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Charged Polymer/Nanoparticle Mixtures:
Monte Carlo Simulations
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Abstract: We used Monte-Carlo simulations to study the formation of complexes between charged polymers
(or polyelectrolytes) with oppositely charged spherical nanoparticles. We presented the model, the Monte
Carlo numerical method and investigated the effects of the ionic concentration of the solution, polyelectrolyte
rigidity (or flexibility), linear charge density, and surface charge of the nanoparticles. Polyelectrolyte adsorp-
tion is controlled by several competing effects. On the one hand, rigidity and electrostatic repulsion force the
polyelectrolyte to adopt extended conformations and limit the number of monomers which may be attached
to the nanoparticles. On the other hand, electrostatic attractive interactions between the particle and the
polyelectrolyte monomers force the chain to undergo a structural transition and collapse at the particle
surface. By increasing the intrinsic rigidity, we observed a transition from disordered and strongly bound com-
plexes to a situation where the polymer touches the particles over a finite length, while passing by the
formation of a solenoid conformation. We found that the critical ionic concentration at which adsorption/des-
orption is observed rapidly increases with the increase of the nanoparticle surface charge density in good
agreement with experimental data dealing with the formation of complexes between micelles and opposite-
ly charged polyelectrolytes. Adsorption is also promoted by decreasing the chain stiffness or decreasing the
salt concentration for a given chain length.
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1. Introduction aggregation of DNA, which both can be inthe factors that could influence polyelec-
duced by a variety of positive ions, due ttrolyte/nano-particle mixtures, we use and
Mixtures of polyelectrolytesi.e. charged electrostatic interactions with the oppositedevelop Monte Carlo simulations to gain
polymers) such as synthetic polymerdy charged phosphate groups on the DNAsight into the behavior of polyelectrolyte
polysaccharides, DNAetc.and oppositely backbone. DNA molecules condense intohains in the presence of oppositely
charged colloids such as organic, inorgantoroids and rods in the presence of multivacharged colloids [10][11]. As the ionic con-
nano-particles, proteins, micelles, vesiclegnt cations or polyamines [8]. In environcentration is expectedjia screening ef-
etc represent key systems in soft cormental chemistry, interactions betweefects, to play a key role in controlling both
densed science [1], biology [2] and for ininorganic colloids and polysaccharides arehain conformation and polyelectrolyte/
dustrial applications [3]. Applications in thealso expected to control the coagulation gfarticle interaction energy we have also
field of water treatment such as flocculateolloidal material in suspension and the fat®cused on this. A primitive model with a
ing/water insoluble mixtures, adhesionand transport of trace pollutants associateshiformly charged hard sphere to mimic a
food technology, powder processing are nuvith them [9]. Nonetheless, the long rangeolloidal nanoparticle and a pearl necklace
merous [4][5] and extension to gene therattractive and/or repulsive character ofhain consisting of point charges connected
py and bioengineering is currently undeelectrostatic interactions between polyelede each other is used. Since a Debye-Hiick-
consideration [6][7]. Intensive research isrolytes and oppositely charged colloidsgl approach is considered here (which is an
carried out today in order to get an insighgolution chemistry, chemical compositiongstablished level of description), ions and
into the mechanisms of condensation argeometry and concentration of both polyeounterions are implicitly considered. The
electrolytes and colloidsetc. give these adsorption/desorption limit which is a key
complexes fascinating properties whiclparameter for technical applications of

LCfoeSﬁoncf’gcef Dr. g Stoll | are only partially understood. Thus, littlgpolyelectrolyte/particle mixtures is also in-
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Analytical and Biophysical Environmental Chem- is known in the rational use of polyelecvestigated. The polyelectrolyte conforma-

istry (CABE) trolytes with oppositely charged colloidaktions are analyzed prior to and after adsorp-
gﬁgfn"ifggf”t of Inorganic, Analytical and Applied particles and the structures of the formetion, the polymer interfacial structure is in-

30 quai g Ansermet complexes are still not well understood atestigated as well as the particle surface
CH-1211 Geneva 4 the molecular level. coverage and the amount of polyelectrolyte
;’:‘)-({:‘211 222277%22%‘(‘)% Owing to the important potential ofadsorbed. Snapshots of equilibrated confor-
E-Mail: serge.stoll@cabe.unige.ch computer simulations to provide qualitativanations are also provided to achieve quali-

www.unige.ch/cabe/stoll/ and quantitative means of understandingtive views of the polymer/particle com-



CHEMISTRY AT THE UNIVERSITY OF GENEVA 703

CHIMIA 2002, 56, No. 12

plexes. Some aspects of the adsorption of a Free ions are not included explicitly inThese movements include three ‘internal’
polyelectrolyte on nanoparticles are prethe simulations but their overall effects omr elementary movements (end-bond, kink-
sented here with special attention focusedonomer—monomer and monomer—partjump and crankshaft respectively), the piv-
on the effect of i) the colloid surface chargele interactions are describeth the de- ot and the reptation respectively (Fig. 1).
density, ii) polymer intrinsic flexibility iii) pendence of the inverse Debye screenifithe use of all these movements is very im-
polyelectrolyte linear charge density antengthk?[m=3 on the electrolyte concen-portant to ensure the ergodicity of the sys-
salt concentration on the adsorption/degration. It is worth noting here that the entem as well as the convergence toward min-
orption limit and polyelectrolyte—colloid tropy of counterion release is only captureninized conformations. One important chal-
complex conformation. on a linear level. The intrinsic chain stiff-lenge is to allow the energy of the complex
ness is adjusted by a square-potential wiliructure to be minimized gradually with-
variable amplitude to vary its strength. Thisut trapping the structure in a local energy
2. Model Description gives the bending energy minimum. This problem is of particular im-
portance when compact conformations
Polyelectrolytes are represented here by N have to be achieved or when large poly-
a class of material with a successionNof ~ E,, = 2 k,. (@ — &)’ (4) electrolyte chains are considered owing to
freely jointed hard spheres or physical =2 the fact that a few monomer—monomer con-
monomers of radius,, = 3.57 A. The frac- tacts can lead to the formation of ‘irre-
tion of ionized monomeifss adjustable (by where a, = 180° anda; represents the versible’ bonds that freeze the complex
placing negative charges equal to —1 at tlengle achieved by three consecutivstructure. Some MC refinements are thus
center of the monomers) and the bonchonomers i-1, i and i+1kan9[kBT/deg’—] necessary to overcome the formation of
length is constant and equal to the Bjerrumiefines the strength of the angular potentiatructures in local minima and increase the

length |, =7.14 A. The nanopatrticle is rep- chances of success when sampling new
resented as an impenetrable, uniformly conformations[12]. To generate a collapsed
charged sphere with a variable radiuso 3. Monte Carlo Simulations chain the combination of reptation and in-

as to gain full insight into particle curvature ternal movements has been shown to yield

effects when necessary. The particle surface Monte Carlo simulations are performedjood results. On the other hand to obtain
charge is assumed to be concentrated int@ecording to the Metropolis algorithm inextended structures, pivot movements are
point charge located at its center and athe canonical ensemble. In this method sutiie more efficient and can be used alone.
justed so as to maintain a constant surfacessive ‘trial’ chain configurations are gen- To investigate the formation of poly-
charge density representative of real sysrated to obtain a reasonable sampling efectrolyte/nanoparticle complexes, the
tems. The solvent is treated as a dielectriow energy conformations. After applyingcentral monomer of the chain is initially
medium with a relative dielectric permittiv-elementary movements which are randonplaced at the center of a large three-dimen-
ity constang, taken as that of water at 298y selected, the Metropolis selection criterisional spherical box and the particle is ran-
Ki.e.78.5. The total enerdy,, (kT units) on is employed to either select or reject thdomly placed in the cell. The polyelec-
for a given conformation is the sum of remove. The perturbation process is contirirolyte and the oppositely charged particle
pulsive electrostatic interactions betweened a specified number of times (a typicaire then allowed to move (a random motion
monomers, attractive electrostatic interagun requires several millions of perturbais used to move the particle). The chain has
tions between the chain and the partile tions) until the conformation is energy minthe possibility to diffuse further away and
and,E,, the chain stiffness or bending enimized and equilibrated. To generate neveave the particle surface during a simula-
ergy. Hard core interaction§,, are also conformations, the monomer positions aron run and so the polyelectrolyte desorp-
considered to include both monomer ancindomly modified by specific movementstion process can be investigated.

excluded volumes. Hence the total energy

E,ot1S given by

Eiot = Eeyt Eo + Eior (1) end-bond motion kink-jump motion erankahaft motion
All pairs of charged monomers within TR W o
the polyelectrolyte interact with each othe ot v -
via a screened Debye-Hiickel long rang
potential,
3 zze
ltel(rij) T A or exp(—KTi]) (2) reptation algorithm plval algoanthm
r“oty
[= =] h!l.ll:rl
wherez represents the amount of charge @ i
uniti andr; the distance between the cen i .
ters of two monomers. L & :
Monomers interact with the particle ac iopoltamess

cording to a Verwey-Overbeek potential,

Fig. 1. To generate new conformations, the monomer positions of the polyelectrolyte chains are
) randomly modified by specific movements. These movements include three ‘internal’ or ele-
47[5,30’?]- 1+ KO, (3)  mentary movements (end-bond, kink-jump and crankshaft respectively), the pivot and the rep-
tation.

z,z,e* exp[— k(r,~0o, )]

u'ez(l‘;]) =
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4. Polyelectrolyte/Nanoparticle 4.2. Influence of the Chain Rigidity plex composed of a long tail. Solenoids or
Complexes The chain stiﬁneskangwhich is direct- toroids as observed for DNA (which is a se-
ly linked to the chain persistence length hasi-flexible polyelectrolyte) are achieved at
4.1. Influence of the Nanopatrticle also important effects on both the adsorgr = 204 mC/m with no loops. Rigidity
Surface Charge Density tion—desorption limit, conformation of thehence influences the amount of adsorbed
One of the key parameters influencinghain at the surface of the particle anthonomer of chairi,e.fewer monomers are
the interactions between a charged polymamount of adsorbed monomer on the par@dsorbed using rigid chains. The adsorp-
and a nanoparticle is the surface chargde. In Table 2, typical equilibrated confortion—desorption limit is also moved and a
densityo of the particle, which is linked in mations of semi-flexible polyelectrolyte/lower ionic strength is required to adsorb
our model to the central charge placed at ti@noparticle complexes are presented. Tkéff chains.
particle center and particle radius. In someame parameters as for the flexible poly-
experimental systems such as micelieis, electrolytes are used (Table 1) except f@&.3. Influence of the Linear Charge
directly related to the protonation or depromekangvalue which is set to O.OQBWIdeg2 Density
tonation of active functions by adjusting théinstead of zero). Contrary to the flexible The linear charge density (LCD), which
pH of the medium. The presence of chargehain, at higho the chain does not collapsés related to the charge fraction on the poly-
is expected to control the polyelectrolyteompletely on the particle but forms a comelectrolyte backbone is also an important
conformation, adsorption—desorption limit,
conformation of the adsorbed chaiesg
A qualitative picture of polyelectrolyte/
particle complexes is usually achieve| g mcim] 45 204 204 450
by representing snapshots of equilibrate
structures. They are represented here a
function of o for a constant ionic strength [
Cj (Table 1). Increasing provokes the ad- = '.
sorption of the polyelectrolyte chain on th  B.04 M @ &
particle, the number of adsorbed monome
being proportional t@. One can note that .
protruding loops are formed at highi.e.
when the polyelectrolyte is collapsed at th
surface of the particle because of the ene
gy of confinement and electrostatic excludfable 1. MC equilibrated conformations of flexible polyelectrolyte/nanoparticle complexes at a
ed volume of the polyelectrolyte. constant ionic concentration C; = 0.04 M and as a function of the colloid charge density o. The
By varying both the ionic strengthj C particle radius o, is equal to 2.5 nm, and the central point charge Q of the particle is adjusted
ando, we can estimate for eachvalue, an S°2as to vary the surface charge density o from 4.5 to 450 mG/mZ2. The polymer size is constant

adsorption—desorption limit in terms of e?nd equal to N = 454, the monomer radius o, is equal to 0.127 nm and the charge to charge

. distance equal to the Bjerrum length 0.714 nm. Linear charge density LCD of the polyelectrolyte
critical Debye length. On the one hand, R equal toq0.8. ) ° 9 y oy vt

conformation is considered as ‘adsorbed’
when at least one monomer is positioned in
the delimited volume near the surface. On

the other hand, during a simulation run, the
polyelectrolyte is arbitrarily considered a
being adsorbed when the number of ‘a¢ 22 O —a— Experimental data
sorbed’ conformations is greater than 509 20 ) ]
In Fig. 2, we estimated the critical Debye] 18] N o Simulation data
length values for adsorption—desorption ¢ 1
different particle surface charge density 16 ] -
by varying the ionic concentration. The 14 ‘ . _
we compared them to experimental daj = 2] N Adsorption Domain
corresponding to the simulated systen — | \
PVAS chain (poly(vinyl alcohol) partially | "« 10 w
sulfonated) on an oppositely charge g - L
DMDAO micelle (dimethyldodecylamine . "N}
oxide) [13]. 6] .'S. O..

The calculated adsorption—desorptio 4 R
limits determined by MC simulations are ir o T e
good agreement with the experimental da 1 Desorption Domain .
for this system. Our model seems to captu 0 T T T T T i T ' J
the physics of the interactions between lir] 0 50 100 150 200
ear polyelectrolytes and micelles with p [mC.m’2]
regular surface charge distribution. The al

sorptlon—desorptlo.n limit isclearly _dls,'Fig. 2. Comparison of the adsorption—desorption limits of a flexible polyelectrolyte/nanoparti-
placed from the higher to the lower ioniGe system between Monte Carlo simulations (Table 1) and experimental data corresponding to
strength with decreasing the surface charges]; PVAS chain (poly(vinyl alcohol) partially sulfonated) in presence of an oppositely charged
density of the micelle. DMDAO micelle (dimethyldodecylamine oxide).
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Table 2. MC equilibrated conformations of a ]
‘ ! . o [miCim’]
semi-flexible polyelectrolyte at a constant ion- R ) 4 HWid, AR

ic concentration C, = 0.04 M and as a function | %= 0.0Z

of the colloid charge density o (parameters are I:..T.'-:Iva-f

similar to Table 1 except for the chain stiff-

ness k., which has been introduce and set to

0.02 kB%'/degz). Compared to the flexible

chain, the increase of the chain stiffness re- o o

vealed the formation of solenoid conforma- = .
tions. 004 M

factor controlled in particular by the pH of5, Qutiook and Conclusion Therefore Monte Carlo simulations consti-
the medium and the polyelectrolyte con- tute a rewarding and invaluable approach
centration. Following the previous ap- Using a Monte Carlo approach, we proand it is shown that computer simulations,
proach we have investigated the role of th@ose molecular structural models for théheory and experiment can isolate in good
linear charge density on the formation of determination of the conformation of aagreement the molecular factors that con-
complex between a polyelectrolyte chaipolyelectrolyte chain in the presence of ogrol polyelectrolyte conformations in solu-
and oppositely charged sphere. Variation @ositely charged particles. The effects dfon, and at the interfaces, and thus, can
the linear charge density was introdug&d ionic concentration, relative sizes, polybe used to address the optimization of
a variable number of uncharged monomegectrolyte lengths, charge, intrinsic flexi-nanoparticle—polymer mixtures and guide
along the chain backbone. The distributiohility, etc.can be investigated and successtew experiments. Moreover, these com-
of the charged monomers was alwayillly compared to theory and experimentplexes might be used for the development
symmetrical, varying from 0.01 to 1 (all

monomers ionized). The particle/monomer

size ratio was fixed at 10 so that the curva-

ture of the nanoparticle exerts its full effect

on polymer adsorption. The central point

charge on the colloid was fixed so as t
correspond to a surface density of G M]

1] 0.01 01 0.3 1

+100 [mC/nd].

A qualitative picture of the polyelec-
trolyte/particle complexes is also presente
here by representing some equilibrate
structures as a function of; @nd LCD
(Table 3). The absorption—desorption limi
is displaced from the higher to the lowe
ionic strengths with decreasing LCD.

Hence, when the linear charge density is

small, adsorption is promoted by increasin

the attractive interactions between mong-

mers and particleia the ionic strength. For
example when C= 1.0 M the polymer is
never adsorbed on the colloid wherea
when G = 0.1 M adsorption occurs only

Linsar

Chiarga
| Ce=naily

LG

0.1

0.2

(2]

when LCD > 0.3. On the other hand, it is alt

so interesting to note the differences in th
conformation of the adsorbed chains. Fg
the high values of the LCD the adsorbe
structures are more compact and close

n.w

o=

[

¥

LT

Fn

5

the surface of the colloid, whereas in th
case of low LCD, the polyelectrolyte
chains, even adsorbed, form loops in the s
lution. We estimated the critical values o
adsorption at different ionic concentration

C

U

by adjusting the linear charge density. Th

exammathn .Of the prob.ablllty CP[hat a ble 3. Monte Carlo (MC) equilibrated conformations of polyelectrolyte (N = 100) nanoparticle
monomer 1S Ir,] Cont?‘Ct with the surface o omplexes as a function of the ionic concentration C; and polyelectrolyte linear charge density
the nano-particle (Fig. 3) presents a shaficp). Bright monomers represent charged monomers. The LCD is clearly controliing the ad-
transition which seems to be more gradugbrption/desorption limit and polymer conformation at the particle surface. When screening is
by increasing the ionic strength. important, no adsorption is observed.
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Fig. 3. Contact Probability P, between the polyelectrolyte and the particle as a function of the
linear charge density (LCD). This Fig. demonstrates that the adsorption-desorption limit corre-

sponds to a sharp transition.
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