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Abstract We performed Monte
Carlo simulations to study the de-
stabilization processes of large neu-
tral and ¯exible polymer chains due
to irreversibly adsorbed colloidal
particles attached to the chains like
beads on a necklace. The particles
are modeled as charged spherical
units which interact with each other
via repulsive electrostatic and
attractive van der Waals (vdW)
potentials. The usual Monte Carlo
search procedure is extended and
carefully checked to completely
sample the chain conformational
space and achieve dense conforma-
tions in the limit of both strong
attractive and repulsive interaction
potentials. Con®gurational proper-
ties, such as the radius of gyration,
the end-to-end length, and the Kuhn
length, are calculated as a function
of the intensity of the vdW interac-
tions and ionic strength values. It is
observed that chains exhibit a new
range of possible conformations
compared to the classical random
walk and self avoiding walk chains
or polyelectrolytes. In the limit of
low salt concentration, by gradually
increasing vdW interactions, chains
undergo a cascade of transitions
from extended structures to dumb-

bells, from dumbbells to pearl neck-
laces, and from pearl necklaces to
collapsed coils. Because of strong
competition between the vdW and
electrostatic forces, the distance
along the chain between the inter-
acting particles, and the sampling
limitations, these transitions are
found to sample metastable domains
and to depend on the initial confor-
mations. To gain insight into the
spatial organization of the collapsed
conformations, the pair correlation
functions of both monomers and
particles are calculated. It is shown
that collapsed conformations which
are the result of strong particle±
particle interactions exhibit two
distinct parts: a hard core mainly
composed of particles and a sur-
rounding polymeric shell composed
of loops and tails. Possible e�ects of
such a collapsed transition on the
kinetics of ¯occulation of a mixture
containing large ¯exible chains and
small adsorbing colloidal particles
are discussed.
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Introduction

The ¯occulation of colloidal particles by polymers [1] is
a process of a great practical and theoretical importance
in colloid science, as well as in the chemical and physical
regulation of major compounds such as pesticides and
trace metals in aquatic systems [2±4]. In natural waters
containing mixtures of inorganic colloids and polymers
originating from many sources (algae, microorganisms,
phytoplankton cells), ¯oc formation occurs between
sub-micrometer-sized mineral particles (clays, silicates,
iron and manganese oxides) and supersized extracellular
polymers (Fig. 1) such as polysaccharides, which repre-
sent 80±90% of the total extracellular material [5, 6].

When the ¯oc size or the mass is large enough, the ¯ocs
are eliminated from the water column by a sedimenta-
tion process [7, 8]. Thus, ¯occulation acts as one of the
key physicochemical regulation processes of the concen-
tration, transport, and fate of colloidal matter and of
associated vital or toxic trace metals and compounds in
natural waters.

Nonetheless, the process of ¯occulation is very
complex since it often consists of many steps in the
formation of large ¯ocs (aggregate formation while
passing by the formation of elementary structures,
restructuration, breakup, etc.) which are di�cult to
distinguish in experiments [9, 10]. It should be noted
that, prior to the emergence of large ¯ocs, the formation

Fig. 1 Transmission electron
microscope image highlighting
the possible associations be-
tween small inorganic colloids
and large organic macromole-
cules in natural waters.
Magni®cation of natural water
samples from a small eutropic
lake (Lac de Bret, Switzerland)
prepared by ultracentrifugation
into a hydrophobic resin and
Ag/Mo/Cu poststaining. The
poststaining technique has been
developed to avoid potential
conformational changes due to
the direct addition of stains to
the samples. In e�ect, low stain
concentrations are employed
only once the colloids are
embedded in a hydrophilic
resin
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of elementary structures is expected. It has been shown
with the help of mathematical modeling [11] that
aggregates (referred to as type I) composed of colloidal
particles only, as well as aggregates consisting of a single
chain associated with one or more particles (type II), are
rapidly formed (®rst regime of ¯oc formation) owing to
the high speci®c surface area of the chains and the high
di�usion coe�cient of the free particles. In a second
regime of ¯oc formation, types I and II collide with each
other or with naked chains to form, via particle bridges,
larger structures composed of several chains, denoted
type III aggregates. The stability and structures of type I
aggregates in terms of reaction-limited aggregation and
di�usion-limited aggregation concepts, as well as the
possible aggregate fragmentation and restructuring,
have been intensively discussed in the literature [12±16]
and have proven to be reasonably well described by the
von Smoluchowski kinetics based on mean ®eld approx-
imations [17] and computer modeling [18, 19]. However,
there has been little discussion of the stability and the
possible conformational changes of supersized chains on
which particles are adsorbed (type II aggregates) in the
®rst ¯occulation regime. In particular, if particle ad-
sorption induces chain reconformation, large changes in
the chain dimensions are expected to profoundly a�ect
the kinetics of ¯occulation as well as the ¯oc structures
(density, porosity, internal cohesion) and ¯oc settling
properties.

It is generally accepted that the basic mechanism of
¯occulation of colloidal particles by polymers is a
bridging process in which the polymer acts by adsorp-
tion on the surfaces of two or more particles forming
bridges between particles. Several theoretical models
based on scaling concepts were developed to describe
such adsorption processes. Using a scaling description of
the con®nement energy of the chain steric stabilization
mechanisms to mimic the presence of a supersized chain
interacting with small particles, the adsorption energy
and the dimensions of a single chain adsorbed on a
sphere as a function of the sphere radius, chain length,
and strength of the adsorption were proposed [20, 21].
The idea was to apply the same concepts to adsorption
on small objects whose surface area is too small to allow
the polymer to spread to the extent corresponding to the
same parameters on a free surface. Such models were
used, in particular, to explain the adsorption of hydro-
phobic polymers on micelles [22±24]; however, the
higher the molecular weight of the polymer, the more
di�cult the problem becomes in terms of the cited
theories to reconcile them with experimental observa-
tions. As demonstrated by Cabane and coworkers [25±
27] and by Currie and van der Gucht [28] by considering
the e�ect of adsorbed macromolecules on the interac-
tions between surfactant micelles, microemulsion drop-
lets, or solid spheres dispersed in a liquid, when the size
of a polymer chain is comparable to or greater than the

size of colloidal particles, one has to reevaluate the
¯occulation process by considering the attachment of
particles to polymers rather than adsorption of polymers
onto particles.

Computer simulations of colloid and chain interac-
tions are expected to provide a useful tool for investi-
gating directly chain conformations before and after
adsorption of small colloidal particles. Unfortunately,
they are usually restricted to the classical picture of
polymers of a rather small polymer segment number
with regard to the size of the colloidal particles [29, 30].
As a result there are few reports on models involving
supersized chains and comparatively small particles.

Nonetheless, a model was recently proposed to
describe adsorption of ®ne particles by high-molecular-
weight polymers and its e�ects on ¯occulation/sedimen-
tation processes [31±33]. It was based on the assumption
that the number of colloidal particles attached to a single
polymer molecule is a random quantity and that a
certain minimum number of particles must be attached
to a macromolecule to cause its removal from the
system. Although this model nicely elucidates the
important deterioration of the ability of ultralarge
polymers to ¯occulate ®ne suspensions, due to their
rapid sedimentation when particles are attached to them,
the static character of the model did not take into
account the possible chain reconformation processes
and the possible consequences which are expected to
occur upon particle adsorption.

In a previous paper, we reported computer simula-
tion studies [34] of two- and three-dimensional models
for bridging ¯occulation between small colloidal parti-
cles and large linear polymer chains. The ¯oc structures
and formation kinetics as a function of the chain/particle
concentration ratio, the chain conformation, and the
space dimension were investigated to understand the key
factors in¯uencing ¯occulation in natural waters or
wastewater treatment processes. The solution chemistry
was chosen to emphasize particle±chain interactions
compared to particle±particle or chain±chain interac-
tions. Using rods and coils, it was shown how aggrega-
tion kinetics and ¯oc structures are strongly dependent
on and sensitive to the particle/chain concentration ratio
and con®gurational properties of individual chains;
however, chain conformations were assumed to be
unchanged upon particle adsorption. As such e�ects
were expected to greatly complicate the model and to
increase the computational e�ort, monomer movements
were not integrated in the equations of motion of the
chains. Aware that reorganization processes arising
from rotational motions of sequences of chains may be
important in the intrinsic stability of ¯ocs, provided
chain reorganization processes are fast compared to
the kinetics of aggregation and the macromolecule is
``¯exible'' enough to allow conformational changes, the
conformational changes of single chains in the presence
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of an arbitrary number of adsorbed colloidal particles
are now reported here.

The present study uses a Monte Carlo (MC) model
having the essential physical features capable of inter-
preting the e�ects of colloid adsorption on the confor-
mation of polymer chains. The simulation method
permits one to take into account the solution chemistry
(ionic strength, temperature, pH) through van der Waals
(vdW) and Coulombic interactions, which are of key
importance in understanding chain structures as well as
conformational transitions. The motion of sequences of
chains is achieved with the use of a set of well-de®ned
and classical monomer movements to sample the
con®gurational space and to minimize the total energy
of the chain±particle complex.

Unfortunately when large potentials are considered,
i.e. when the ionic strength is close to zero or when vdW
interactions between particles are important, most of
the MC sampling procedures are poorly e�cient for
sampling the overall chain conformational space and
extracting the most stable structures. This problem is of
particular importance when chains have to achieve
compact conformations because dense structures are
rapidly entrapped in ``frozen'' conformations that have
lower energy than nearby conformations but that have
higher energy than more distant stable conformations
since a few particle±particle contacts are required to
greatly reduce the total energy of the chain into a local
minimum. In order to improve the convergence rate, to
achieve equilibrium conformations in a global minima,
and to perform e�cient sampling to obtain speci®c
conformations, our sampling methodology was based on
a MC con®gurational search sampling procedure which
was successfully used to sample all the possible and
exotic conformations of strong hydrophobic polyelec-
trolytes [35].

Model

To model a linear, neutral, and ¯exible chain on which
several small charged colloidal particles are irreversibily
adsorbed, chains are represented as an o�-lattice three-
dimensional necklace consisting of hard spheres stan-
ding for physical monomers, along which spherical units
are included to mimic the presence of adsorbed colloidal
particles (Fig. 2). Each physical monomer is considered
to be neutral and to have a bond length of 7.14 AÊ ,
whereas the particle diameter is set to twice the
monomer diameter i.e. 14.28 AÊ . The model is not
restricted to this set of values and permits the adjustment
of the relative particle/monomer dimensions. The total
number of units, i.e. particles and monomers, is 100
whereas 13 particles are arbitrarily ®xed along the chain.
The number of uncharged monomers between particles
is between 6 and 9 along the chain to include a certain

randomness in the particle location and to roughly
minimize the electrostatic interactions.

The inner part of the colloidal particles is assumed to
have the same dielectric constant as the surrounding
medium and no image e�ect is included in the model.
The central point charge on the particle is ®xed at +4
(0.2 C m)2), which is a reasonable value for natural
particles such as hematite at neutral pH [36]. The
particle charge is kept constant with salt concentration.
The solvent is modeled using a continuum approach
with a dielectric permittivity constant, er, of 78.5,
modeling water.

Two particle±particle interaction potentials are con-
sidered: a long-range repulsive electrostatic potential
and a short-range attractive potential to mimic vdW
forces. All pairs of charged particles interact via a
screened Debye±HuÈ ckel energy,

eel�rij� � zizje2

4pere0
exp�ÿjrij� ; �1�

where rij represents the distance between monomer i and
j, e is the elementary charge (1.6 ´ 10)19 C), e0 is the
permittivity of a vacuum (8.854 ´ 10)12 C V m)1), and
zi is the amount of charge on monomer i (+4). Free ions
are not included explicitly in the simulation; neverthe-
less, their overall e�ect is described via the dependence
of the inverse Debye screening length, j2, on the
electrolyte concentration,

j2 � 1000 e2NA

X
i

z2i ci
e0erkT

: �2�

Here NA represents the Avogadro number
(6.022 ´ 1023 mol)1), ci the ionic concentration, k the
Boltzmann constant (1.3807 ´ 10)23 J mol)1 K)1), and
T the temperature (all the simulation runs were
performed at 298 K). Because we consider chains at
in®nite dilution, the summation term covers the species
of added electrolyte only and does not include particle
charges or explicit counterion e�ects. vdW interactions
are taken into account via a 12-6 Lennard-Jones
potential,

Fig. 2 Schematic picture describing the neutral polymer chain on
which several small charged colloidal particles have been attached.
The particles are shown as large units connected to each other
by monomers. Excluded volume, van der Waals and electrostatic
interactions are included in the model to take into account the e�ects
of particle±particle interactions versus solution chemistry. Surface
charges of the particles are treated in the calculations as point charges
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evdW�rij� � evdW
r0
rij

� �12
ÿ 2

r0
rij

� �6" #
; �3�

where evdW is the minimum depth of the potential curve
located at a distance r0, which corresponds to the
distance of two particles in contact. Positive values of
evdW mean that particle±particle contacts are energeti-
cally favorable. Because evdW is a relative value, positive
values of evdW can result when attractive interactions
between particle±particle contacts are stronger than
those between particle±solvent contacts or when parti-
cle±monomer and/or solvent±solvent or monomer±
solvent contacts are highly favored over particle±solvent
or particle±monomer contacts.

The total energy which does not include the compo-
nent originating from the entropy of the polymer chain
for a given chain conformation is the sum of the
electrostatic and vdW contributions,

Etot � Eel � EvdW

� e2

0:41� 10ÿ20ere0

X
i

X
j>i

zizj

rij
exp�ÿjrij�

�
X

iÿjj j>1
evdW

r0
rij

� �12
ÿ 2

r0
rij

� �6" #
: �4�

The size of the polymer chain is characterized by

1. The reduced mean-square end-to-end distance,

hR2
eei � h�rN ÿ r1�2i=

XNÿ1
i

li;i�1

 !2
; �5�

where li,i+1 represents the bond length between the
physical units i and i+1, and ri is the position vector
locating the ith segment of the chain (no distinction was
made between particles and monomers).

2. The reduced mean-square radius of gyration,

hR2
gi �

1

N

�XN

i

�ri ÿ rcm�2
�
=�N ÿ 1� l2m ; �6�

with

rcm � 1

N

XN

i�1
ri ; �7�

where lm represents the mean bond length between the
physical units of the chain, rcm is the vector locating the
center of mass of the chain, and hi denotes an ensemble
average over a Monte Carlo run.

3. The Kuhn length, Lk, which is calculated using

hLki � hR2
eei=

XNÿ1
i

li;i�1 ; �8�

where L � PNÿ1
i�1

li;i�j represents the contour length of the
chain.

MC simulations

We performed MC simulations according to the Met-
ropolis algorithm [37] in the canonical ensemble. In this
method successive ``trial'' chain con®gurations are
generated to derive a reasonable sampling of low-energy
conformations. After each elementary random move-
ment, the Metropolis selection criterion is employed to
either select or reject the move. If the change in energy,
DE, resulting from the move is negative, the move is
selected. If DE is positive the Boltzmann factor, p,

p � exp
ÿDE
kT

� �
; �9�

is computed and a random number, z, with 0 � z � 1, is
generated. If z � p, the move is selected. When z > p,
the trial con®guration is rejected and the previous
con®guration is retained and considered as a ``new''
state in calculating ensemble averages. That conforma-
tion is the one that is perturbed in the next step. The
perturbation process is continued for a speci®ed number
of times (a typical run requires several million pertur-
bations) until the conformation is energy-minimized
and energy-equilibrated. To generate new conforma-
tions, the monomer positions are randomly modi®ed
by speci®c movements. They include three ``internal''
or elementary movements (end-bond, kink-jump, and
crankshaft), and the pivot movement. The use of all
these movements is very important to ensure the
ergodicity of the calculations as well as the convergence
on minimized conformations. A major di�culty is
allowing the energy of the chain to be minimized
gradually without trapping the chain structure in a local
energy minimum. This problem is of particular impor-
tance when dense conformations have to be achieved
owing to the fact that a few particle±particle contacts
can lead to the formation of ``irreversible'' contacts that
freeze the chain structures. To minimize the formation
of structures in local minima and increase the chance of
sampling new conformations, we used an approach
which consists of using the most e�ective movements
(internal or pivot) with regard to the chain conforma-
tion, at each step of the Monte Carlo procedure, to
achieve a rapid and complete exploration of the
con®gurational space of the chain. More computational
details are given in Ref. [35], where the e�ciency of this
procedure is checked and veri®ed with the formation of
conformations such as pearl necklaces, cylinders, and
dense coils. Nonetheless, in spite of the use of re®ned
algorithms, such calculations required intensive com-
puter processor speeds and memory capacities that have
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currently limited their applicability to single chains
containing 100 physical units.

Results and discussion

Polymer chain conformations are investigated as a
function of the ionic strength ci and vdW potentials,
evdW. Five values of ci are considered corresponding to
1-1 electrolyte concentrations of 1, 0.1, 0.01, 0.001, and
0M (unscreened limit). The values of evdW are adjusted
from 0 to +25kT to cover a wide range of experimental
and theoretically possible situations from extended to
collapsed con®gurations depending on ionic strength.
The overall e�ects of solution chemistry on the mean-
square reduced radius of gyration, hR2

gi, the end-to-end
reduced length, hR2

eei, the Kuhn length, Lk, and the total
energy, Etot, of isolated chains are presented in Fig. 3
with the help of three-dimensional plots.

In the high-screened limit (ci = 0.1, 1 M), by in-
creasing evdW up to 3kT, hR2

gi, hR2
eei, and Lk variations

demonstrate that chains undergo a unique and sharp
structural transition from swollen to dense conforma-
tions. The absence of long-range electrostatic repulsions
causes dense conformations to be formed as a result
of the attractive short-range interactions without any
electrostatic force restraints. In the low-ionic-strength
limit (ci = 0, 0.001, 0.01 M), when evdW interaction
potentials are in the range 0±10kT, long-range electro-
static interactions between particles are predominant
and force the chains to adopt extended con®gurations.
Chain dimensions are characteristic of the stretched
structures which are required to minimize the long-range
repulsive interactions between particles since charges are
separated by larger distances. By increasing further the
intensity of the vdW interactions, competition between
long-range repulsive and short-range attractive interac-
tions becomes critical and results in the formation of
compact structures whose conformations are strongly
dependent on the initial chain con®gurations. As a
result, two distinct chain transitions are experienced in
this domain (Fig. 3 paths 1, 2). On the one hand, if
extended structures are used at the beginning of the
simulation runs, a smooth transition in polymer dimen-
sions is obtained by increasing evdW (Fig. 3a path 1).
On the other hand, if swollen structures are used, over
a small range of evdW values chains experience large
changes in their dimensions to the formation of extended
conformations (Fig. 3a path 2). By considering the
variations of the total energy, it is demonstrated that
an extended-to-collapsed transition leads to the forma-
tion of ``metastable'' structures in local minima that
have a lower energy than nearby conformations (ex-
tended) but a higher energy than more distant stable
conformations (coils). As the ®nal conformations are
dependent on the initial ones ergodicity is thus not

veri®ed in such conditions. This aspect will be discussed
further.

To gain insight into and to quantitatively characterize
chain conformations, the ratio of the average square

end-to-end distance and radius of gyration, r � hR2
eei
hR2

gi , was

calculated as a function of ci and evdW (Fig. 4). It
is expected that in the rodlike limit r = 12, for self-
avoiding-walk chains r = 6.3, for ideal or Gaussian
chains r = 6, whereas for three-dimensional collapsed
structures r < 6.According to Fig. 4, three regions could
be de®ned. When vdW interactions are not predominant
(region A), the plot of r versus ci approaches the classical
polyelectrolyte picture by following a linear dependence
with r shown as a dotted line; however, in contrast to the
predicted limit of r = 12 for rodlike chains when ci = 0,
we ®nd a signi®cant ``bending'' of the curve. The reason is
that elementary movements used in the Monte Carlo
sampling produce small orientational ¯uctuations along
the chain backbone. As a result the rigid-rod limit is never
completely reached at ®nite temperatures. This ``entro-
pic'' contribution, which is expected to play a more and
more pronounced role in increasing the chain length, wins
on the Coulombic repulsions between particles and
induces the formation of horseshoe conformations.
Although the extrapolation of the solid line yields
r = 12, the rodlike limit is expected to be practically
inaccessible for ¯exible chains within our given sampling
method.

In the limit of very strong vdW interactions, collapse
transitions result in r values (region C) which are below
the self-avoiding-walk or random-walk ones. As expect-
ed, these values re¯ect the formation of collapsed chains
that are denser than the classical three-dimensional
random walks.

In the limit of both strong electrostatic and vdW
interactions evidence for the formation of exotic con®g-
urations in region B exists when extended conformations
are used to start the calculations. To achieve a visual
picture of chains, in particular, in region B, equilibrium
conformations were extracted from our Monte Carlo
calculation runs and represented as three-dimensional
projections (Table 1) versus ci and evdW. Because of the
lack of available space, extended polymers which have
large dimensions have been reduced in size and appear
smaller than they really are. The results in Table 1
demonstrate that neutral ¯exible chains with attached
colloids have a large number of absolute conformations
which are di�cult to extract if one only considers
macroscopic parameters such as hR2

eei, hR2
gi, or Lk

without a complete analysis of average eigenvalues.
Clearly there is a range of parameters for which the
polymer may exhibit a variety of anisotropic conforma-
tions: necklaces with compact beads joined by narrow
strings, dumbbells, and cylinders. This large variety of
conformations mainly results from the subtle balance of
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strong, short-range, attractive interactions and strong,
long-range, electrostatic repulsions which forces the
chain to adopt a global linear structure with dense parts
or beads along it. Here one should note the similarity
with the classical studies on the stability of charged
droplets and/or hydrophobic polyelectrolytes: the long-
range electrostatic interactions control the overall shape
of the chains, causing them to maintain linear structures,
whereas bead formation is controlled by the intensity of
the short-range vdW interactions [38±41].

The transition between stretched chains and pearl-
necklace conformations is gradually induced by increas-

Fig. 3 hR2
gi, hR2

eei, hLki, and hEtoti variations versus the vdW
interaction and ionic concentration. By increasing the hydrophobic
character of the chain and when the values are 1 or 0.1 M, sharp
transitions from extended to coiled structures are observed. On
decreasing the ionic strength two situations have to be considered
depending on the initial conformations used in the calculations: sharp
transitions to extended structures (path 2!) are observed using
swollen con®gurations, whereas using extended chains, smooth
transitions ( path 1!) are achieved through the formation of
metastable structures with regard to the corresponding hEtoti values.
The electrostatic interactions are expected to control the gradual
transition to dense structures while passing by the formation of pearl
necklaces in local minima
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ing the intensity of the short-range vdW particle±particle
interactions. The analysis of the dynamic trajectory
during MC runs demonstrates that chains reduce their
total energy by ®rst splitting into dumbbell conforma-
tions, i.e. the formation of two end-to-end globules
connected by a rigid string. Such a transition is due to the
fact that the acceptance rate of elementary moves to form
close particle±particle contacts is higher if moves are
attempted at the chain extremities because of the
decreasing electrostatic potential and the concomittant
increase in the chain entropy with the distance to the
center of the chains. However, one should bear in mind
that the dumbbell and pearl-necklace structures which

are formed in region B are representative of metastable
structures only, i.e. in secondary minima, and that coils
are more stable from an energetic point of view. Thus,
one may wonder why ergodicity is not veri®ed in region
B, i.e. why two possible states are obtained depending on
the initial chain conformation. This aspect is probably
related to the di�culty in achieving transitions from the
dumbbell (or pearl necklace) to the collapsed structures
(Fig. 5a) with regard to the set of speci®c movements
which are used in our calculations. In a situation where
particles have been bound into dumbbells which are
separated by a monomeric string, the MC sampling
procedure e�ciency or ability to join the dumbbells into
a single coil is limited. Indeed owing to the ®nite distance
between the two dumbbells, neither the pivot nor
the internal movements are expected to gather all the
particles in a simple manner. Large ¯uctuations in
the chain dimensions and the energy are expected if the
pivot algorithm is applied alone, whereas internal
movements, which induce small local ¯uctuations in the
chain dimensions, are not e�cient enough to form new
particle±particle contacts. Figure 5b, in which the con-
vergence of the method is presented clearly, demonstrates
that the so-called ``metastable'' conformations are not
the result of ¯uctuations in the calculation process but
are representative of equilibrated structures which are in
a secondary minimum. At the present stage we cannot
decide if these structures have an important physical
meaning owing to the fact that our MC sampling method
is not suitable for overcoming the energetic barrier to
pass from the pearl-necklace conformation to more
stable collapse conformations. The question is then to
know whether the same behavior could be obtained using
experiments or computer simulations such as molecular
or Brownian dynamics, for example.

In the limit of highly screened electrostatic interac-
tions (ci = 0.1, 1M) and evdW interactions in the range
4±25kT (region C) dense spherical coils are formed.
With regard to the con®gurations presented in Table 1,
we can obviously note a speci®c spatial ordering of both
monomers and particles, i.e. particles clearly grouped
together and surrounded by a shell mainly composed of
monomers. To gain quantitative insight into the chain
structures, i.e. the radial distribution of monomers and
particles, the pair distribution functions [monomer±
monomer, Pmm(r), and particle±particle, Ppp(r)] were
calculated. The peak pair distribution functions for
extended, swollen, and collapsed structures are shown
in Fig. 6. As expected, the width and peak positions
decrease with increasing vdW interactions or with
increasing ionic strength (Fig. 6a). The large and narrow
peaks when ci = 1M and evdW = 2kT (Fig. 6c) mean
that both the particle and the monomer densities are
higher in such conditions. By comparing the two peak
positions of the collapsed structure it is demonstrated
that the polymeric shell is obviously surrounding a core

Fig. 4 The ratio of the end-to-end distance and the radius of gyration,
r � hR2

eei=hR2
gi, is plotted versus the ionic strength on a Logarithmic

scale. r = 12 corresponds to a rigid rod, r = 6 corresponds to
a random walk, whereas r < 6 corresponds to collapsed structures.
When vdW interactions are weak i.e. evdW � 3kT , r variations are
close to the polyelectrolyte pictures by following a linear dependence
with ci (region A). The long-range nature of the Coulombic
interactions stretches the chain. When vdW interactions are predom-
inant collapsed structures are achieved in region C with r < 6. When
the competition between the vdW and the electrostatic interactions
becomes critical, r values are grouped in region B in contrast to the
usual chain pictures (the extended polyelectrolyte with r = 6 ! 12,
the rigid rod with r = 12, the coil with r� 6, and the self-avoiding
walk with r = 6)
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made of particles. As a result, collapsed structures and
partially stabilized with the polymer, the polymeric
loops protruding in the ``liquid'' phase providing steric
stabilization.

Outlook and conclusion

Using a Debye±HuÈ ckel and a Lennard-Jones potential
approach to describe the destabilization of a large
neutral and ¯exible chain on which small particles are

attached, a possible cascade transition from extended
conformations to dense coils while passing by the
formation of metastable dumbbell structures is demon-
strated. Transitions from extended con®gurations to
coils, which are continuous in all cases with increasing
particle±particle interactions, become more prominent
with increasing charge-screening. With regard to the
possible formation of dumbbells, MC simulations dem-
onstrate the dual nature of this process. On the one
hand, the short-range attractive nature of the vdW
forces tends to coil the chains, whereas, on the other

Table 1 Chain conformations
versus ionic concentration and
attractive particle±particle in-
teraction potentials. Domain A:
a self-avoiding walk and an
extended conformation are
formed because of the predo-
minant role of the electrostatic
repulsions between particles.
Domain B (shaded cells): using
an extended con®guration at
the initial step of the Monte
Carlo calculations, metastable
structures are formed (pearl
necklaces, dumbbells). These
structures are trapped into
conformations that have a low-
er energy than extended struc-
tures but a higher energy than
the collapsed ones, i.e. they are
in secondary minima. Domain
C: van der Waals interactions
are now predominant. Chains
adopt collapsed conformations.
Because of the lack of available
space, extended chains which
are large dimensions have been
reduced in size and subse-
quently appear smaller than
they really are
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hand, long-range Coulombic repulsive forces cause the
chains to elongate.

Although our MC procedure was carefully extended
to increase the success rate of the elementary movements
to sample all the chain conformational space, i.e. the
formation of both dense and stretched domains within a
single chain, the present investigation demonstrates that
owing to the number of steps required to achieve pearl-
necklace structures (several million) MC su�ers from
today's limited simulation time as well as from sampling
e�ciency with regard to nonergodicity problems. Mod-
i®ed strategies are still needed to search the conforma-
tional space more throughly and to climb and cross
conformational energy barriers. In addition, a more
realistic and quantitative description of the interaction
potentials between our physical units could require a
more sophisticated model involving explicit counterions
as well as solvent molecules to correctly treat solute±
solvent±salt interactions so that local electrostatic ef-
fects, such as counterion condensation, could have their
full e�ect.

Fig. 6a±c Pair correlation functions versus the reduced distance.
a The monomer±monomer pair correlation function for a collapsed
(dotted gray line), a swollen (gray line), and a stretched conformation
(black line). The mean distance decreases with increasing vdW
interactions. b The particle±particle pair distribution function. c The
pair correlation functions of a collapsed structure. By comparing the
two peak positions it is clearly demonstrated that the particles are
embedded in a polymeric shell

Fig. 5 a Schematic representation of the total energy trajectory of the
particle±chain system when the solution chemistry is adjusted to
produce both strong electrostatic repulsions and vdW attractions
(Table 1, region B). Starting the calculations with extended confor-
mations results in a local minimum, K (region B), which is not the
global minimum, M. The Monte Carlo search algorithm (minimiza-
tion procedure), which uses a set of elementary movements, is not
speci®cally designed to push the system over barriers but down into
the nearest valley of conformation I. Modi®ed strategies are thus
needed to search conformational space more throughly and to climb
and cross conformational energy barriers such as L to go into the
primary minimum M. Using swollen conformations, N, the MC
search algorithm converges directly to the primary minimum, M
without passing by the formation of dumbbell structures. b Depen-
dence between the energy Etot and the MC iteration number. It is
demonstrated that the so-called ``metastable'' conformations, K (gray
line), are not the result of ¯uctuations in the calculation process but
are representative of equilibrated structures which are in a secondary
minimum. The black line represents structures of type M which are in
a primary minima
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One of the salient results of this work concerns the
possible e�ects of such collapse transitions on the
kinetics of ¯occulation and ¯oc structures involving
large ¯exible chains and comparatively small colloidal
particles. It is expected that the extent of ¯occulation
will depend, prior to the formation of large ¯ocs
composed of several chains, on the chain reconforma-
tion process in the ®rst ¯occulation regime, i.e. during
the formation of aggregates composed of single chains
with several particles adsorbed on them. In particular,
if particle±particle attraction is strong, coils composed
of particles surrounded by a polymer layer could be
formed. This collapse transition could profoundly
decrease the aggregate formation kinetics by steric
hindrance, subsequently preventing the particles from
acting as ligands between the chains in a second
¯occulation regime.

Although the extent of ¯occulation depends on the
solution chemistry (ionic strength, temperature, pH) and
on the particle and the chain chemistry (surface charge
density, Hamaker constant), the essential question is
whether chain reorganization before or during the
formation of large aggregates occurs su�ciently fast to
strongly modify the ¯occulation processes. It is worth
noting that chain reorganization could also depend on
the total number of adsorbed particles and hence on the
distances between the hydrophobic parts of the chain, on
the chain/particle relative size, and obviously on the
chain intrinsic ¯exibility.

Hence, our theoretical description of the di�erent steps
of ¯occulation processes is still part of a great challenge
and polymer-chain±particle interaction modeling still
leaves much room for progress in order to completely
understand these reconformation processes and their
e�ects and to develop a general theory of ¯occulation
processes consistent with experimentalmodeling, which is
still needed to bridge the gap between simulations and
environmental systems, such as ¯occulation in natural
waters or wastewater treatment.

A future report will consider both hydrophobic
interactions and electrostatic interactions between
monomers and particles, as well as internal constraints
to mimic chain ¯exibility. The particles will be permitted
to move along the chains by considering a reversible
adsorption process. This e�ect could be important in the
collapsed state where the particles strongly attract each
other. For the present, we have concentrated on the
qualitative and quantitative e�ects of interacting parti-
cles associated with connectivity and ¯exibility on a
simple self-avoiding-walk neutral chain leaving us with
two single adjustable parameters.
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