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ABSTRACT: The effects of an applied magnetic field on
the system composed of polyelectrolytes (PEs) and mag-
netic nanoparticles oppositely charged are studied by
means of Monte Carlo method within the framework of
‘‘single-site bond fluctuation model.’’ For a certain concen-
tration of chains, the coil-globule transition can be induced
by the applied magnetic field. The mean-square end-
to-end distance and gyration radius as well as the shape
factor of PE chains are used to characterize the conforma-
tional transitions. The statistical analysis of the system
energy demonstrates this significant physical process. The
role of entropy-energy balance is well-understood for dif-
ferent chain lengths, and a typical phase-transition anom-
aly concerned with specific heat curve is observed. Under

a certain magnetic field, the PE chains will regularly col-
lapse due to the enough adsorption of magnetic particles.
The magnetic particles exhibit peculiar spatial distribution
at high magnetic fields: the string-like arrangement along
the magnetic field and the square lattice-like arrangement
perpendicular to the magnetic field. The applied magnetic
field has a great influence on the length of string-like
structures formed by nanoparticles. This investigation may
cast light on the collapse of PEs and provide a promising
method for producing new nanocomposites. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

As is well known, the conformation behavior of
polymer chains in solutions depends on solvent con-
ditions. The chain conformation can changes from a
coil state in good solvents to a globule state in poor
solvents. Since its first experimental observation by
Tanaka and coworkers,1 the coil-globule transition
has been the subject of theoretical and experimental
studies to date. The great and lasting interest in this
research area can be attributed to its qualitative simi-
larity to protein folding, DNA condensing, and its
application to many related fields, such as medicine
and biotechnology. The coil-globule transition can be
influenced or induced by various factors,1–11 such as
confinement, chain stiffness, hydrogen bond, and
hydrodynamic interactions. Excellent studies on the-
ories, experiments, and simulations can be found
everywhere.12,13 Additionally, there are two classical
polymer physics books14,15 where more details can
be found.

The polyelectrolyte (PE) is the subsequent subject
of great importance, because a large number of
charged groups are commonly found among biologi-
cal macromolecules, such as DNA and RNA. There
is a competition between the electrostatic interac-
tions and solvent conditions, which codetermines
the conformational properties of PE chains. The size
of PE chains is far larger than that of the uncharged
one, due to the electrostatic repulsion among intra-
chain clusters. Furthermore, the PE size is closely
related to the number of monomers. As for strongly
charged PEs, an effective polymer charge screening
and a decrease in polymer size occur, when the elec-
trostatic energy of polymer-counterion attraction is
larger than the corresponding loss of entropy due to
the counterions in the close vicinity of the PEs in
salt-free solutions.16 The effect of salt concentration
as well as the charge density of a single PE chain is
pronounced. For instance, strongly charged flexible
PEs collapse if the concentration of the salt exceeds
a critical value, and re-expand while the second crit-
ical value is exceeded.17 Muthukumar and co-
workers found that the polyion chain already col-
lected its counterions, when the dimensions started
to shrink below the good solvent limit but still well
above the y-dimension.18 On the other hand, as dem-
onstrated by Panwar et al., who combined the single
molecule force spectroscopy experiments with Lan-
gevin dynamics simulations,19 the globule-coil tran-
sition was accompanied by a correlated counterion
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desorption, because the gain in mobile counterion
entropy was greater than the chain-counterion
adsorption energy. It is convincing that the attractive
dipole–dipole interactions between chain monomers
and counterions in their vicinity might lead to a col-
lapse of highly charged PEs with counterions. The
chain dimensions are a function of PE linear charge
density in the limit of compacting chains.20 More-
over, the coupling between the effective charge and
polymer size plays a key role in the coil-globule
transition of PEs in poor solvents.21

However, there are few reports considering the
effects of external magnetic field on the conforma-
tional properties of PEs chain. Our work introduces
a model system to study the effects of the applied
magnetic field on the conformational properties of
charged PEs polymers. Additionally, our previous
works22 has provided some good results consistent
with the related experiment.23 Although the logical
and meaningful results have been obtained, it would
be more reasonable if the long-range property of
electrostatic interaction can be seriously considered.
Thus, we extend the effective range of electrostatic
interactions to consider the model system composed
of PEs and magnetic nanoparticles, which is sub-
jected to an applied magnetic field. Simply blending
polymers and particles is the most commonly used
way of nanocomposites syntheses.24 The charged
polymers are particularly useful matrices. Some thin
film systems including PE multilayers can be good
examples.25–28 The properties of polymer nanocom-
posites strongly depend on the spatial arrangement
of nanoparticles and the phase behavior of polymer
chains. Then, the external magnetic field are used to
orient polymers29 with the inclusion of magnetic
particles. The orderly polymer nanocomposites with
a wide range of tunable properties can be obtained.
In addition, microcapsules composed of PEs and
nanoparticles can be moved or concentrated30 by the
magnetic field, which has a promising application in
drug delivery. They can be used as the magnetic-
sensitive nanocomposite microcapsule shell structure
to regulate the release of drug in a manageable man-
ner.31 We expect that some conformational proper-
ties of system, such as the mean dimensions, would
vary with the magnetic field monotonously. Our
results confirm that the magnetic field has a great
influence on the size of PE chains. For a certain con-
centration of PEs mixed with magnetic particles
oppositely charged, the coil-globule transition is
induced with increasing the applied magnetic field.
In this article, we first focus on the dependence of
the conformational properties on the applied mag-
netic field and then probe into the nature of the con-
formational transition. Finally, the effects of the
applied magnetic field on the spatial arrangement of
magnetic particles are investigated.

MODEL AND SIMULATION METHODS

Here, the Monte Carlo (MC) method is used to
investigate the mixtures of PEs and magnetic nano-
particles. The linear polymer chain is composed of N
þ 1 monomers, which are restricted to the simple
cubic lattices. The charges of the polymers are uni-
formly distributed among all the monomers. For
simplicity, charge neutrality is maintained by intro-
ducing M magnetic nanoparticles with opposite and
equal charges, where the particle size is the same as
the monomer. This assumption is not absolute
because the charge neutrality is maintained by coun-
terions, but implies that the charges carried by mag-
netic nanoparticles are sufficient to affect the PEs’
conformation. The magnitude of magnetic moment
vectors for all particles are defined as m

*
i

��� ��� ¼ m0 ¼
1.0 (i ¼ 1,2,. . .,M), and the direction of the initial
magnetic moment vector is chosen to be random.
Furthermore, the components of magnetic moment
vectors m

*
i can be expressed as follows in the Carte-

sian coordinates:

mix ¼ m0 sin hi cos/i ¼ sin hi cos/i

miy ¼ m0 sin hi sin/i ¼ sin hi sin/i

miz ¼ m0 cos hi ¼ cos hiði ¼ 1; 2; � � � ;MÞ
(1)

where yi represents the angle between the magnetic
moment vector of ith magnetic nanoparticle and the
direction of the applied magnetic field with 0 � yi �
p, and fi is the azimuthal angle in the xy-plane from
the x-axis with 0 � fi � 2p. The direction of the
applied magnetic field H is defined along the z-axis
in the Cartesian coordinate.
Thus, the total energy of system can be expressed

as follows in the unit of kT, where k and T denote the
Boltzmann constant and temperature, respectively:

E ¼ Em þ Ee (2)

where the magnetic energy Em, including two parts:
the field-particle interaction EH imposed by the mag-
netic field and the magnetic dipole–dipole interac-
tion ED between magnetic nanoparticles, is
expressed as follows:

Em ¼ �
X

m
*
H
*

þ 1

4pl0

X
i

X
jðj 6¼iÞ

m
*

i �m*j

r3ij
� 3

r5ij
ðm*i � r

*
ijÞðm*j � r

*
ijÞ

( )
ð3Þ

where rij is the distance between particles i and j,
and H the magnitude of the applied magnetic field.
For simplicity, 1/(4pl0) ¼ 1.0 and kT ¼ 1.0 are
designed. The electrostatic energy Ee is defined in
the following form:
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Ee ¼ nPPePP þ nPNePN þ nNNeNN

EPP ¼ nPPePP;EPN ¼ nPNePN;ENN ¼ nNNeNN

(4)

where nPP, nPN, and nNN are the numbers of nearest-
neighbor monomer–monomer, monomer–particle,
and particle–particle, respectively. Here, we set the
interactions ePP ¼ eNN ¼ 0.63 and ePN ¼ �0.63. The
value 0.63 is chosen in the way that there is a critical
concentration, below which PEs will not collapse
directly. As is known, the electrostatic interaction is
inversely proportional to the distance r, which indi-
cates the long-range interaction. Here, the cutoff dis-
tance of rC ¼ ffiffiffi

5
p

is selected instead of rC ¼ ffiffiffi
2

p
used

in the previous work,22 which would make the
results more precise. Here, we aim at studying the
effects induced by the magnetic field. Therefore,
strong screening of electrostatic interactions actually
is assumed, and a simple model for electrostatic
interactions is adopted. The cutoff distance of
rC ¼ ffiffiffi

5
p

in the calculations of magnetic dipole–
dipole interactions does not affect the relation
between the applied magnetic field and the statisti-
cal properties of system. More detailed discussions
about the interactions are included in the Ref. 22.

Our Monte Carlo study is based on the ‘‘single-
site bond fluctuation model’’ initiated by Carmesin
and Kremer.29 The simulation is performed in a
cubic box of 64 � 64 � 64 Monte Carlo size, with
periodic boundary conditions applied in x, y, and z
directions. Although the periodical boundary condi-
tion is adopted to mimic a practical system, the size
effect in simulation may exist. To avoid the finite-
size effect, some comparative simulations for differ-
ent chain lengths (N ¼ 100, 200) have been carried
out in a 32 � 32 � 32 Monte Carlo box with the
same periodic boundary conditions. Similar results
are obtained. It is generally acknowledged that the
boundary must be chosen to be at least more than
the double gyration radius. In view of the cost of
CPU time, the 64 � 64 � 64 Monte Carlo box is
selected and the case of N ¼ 300 is also considered.
The model system includes 8 N-bond polymer
chains and M(M ¼ 8 � (N þ 1)) magnetic particles.
A particle occupies one lattice site as well as a
monomer. Here, the monomer stands for a cluster of
real chemical monomers. The excluded volume is
performed by forbidding double occupancy. A poly-
mer monomer or a magnetic particle is chosen to
move at random. The magnetic moment vector is
designed to be reoriented at random even if the cho-
sen particle fails to move. The classical Metropolis
scheme is used to sample efficiently the configura-
tional space. The time unit (1MCS), Monte Carlo
step, means that each monomer or each particle has
one trial to move on average. The annealing proce-
dure is adopted to quickly achieve the equilibrium
state. To ensure proper sampling of the conforma-

tional space, 10 independent Monte Carlo simulation
runs are carried out. Each of the runs is consisted of
about 4 � 108 MCSs, and the statistical properties
are averaged over 15,000 samples after 2 � 108

MCSs each run.

RESULTS AND DISCUSSION

Coil-globule conformational transition of
polyelectrolytes

We describe the polymer size by means of the char-
acteristic ratio of mean-square end-to-end distance
<R2>/(Nl2), where l ¼ ð1þ 2

ffiffiffi
2

p Þ=3 is chosen as the
mean bond length in three dimensions. As is
depicted in Figure 1(a), the characteristic ratios
<R2>/(Nl2) for N ¼ 100 remain unchanged for all
magnetic fields. However, for N ¼ 200, the charac-
teristic ratio shows no considerable change at small
magnetic fields (H ¼ 1, 2), then followed by a sud-
den decrease at H ¼ 3. Afterward, it remains basi-
cally unchanged. In Figure 1(b), the characteristic

Figure 1 The characteristic ratios as a function of the
applied magnetic field H for different chain lengths N: (a)
<R2>/(Nl2), (b) <S2>/(Nl2).
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ratio of mean-square gyration radius <S2>/(Nl2) is
used to characterize the tightness of intrachain clus-
ters. The results shown in Figure 1(b) are remarkably
similar to that in Figure 1(a). For N ¼ 100, the poly-
mer chain has a stretched chain conformation. It can
be inferred that there are strong intrachain electro-
static repulsions and weak attractions between
monomers and particles, because the number of
magnetic particles inside the pervaded volume of
the coil is small. However, for N ¼ 300 as shown in
Figure 1(a,b), the chain collapses initially in the ab-
sence of magnetic field H and swells slightly with
increasing H. It can be concluded that the electro-
static attraction between monomers and particles
induces the initial collapse of charged polymer with
N ¼ 300. Then, with the increasing of magnetic field
H, the collapsed structure is elongated slightly,
which is attributed to the competition between the
electrostatic attractions and magnetic dipole–dipole
interactions. For the case of N ¼ 200, the chain col-
lapses rapidly with increasing the magnetic field H.
This behavior could be explained by the fact that the
potential barrier between the two conformational
states can be overcome through the field–particle
interactions. To be specific, the magnetic moment
vector prefers to turning to the external field direc-
tion. The higher is the magnetic field H, the more
possibility it does. Therefore, the magnetic particles
near PEs are able to aggregate near polymer mono-
mers due to the magnetic dipole–dipole interactions.
Meanwhile, the PEs and magnetic particles attract
each other to be gathered, because the electrostatic
repulsion between particles is largely counterbal-
anced by magnetic dipole–dipole interactions.
Finally, the PEs and magnetic particles are sur-
rounded by each other in some way, leading to PEs
collapse into some kinds of globule states. PEs and
particles are gathered at the cost of conformational
entropy of PEs and translational entropy of particles.
On the whole, the role of energy–entropy balance is
manifested. In a word, for N ¼ 100 and N ¼ 300, the
phases are dominated by the entropy and energy,
respectively. For the case of N ¼ 200, the energy
gain coming from the magnetic dipole–dipole inter-
actions at large magnetic fields suffices to offset the
entropy loss to the extent, and therefore, the confor-
mational transition is triggered.

The shape of the polymer conformation is charac-
terized by using the shape factor, <d*>, defined as32

< d� >¼ 1� 3 <
L21L

2
2 þ L21L

3
3 þ L22L

2
3

L21 þ L22 þ L23
> (5)

where L21, L
2
2, and L23 represent the eigenvalues of the

radius of gyration tensor, respectively. <d*> ranges
from 0 for purely spherical chains to 1 for rod-shape
chains. As is exhibited in Figure 2, the conformation

shape for N ¼ 100 is almost an ellipsoidal coil for all
magnetic fields. On the contrary, the polymer chain
for N ¼ 300 is nearly globule-like in the absence of
the magnetic field and then swells slightly with
increasing the magnetic field strength H. For N ¼
200, the imposed magnetic field greatly influences
the shape of polymer chain, leading to the conforma-
tional transition from a coil to nearly a globule. The
transition is favored by the energy of system. This
may be explained by the fact that the magnetic field
induces the magnetic particles induced to rearrange
in strings along the field direction, to minimize the
global energy of system. Meanwhile, the PE chains
tend to encompass the monomers as much as possi-
ble. As a result, the PE chains are stretched perpen-
dicular to the z-axis. For a good visual presentation,
in Figure 3, we also present two typical snapshots of
the system with N ¼ 200 under different magnetic
fields. As shown in Figure 3(a), it is obvious that the
magnetic particles and polymers are uniformly dis-
tributed in the absence of the external magnetic field
(H ¼ 0) and the polymer conformations are coil-like.
However, when H equals to 3, there are about four
ordered aggregates shown in Figure 3(b).
The heat capacity33 is proportional to the variance

of the energy of system D(E) expressed as follows:

DðEÞ ¼< E2 > � < E >2 (6)

Thus, D(E) can be used to characterize the structural
phase transition. As shown in Figure 4, it is obvious
that there is a peak appearing at the critical point of
Hc ¼ 3 for N ¼ 200. With increasing the magnetic
field H, the value of D(E) is sharply improved at Hc

¼ 3, then followed by a gradual decrease, which is
manifested as a mirror image of the typical k-shape

Figure 2 The shape factor <d*> as a function of the
applied magnetic field H. The conformational transition
from the random coil state to the globule state is shown in
the inset.
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anomaly.34 Combined with the above results, such
curve characteristics is considered as the disorder–
order transition of systems. This observation sug-
gests a second-order transition, which here corre-
sponds to the coil-globule conformational transition.
Moreover, the error bars are added for different
chain lengths. For N ¼ 200, the point H ¼ 2 seems
to be abnormal. As the critical point Hc is
approached from H ¼ 0, the conformational fluctua-
tions of PEs and the specific heat fluctuations
become very large. At this time, the algorithm fails
to sample phase space efficiently. This phenomenon
is widely considered as ‘‘critical slowing down.’’35 In
a word, the big error at H ¼ 2 is acceptable, consid-
ering that it does not affect the characterization of
the transition.

The system energy E is used to further elucidate
the coil-globule transition, where E includes the elec-
trostatic interactions Ee (EPP, ENN, and EPN) and
magnetic interactions Em (ED and EH), which have
been defined above, respectively. As shown in Fig-
ure 5, when the applied magnetic field H increases
from 0 to 1, EH decreases a little because magnetic
moment vectors are partly oriented to the field
direction. As the applied field is increased to H ¼ 2,
appreciable changes in energy are observed. The
decrease in EPN indicates that there is a little
increase in the magnetic particle density near PEs,
which contract a bit according to the slight increase
in EPP. Therefore, the slight decrease in ED and
increase in ENN result from the magnetic particles
near PEs. The sum of ENN, EPN, EPP, and ED is well
below 0, approximately �0.41, where ED contributes
a little. When H is increased from 2 to 3, this case is

quite clear for considerable or even sharp changes
are seen in Figure 5. The magnetic dipole–dipole
interaction ED changes obviously, although the value
of ED is lower than that of electrostatic interaction
Ee. Above H ¼ 3, the values of all energy compo-
nents do not vary with the magnetic field. It means
that the system approaches the point of magnetiza-
tion saturation, where the magnetic moments of par-
ticles are basically oriented to the direction of the
magnetic field. Therefore, with the further increase
of magnetic field H, the energy gain Em (ED and EH)
merely comes from the field–particle interactions.
Meanwhile, the values of EPP, ENN, and EPN remain
unchanged, indicating the structures of aggregates

Figure 4 The variance D(E) of the energy per magnetic
particle as a function of the applied field H for different
chain lengths.

Figure 3 Snapshots of the systems for the cases H ¼ 0 (a) and H ¼ 30 (b), respectively. A drawing of partial enlargement
is shown in the upper left corner and chain length is N ¼ 200. Black and red spheres correspond to magnetic particles
and polymer monomers, respectively. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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are relatively stable. The sum of EPP and ENN can be
used to show whether the string-like structures22 are
stable or not in energy. Similarly, the sum of ENN,
EPN, EPP, and ED reveals the stability of aggregates
to some extent. According to the above analysis,
some conclusions can be summarized as follows:
first, PE chains aggregate magnetic particles during
the process of collapsing. In other words, PEs’
collapse is conjugated to the particle adsorption. Sec-
ond, the string-like structures of magnetic particles
are energetically favored, because the sum of EPP and
ENN is obviously less than 0. Finally, it is the magnetic
dipole–dipole interaction that triggers the conforma-
tional transition by offsetting electrostatic repulsion to
increase the density of the magnetic particles near
PEs. Meanwhile, the electrostatic interaction plays a
major role in stabilizing new phase, which is clearly
shown in the case of N ¼ 300.

Statistical properties of magnetic nanoparticles

The magnetic susceptibility is the degree of magnet-
ization of a material in response to an applied mag-
netic field. To characterize the magnetization proper-
ties of nanoparticles, the magnetic susceptibility is
defined as follows33:

v ¼ 1

kTM
ð< m2

z > � < mz >
2Þ (7)

where mz is the mean magnetization of system in
the z-axis direction (i.e., the applied magnetic field
direction), M is the total number of magnetic par-
ticles, and < > denotes an average over all possible
states of the system. As shown in Figure 6, the initial
value of v is � 0.5, revealing that the dipole–dipole
interactions among particles are so weak that the

magnetic moments are uniformly distributed in all
directions. It can be interpreted by

v ¼ 1

kTM
ðM

Zp
0

m2
0 cos

2 hf ðhÞdh�ðM
Zp
0

m0 cos hf ðhÞdhÞ2Þ

¼
Zp
0

1

p
cos2 hdh� 0 ¼ 0:5 ð8Þ

provided that the mz has a uniform distribution in
the range from 0 to p, i.e., the probability density
f(y) of mz(mz ¼ m0 cos y) is 1/p. As clearly shown in
Figure 6, the value of v decreases monotonically
with the applied magnetic field H. First, v decreases
rapidly with the magnetic field increased from H ¼
0 to H ¼ 3. After the critical point H ¼ 3, the value
of v is slightly decreased and finally stabilized. It
indicates that the saturation magnetization of system
has been approached, and then the magnetic dipole–
dipole interactions make no appreciable change (see
ENN in Fig. 5) and the new phase is stabilized.
Pair correlation function g(r) is often used to

investigate the distribution of particles. In view of
the anisotropy resulting from the magnetic field, gxy
(r) and gz (r) are considered, respectively, which are
defined as22

gxyðrÞ ¼ V

M2
Nxy (9)

and

gzðrÞ ¼ V

M2
Nz (10)

where V denotes the system volume, Nz is the num-
ber of pairs whose distance is r along the z-axis, and

Figure 5 The average energy per monomer (or magnetic
particle) E/M as a function of the applied magnetic field
H for N ¼ 200. EPP, ENN, and EPN represent the electro-
static interactions, and ED and EH represent magnetic
interactions.

Figure 6 The magnetic susceptibility v as a function of
the applied magnetic field H.
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Nxy the number of pairs whose distance is r in the
xy-plane. As gxy (r) shown in Figure 7(a), in the ab-
sence of the magnetic field (H ¼ 0), the probabilities
of finding particles separated from each other for
different distances r do not differ much. It indicates
that the magnetic particles are uniformly distributed
in the xy-plane, which has also been displayed by
the magnetic susceptibility v in Figure 6. However,
under a large magnetic field of H ¼ 30 as shown in
Figure 3(b), some aggregates of magnetic particles
and polymers are observed. The distribution of mag-
netic particles within aggregates exhibits a kind of
short-range order, which is supported by the fluctu-
ation in gxy (r) function shown in Figure 7(a). The
most possible arrangement seems like a square lat-

tice with 2 lattice units, as its own lattice unit [see
the inset in Fig. 7(a)] according to the points with
maximum values (r ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ j2

p
; i; j ¼ 0; 1; 2; 3;

4; � � �Þ. Therefore, with increasing the distance r, the
maximum values decrease considerably and deviate
from the theoretical values of ideal square lattice.
Similarly, as shown in Figure 7(b), for H ¼ 0, the
magnetic particles are randomly distributed along
the z-axis, whereas for H ¼ 30 the values of gz (r)
decrease regularly with increasing the distance r. It
means that the short-range order arrangement of
magnetic particles in z-axis direction is induced by
the large magnetic field. To be specific, a number of
string-like structures36 are formed. That is why the
numbers of pairs for shorter distances is always
greater than that for longer distances. Additionally,
these string-like structures are displayed in the inset
of Figure 7(b). Finally, we investigate the properties
of string-like structures by calculating the average
length <LZ>, which is defined as the length of mag-
netic particles arranged along the z-axis. As shown
in Figure 8, for N ¼ 100, the values of <LZ> show
no significant difference with and without the
applied magnetic field. For N ¼ 200, the values of
<LZ> are a little greater than 1 when H ¼ 0 and 1.
This is because magnetic particles collide with each
other by accident. When H equals to 2, the value of
<LZ> is � 2, which indicates that the average den-
sity of magnetic particles near the polymers increase
slightly, and the short string-like structures are
formed with the help of the electrostatic attraction
between monomers and particles. With a further
increase in magnetic field H, the magnetic dipole–
dipole interactions will be strengthened, and the
local density of magnetic particles near PEs will
increase. Then, there is a sudden and sharp increase

Figure 7 The pair correlation functions gxy (r) (a) and gz (r) (b) as a function of the distance r between magnetic particles
for H ¼ 0 and 30. Two possible arrangements are presented in the inset, and filled circles represent magnetic particles.

Figure 8 The average length <LZ> of string-like struc-
tures of magnetic particles as a function of the applied
magnetic field H with different chain lengths.
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in <LZ> at the critical point H ¼ 3, suggesting that
the long string-like structures are formed after the
collapse of PEs. Finally, the increase of magnetic
field H does not make any essential variation, only
with small fluctuations in <LZ>. In this case, it is
obvious that energy gain is preferred to entropy
loss. Different from the case of N ¼ 200, the value of
<LZ> for N ¼ 300 approximately equals to 5 with-
out magnetic field (H ¼ 0). This can be interpreted
by the fact that the spontaneous magnetic moments
induce each other within a short distance, due to the
collapse of PEs resulting from the electrostatic inter-
actions. With increasing the magnetic field H, the
value of <LZ> is rapidly improved to 8, but always
less than that for N ¼ 200. This phenomenon reveals
that the ratio of the number of magnetic particles in
aggregates to the number of string-like structures for
N ¼ 300 is smaller than that for N ¼ 200. It can be
attributed to the fact that as the chain length
increases, such as increased from N ¼ 200 to 300 ,
the magnetic particles tend to encircle aggregates
rather than increase the length of string structures.
In this way, the electrostatic attractive energy and,
thus, global energy of system are favored.

Finally, Figure 9 schematically shows the induced
coil-globule transition process for different chain
lengths. For N ¼ 100, the PE chains have no confor-
mational transition with the increase of magnetic
field, because energy gain is not preferred to entropy
loss. In contrast, for N ¼ 300, at small magnetic
fields, the PE chains are in a globule state and short
string-like structures within the aggregates are
formed. This is because the system is too dense and
the electrostatic interactions dominate the phase. At
high magnetic fields, magnetic dipole–dipole interac-

tions among magnetic particles seem to attract each
other and largely offset the electrostatic repulsion
between particles. Thus, the energetically favorable
string-like structures are strengthened and length-
ened. To minimize the globule energy of system, the
PE chains have to encircle particles and then are
stretched in the xy-plane. Surprisingly, for N ¼ 200
with the increasing of magnetic field H, there is a
conformational transition from coil state to globule
state. At small magnetic fields, the PE chains are in
a coil state. As H is increased, the magnetic dipole–
dipole interactions begin to counterbalance the elec-
trostatic repulsion between magnetic particles, and
the local density of particles near the PE chains
increases. At the high magnetic fields, energy gain
suffices to defeat entropy loss, and then the PE
chains collapse with the adequate adsorption of
magnetic particles.

CONCLUSIONS

The system composed of PEs and magnetic nanopar-
ticles with opposite charges is investigated by means
of Monte Carlo simulations. Polymer chains are
modeled as sequences of identical monomers, whose
positions are restricted to the simple cubic lattice.
We describe the mean dimensions of PEs in terms of
the characteristic ratios of mean-square end-to-end
distance and gyration radius. The shape factor is
used to characterize the shape conformation of PE
chains. For chain length N ¼ 200, the conformation
changes from a coil state to a globule state with
increasing the applied magnetic field. For N ¼ 100
and N ¼ 300, the phases are dominated by the en-
tropy and energy, respectively. On the whole, the
role of energy–entropy balance is reflected by the
cases for different chain lengths. The thermodynamic
nature of the transition is characterized by a typical
k anomaly. By analyzing the system energy, at high
magnetic fields, the collapse of PEs for N ¼ 200 is
attributed to the fact that the electrostatic repulsion
among the magnetic particles near PEs is largely off-
set by the magnetic dipole–dipole interactions. Dur-
ing the transition process, PEs collapse by collecting
the abundant magnetic particles. The magnetic sus-
ceptibility of particles is a monotonic decreasing
function of the applied magnetic field, which indi-
cates that the spatial arrangement of magnetic par-
ticles is greatly affected by the imposed magnetic
field. There is a string-like arrangement along the
magnetic field and a square lattice-like arrangement
perpendicular to the magnetic field. For N ¼ 200,
with the increasing of applied magnetic fields, the
average length of string-like structures is improved
and stabilized finally. For N ¼ 300, spontaneous
magnetization plays a major role in the string-like
arrangement in the absence of magnetic field, so the

Figure 9 The schematic conformations of PEs at small
and high magnetic fields for different chain lengths. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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average length of string-like structures also increases
significantly with the applied field. However, the
maximum average length of N ¼ 200 is greater than
that of N ¼ 300, which is attributed to the energeti-
cal favorableness. Based on the simplified simulation
model, more details such as counterions will be
taken into account in our future work.
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