesditions, the interaction between the
surface and the PE chains predominates. As thenpkeases, these systems show different
behaviors and can be ordered in two groups: 1-ZIRfns in solution and 4-10 PE chains in

solution.
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The behavior of one chain adsorbed is shown ak liléed circles. The positive charges
of the substrate have two effects: (1) they exeratiractive electrostatic interaction with the
negatively charged groups of the PE chain andh@) promote the titratable groups ionization,
generating a higher fraction of charged monomenserdfore, the profile starts with a
pK: PP —value around 3, which is below the intrinsik,pvalue. For pH values larger thas,
the situation is reversed, and thpK;"F-value has a less acid behavior that the ideal one
(pK:PP > pK,). This is because in increasing the pH-value tBer®nomers are ionized and the
intra-molecular electrostatic repulsion difficuttet formation of new ionized monomers. At high
pH-values, the adsorbed PE chain reach a higherewebse topK:*’ ~ 5.3. It can be also
observed that the case with two PE chains adsdiieedfilled squares in Fig. 7) behaves in a
very similar way of very similar form to the casé&lwone adsorbed chain. This result suggests
that the two PE chains do not interact significamtith each other. Then each chain (of the two)

is adsorbed independently on the surface.

When larger numbers of chains are adsordgd=( 4,6, 8 and10 with diamonds and

up, left and down triangles respectively, in Fiytife pK:FP-values are significantly larger than
those obtained with less PE chains adsorbed, whidms that in the first case the PE chain has
a higher affinity for protons so that the titratlgiroups are neutral. This is due to the increasing
inter-molecular electrostatic repulsion betweerpdasd chains. For pH-values ranging from 2 to
6, thepK:*? increases as the amount of PE chains increasesisThecause, in this pH range,
the amount of adsorbed PE increases as the ambahaios are added to the simulated system
(See Fig.5C). Then, the amount of negative chargdse surface increases and consequently so
it does the inter-chain repulsion, which favors pineton binding affinity increasing thek:""-

values. AtpH = 6, these four profiles have a similar valuepdf-"® ~ 5.5. This is because at
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this pH-value coincides with the lower pH-value time PE adsorbed amount plateau (See
Fig.5C). Thus, at this point the surface is saadadf PE chains and some start to desorb.
However, at higher pH-values, the trend is revematithe pK:"® decreases as the amount of
PE chains increases. This is becauseptdr> 6 the amount of PE chains adsorbed is almost
constant as a function of pH and the amount ofrchadded. This trend can be explained by the
increase in the anionic atmosphere in the surfadech screens the inter-chain repulsion

stabilizing the formation of ionized monomers.

Let us now answer the second question and andlytze small ions exchange observed
in (Fig. 5C atpH > 5) is due to a charge reversion phenomenon. Thik beilanalyzed by
estimating the electrostatic potential (Eq. 17adsinction of the distance to the surfacend

can be found in Fig. 8.
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Figure 8. Electrostatic potential as a function of distatweéhe charged surface. The systém

has ten PE chainV{ = 10) with x, = 60 monomers and, = 0.50 nm. The reservoir has a

salt concentration equal fomM.

28



Fig. 8 presents the electrostatic potential fa system withV, = 10 at differentpH
values ranging from 2 to 8. Each chain kgs= 60 andl, = 0.50 nm. It can be observed that
for pH = 2 the electrostatic potential at the surface is maglafi(z = 0) ~ 140 mV due to the
positive charge of the surface. The potential tetwdzero in increasing the distance to the
surface. In this case, the electrostatic potemtiafile is mainly due to the positively charged
surface and the small anions, since the PE chasslmost neutral. However, pgH = 3 the
presence of adsorbed PE chains on the surface eauslevant decrease of 25 mV yn(z)
respect the profile giH = 2. This can be explained since the charged monoraetidn goes
from 10% to 20% when the pH value is changed frota 3, respectively (See Fig. 6). In turn,
the negative charge of the PE chains displacesga [guantity of anions, as can be observed in
Fig. 5C. Since in these conditions the PE chaiesfally adsorbed (see Figure 3), the charge
contribution from the PE chain can be quickly estied asN,,apr = 120 negative charges,
which is a similar value to the total number of ifwe charges on the surface. pH = 4, the
electrostatic potential has a drastic decay becalnsest all the positive charge of the surface is
countered by the PE chains and only a few anioedamated close to the surface, as can be
observed in Fig. 5C. ApH = 5, the electrostatic potential switches its siga @&nreaches a
minimum value of) = —40 mV atz = 1 nm, closely located to the surface. The changegyf si
of the potential proves that the adsorbed PE negatnarge is enough to revert the surface
charge, which explains why the small cation cormegian increases at this pH values as can be
observed in Fig. 5C. At higher pH values, the etestatic potential shows similar tendencies
with a more pronounced minimum arounfl~ —60 mV. This fact explains why for pH values
larger than 6 the PE and small cation concentratieach a plateau; it is because for pH values

larger than 6 the surface change becomes almostgethendent.

29



151 T I T I T I T I T I T I T I T
10 :;S»Q:.—x‘ - —
B N - 1
soF e, R

AN

SN 0| ETTTERLRRPPPR SN -
g NN ]
s - N=2 iy, 1
N,=4 S R ey il 1
F e N=6 1
-100- 4 N,=8 -
r » N =10 7

o) IR L N N N RO SR B
2 3 4 5 6 7 8 9 10

pH

Figure 9. Effect of pH on the electrostatic potahnéitz = 1 nm, ,4s. The PE chains have

xp = 60 monomers and, = 0.50 nm. The solution has a salt concentration equalncv.

In order to better analyze the latter point, thectbstatic potential & = 1 nm (Yaqs =
Y(z = 1nm)) as a function of theH-value for systems with a different number of PREiok
N, ranging from 2 to 10 is depicted in Fig. 9. In thestem withN, = 2 (green squares) the
electrostatic potential decreases until a platesaueached, which has a positive value. In
consequence, charge reversion is not observedese tbonditions. In the cask, = 4 (orange
diamonds))aqs Strongly decreases as thE-value increases and becomes zenotate 5.7. At
largerpH-valuesy,_; switches its sign and it reaches a constant \aioendy 4  —50 mV.
The pH-value where the system substrate+PE hasuttaheelectrostatic potential can be
understood as the isoelectric point of the sysggmWhen six PE chains are added to the system
(black circles)paqs has a strong decay, the pl is shifted to thettefil = 5 and the potential
minimum value i8),4s = —65 mV. In adding extra PE chains to the system, thdastrec point

of system shifts to lower values.
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4. Conclusions

We carried out a Monte Carlo simulation study lom adsorption of weak polyelectrolyte
on strong charged substrate. Both the polyeledtand the substrate are represented by simple
models, which focus in the electrostatic interacti@tween the charged monomers and charged
particles in the substrate.

In our Monte Carlo simulations, we observe the apgece of a maximum value in the
adsorbed amount of chains. pH curves in certain conditions. The adsorption maximis

localized at a pH-value close to the intrinpic? = 4.25 value of the PE titratable groups, and

~1.5 pH units below of the half-ionizatignk,-value of chain$>K:PE=°'5 ~ 5.6. This maximum
was experimentally reported and theoretically presly studied, and it was found to be located
at ~1 pH unit below the intrinsic dissociation constaoft the carboxylic groups of the
macromolecules.[45] Regardless the maximum exaztion (which may be given by the
definition of the intrinsicpK?), it is important to note that the charged monoraésorbed
amount does not exhibit any maximum in any circamse.

In addition, we observe a complex behavior in tRedegree of dissociation of the chains
adsorbed on the surface. The PE degree of disewciads been found to change depending on
the coverage degree of PE chains on the surfagselthanges are analyzed in detail calculating
the apparent dissociation constaii-"", which show interesting trends depending on the pH
value and the number of PE chains. This is bectarskigh coverage degrees the inter-chain

lateral interaction becomes significant. These hossults for the adsorbed weak PE chains on
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planar charged surface show that the apparent aiigim pK:"" of the adsorbed chains is
significantly affected by the inter-chain latenaddéraction.

We also observed that the PE amount of negativeyehacrease caused in increasing the
pH-value is accompanied by a decrease in the samah adsorbed amount and an increase in
the small cation adsorbed amount. This ionic exghaat high pH-values allows us to observe
the charge reversion phenomenon in surface caysteeP’E chains adsorption.

Up to our knowledge, this is the first time thiais phenomenon is reproduced by means
of computational simulation. We want to highlightat we do not include non-electrostatic
interaction between the system particles in ounufations. This means that the abovementioned
conclusions are a natural consequence of the catuimieraction of the system species and the
acid/base equilibria. The immediate perspectivehig work is to study the effect of 1:1
monovalent salt concentration. In turn, it would sy interesting to study the adsorption of
weak polyelectrolytes in the presence of salt w&ittivalent cation or a divalent anion, that is, the
effect of using type 1:2 and 2:1 salts. Anotheeliesting perspective is to study the effect of
charge discreteness on the adsorption of polyelgtts, which have been found to be relevant
on finite-area adsorbing surfaces like Janus pesti60] In turn, it would be also relevant to

study the effect of different charge distributiarsthe surface.
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Highlights

Wesak polyelectrolyte adsorption on a strong cationic surface is studied using constant

pH Monte Carlo simulation

The adsorbed amount as a function of pH shows a maximum value close to the intrinsic

pK,-value of the titratable groups of the polyelectrolyte

The apparent pK,-value of the adsorbed polyelectrolyte titratable groups exhibits a

nontrivial behavior as afunction of the pH-value and the coverage degree

Charge reversion of the system is obtained at pH-values beyond the intrinsic pK,-value

of the polyelectrolyte titratable groups



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




