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Abstract We study the effect of chain rigidity on tailoring the nanoparticle locations for neutral and selective particles embedded in the lamellar
morphology formed by semiflexible diblock copolymer chains using self-consistent field calculations. The nanoparticles are modeled through a
cavity function, and the semiflexible chains are represented by the continuous Kratsky-Porod chain model. In general situation, the nanoparticles
prefer to stay at the interface in order to reduce the interface areas and thus the system free energy. However, the particle distribution at the do-
main center is subtle, and the underlying physics is intrinsically different depending on the polymer flexibility. In the case of flexible chains, the
entropy just contributes a constant shift to the free energy when the nanoparticles move around the domain center indicating that the local
metastable state if appears at the domain center is wholly attributed to the local minimum in the enthalpy. If the polymers are rigid, the variation
of the particle distribution at the domain center has a close relation with the polymer rigidity and nanoparticle size. In the case of strongly rigid
polymers with small nanoparticles, a nearly uniform particle distribution at the domain center is observed, while in other cases, a local enhance-
ment of particle distribution there is found. In contrast to the case of flexible chains, further analysis reveals the crucial role of entropy in control-
ling the shape of particle distributions at the phase domain. Specifically, the local metastable state appears in the domain center is determined by
the large entropy there which arises from the weak coupling of bond orientations that allows the polymer chains to be relatively relaxed. When
the particle becomes selective, its distribution in the phase domain exhibits a shift almost uniformly rather than changes its profile, and the un-

derlying physics still holds. In all, our study establishes a strong coupling between the chain rigidity and effect of entropy.
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INTRODUCTION

Polymer nanomaterials are a new type of materials formed by
nanoscale additives dispersed in a polymer matrix. With the par-
ticipation of nanoscale additives, polymer nanocomposites can
greatly improve their disadvantages in electrical
conductivity,'"# mechanical strength,>® heat resistance,®'"!
magnetic properties,!''"' drug delivery!>-'8 and other aspects,
while preserving the traditional advantages of easy processing
and low price. Due to their unique characteristics of appropriate
combination, polymer nanocomposites have been studied
more and more for their potential applications in real
practices.['24 Theoretical and experimental studies have
demonstrated that the arrangement and distribution of
nanoparticles in the polymer matrix are quite relevant to their
thermophysical properties of the nanocomposites, which indi-
cates that controlling the morphology of these nanoparticles in
the polymer matrix provides a facile and effective way for the
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design of materials emphasizing specific functions on
demand.”>-?”! Among different type of polymers forming the
matrix, diblock copolymers, which are composed of chemically
distinct polymer blocks connected through covalent bonds,
have their advantages. Because of the block incompatibility, di-
block copolymers are able to self-assemble into various ordered
structures,’28-31 and these structures could accommodate the
nanparticles at the interfaces or confine them in the bulk re-
gions, therefore regulate the distribution of particles.?33 From
this respect, a complete understanding of the interplay be-
tween nanoparticles and diblock copolymer matrix is definitely
necessary and intriguing.

Regarding the hosting of nanoparticles in a diblock copoly-
mer matrix, most of the studies are restricted to flexible
Gaussian polymer chains.34-38] In particular, Matsen et al. in-
vestigated the distribution of spherical neutral (inert) and se-
lective nanoparticles embedded in the lamellar phase of an
incompressible melt consisting of flexible diblock copoly-
mers using self-consistent field (SCF) calculations,38 and the
competition between the locating of nanoparticles at the in-
terface, where the junction points connecting different blocks
are situated and the center of the phase domain, where the
free ends of polymer chains reside, is illustrated. They found
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that the neutral nanoparticles always prefer to stay at the in-
terface, where they could reduce the interface area, and
hence reach a lowest free energy. Around the domain center,
the free energy profile has a plateau, which leads to a uni-
form particle distribution there. With the particle affinity be-
coming stronger to one of the species, the free energy of sys-
tem decreases nearly uniformly for the particles around the
corresponding domain center, and finally finds a global mini-
mum there. In this case, the nanoparticle prefers to stay at the
domain center. The analysis of the free energy through the
partition into contributions from interaction energy and en-
tropy reveals the role of enthalpy and entropy producing the
uniform particle distribution in the phase domain. In fact,
both the enthalpy and entropy in the domain exhibit a uni-
form profile, and the flat enthalpy is due to the homoge-
neous monomer densities around the domain center, while
the flat entropy represents the typical characteristic of flexi-
ble chains, i.e, polymer conformations are totally free to
change in response to the move of nanoparticles making the
entropy keep fixed. When the incompatibility between two
blocks increases or the incompressible constraint is replaced
by the compressible Helfand type of potentials, an interac-
tion energy minimum, and thus a local minimum of the free
energy appears at the domain center. This suggests that the
interaction energy (enthalpy) rather than entropy dominates
the subtle shape of the nanoparticle distribution in the phase
domain.

However, the situation becomes different when the matrix
chains are rigid. Unlike the flexible case, where the polymer
chains could rotate themselves freely, semiflexible (wormlike)
diblock copolymers show a strong orientation preference
when they are in the lamellar phase, i.e., at the interface, the
junction bonds are arranged nearly in perpendicular to the in-
terface, while approaching the phase domain the direction of
the chain ends are distributed in a more random
manner.39-411 The weak coupling of the bond orientations at
the phase domain promotes the entropy even when a
nanoparticle is positioned there, and this could possibly re-
sult in a local minimum of the free energy at the domain cen-
ter. On the other hand, the interaction energy may keep al-
most unchanged when the nanoparticle moves around the
domain center. Such behaviors signify the entropy in tailor-
ing the subtle distribution of nanoparticles in the phase do-
main formed by semiflexible polymer chains. In fact, the semi-
flexible chain model becomes popular for the discussion of
biological molecules, such as DNA.[243] Despite the wide in-
vestigation of single-chain conformations and phase behav-
iors of semiflexible chains,#4-471 the interaction between
nanoparticles and semiflexible diblock copolymer matrix re-
mains mostly unexplored, which motivates the interest for
further studies.

In this study, we investigate the influence of chain rigidity
on the location of neutral and selective nanoparticles in the
lamellar phase formed by semiflexible diblock copolymer
chains through self-consistent field (SCF) calculations. We
found that in the moderately rigid case, although nanoparti-
cles prefer to settle at the interface, a locally metastable state
appears at the center of the phase domain for both neutral
and selective nanoparticles irrelevant of their size. In the

strongly rigid case, nanoparticles still find the stable state at
the interface, however, they behave in a different way in the
phase domain depending on the size of the nanoparticles. If
the particle is small, e.g., much smaller than half of the lamel-
lar period, there is no preference for particles to stay at the
domain center, i.e., a local free energy minimum is not ob-
served. On the other hand, when the particle is large, a local
minimum of free energy at the domain center appears, which
corresponds to a local enhancement in the particle distribu-
tion. The profile of nanoparticle distribution for neutral parti-
cles shares the same feature with that of selective particles.
Further analysis confirms that the entropy rather than the en-
thalpy which is almost uniform when the particle moves
around the domain center, plays the central role in determin-
ing the local profiles of the particle distribution at the do-
main center.

MODEL AND METHODS

The system under consideration contains n linear A/B diblock
copolymers and one particle in a volume V with periodic
boundaries. All polymer chains are assumed to be identical in
structure, i.e., they include the same total number of monomers
N = Np + Ng with Ny (A type monomers) and Ng (B type
monomers) of each chain, and have the same monomer vol-
ume p51, statistical Kuhn monomer length a, persistent length
A, and contour length L. In the following, we will take the
monomer length a as the length unit. To introduce the rigidity
into the chain, we adopt the Kratky-Porod semiflexible chain
model, where one has the relation a = 2A if the bond angles are
restricted to small ones. In the present work, we use L/2A to
measure the rigidity.*>#?! For example, in the limit of L/2A ap-
proaching infinity, the chain recovers fully to a flexible one,
while it becomes a rigid rod if L/2A < 1, and in the intermedi-
ate region, the chain behaves like a semiflexible one.

The configuration of the semiflexible chain is characterized
by a space curve R(s), where s ranges from 0 to L parameter-
izing the contour along the polymer chain. The vector
u = dR(s)/ds defines the local orientation of the contour and
|u| = 1. The local orientation introduces a bending energy
penalty Hy for semiflexible chains, which is related to the lo-
cal curvature du(s)/ds, i.e.,

Ho = T [y d"(5)|2

2L 0 ds

where we have scaled s by the chain length L, and kg is the
Boltzmann constant, T is the temperature. We use f to denote
the fraction of A monomers in a chain, so 1 — f gives the frac-
tion of B block monomers. In this work, we always assumes that
the A/B diblock chain is symmetric, i.e.,, Ny = Ng, then f=1/2.
Since the semiflexible chain is inextensible, the energy contri-
bution from local chain stretching does not exist, and this dif-
fers from the flexible chains. The nonbonded interaction energy
consists of the interplay between different components and a
Helfand compressible term, i.e.,

Po Hint = /drl:XAB&A(pB_XAP(pA(pP _XBP¢B¢P:|
+§/dr[<}A+pr+¢P—1]2
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where a;a is the conformation-dependent volume fraction of the

~ fﬂ
a-monomers (a =A, B), which reads ¢,(r) =np5]/ dsé[r-

R(s)] with fao =f,and fg = 1 — f. Here x g, X ap and X;)P are the
so called Flory-Huggins parameters representing the pair inter-
action strength between A, B monomers and the particle. § is a
harmonic penalty parameter that quantifies the energy cost for
local density deviations. For numerical convergence, we model
the particle by a cavity function, which is characterized by a hard
core of radius Rp surrounded by a boundary layer of thickness 6.
Mathematically, it has the form of

bi91= 1 £
where r. is the central position of the particle, and we normally
take & = 0.2a in calculation. Please note that the total quantity
including polymer chains and the particle is conserved, i.e.,

@)

Vfdr(éSA +¢g + @) = 1. For convenience, we define the fol-

lowing quantities Xp = (Xap = X8p)/2, %p = (Xnp + Xgp)/2, and
@, = ¢ o £ ¢3. The parameter y, measures the relative affinity
of the particle to A and B monomers, e.g., x, > 0 means that the
particle adsorbs the A monomers, and on the contrary, x, < 0
corresponds to that the particle adsorbs B monomets. In terms
of these combinations, we can rewrite the nonbonded interac-
tions as:

Po mt—/dr|:XAB+26 2 (XP¢P &(dp _1))$+

XaB 52

- —¢_ XP&—¢P:|

Using the Hubbard-Stratonovich transform, we would
transform the partition function expressed asan integral over

TLJ(DR als)

exp(—B(Ho + Hin)) into that as an mtegral over continuous
fields, ie, Z=[ Dw, Dw_exp[-COVF(w,, w_, r.)] with the
free energy functional

2
2N,
Flw,, w_, r) = l/dr[i - i(ibpw_

particle's degree of freedom 7= —

(1% NXag  NXag 5)
wl - 2N, | 1 o
Nxpg + 2NE

where the prefactor C = pOR;/N, Ry is the mean radius of gyra-
tion of an ideal polymer containing N monomers, and

¢= 1 drg, (r) gives the average volume fraction of polymer

chains. The free energy F gives the free energy per chain. The
field w, (a =+, —) is the auxiliary potential conjugated to the
volume fraction field ¢,,. It is obviously that w, is only a func-
tion of the position r independent of the orientation variable
u. The single chain partition function Q is expressed as Q =

yo= V/ DR(s) Du / dswg(R(s))], wh-
ere wp = iw, —w_ and wpg = iw, + w_ defne the auxiliary po-
tentials conjugated to ¢, and ¢, respectively. To obtain the
SCF equations, we perform the saddle-point approximation by
extremizing the free energy F with respect to the functional
variables jw, and w_, and obtain

(s)exp[-BHy — fdswA

2w_ — 2N
IR T S L
NX ng ©)
2iw, + 2NEP,
Pt ds— Ne —ane 0
IX ag + 2NE

The volume fraction ¢, and ¢ relate the fields w, and
wg through the end-integrated propagators q(r,u,s) and
q'(r,u,s)as

b= %/du/o{dsq(r, us)g'(rus)
i 1

The forward propagator q(r, u,s) and backward propaga-
tor g'(r, u, s) satisfy respectively the following modified diffu-
sion equations (MDE)

aq(r, u,s) [ L
0s 2A
+
w w(r, s):|qT(r, u,s)
with different initial conditions g(r,u,0) = 1,and g'(r,u, 1) = 1.
Here the potential w(r) is defined as w = w, for 0 <5 <f, and
w = wg for f<s<1.In terms of the forward propagator, the
single chain partition function Q can be written as

Q-—jdrjduqru1)

@

Vi-lu- w(r, )} (rus)

! (8)
= — — 2 . —
_[ ST+ LY,

The unknown field variables are ¢ ,, g, iw,, w_, then the
Egs. (6)—(8) make a closed form when the particle is fixed at
some position in the system and these equations are solved
numerically. In the 3-dimensional (3d) space the propagators
g(q u,s) and g'(r, u,s) contain six variables, which are com-
putationally very expensive. To facilitate the numerical calcu-
lation, in the present study, we consider a cylindrical particle
immersed in the lamellar phase, and then the geometric sym-
metry of the system simplifies the calculation to 2d spatial
space (xy) and 1d orientational space 6 (see Fig. 1). The y-axis
is aligned in parallel to the normal of the A/B interface, and
the polar angle 8 is defined as the angle between the bond
vector u and the axis y. The propagators become a function
of x,y, 0, and the contour variable s. The MDEs are solved by
the method of combining spherical harmonic basis and Fouri-
er basis expansion,394849 where in the spacial space
512 x 512 basic modes are chosen when performing fast
Fourier transformation, and in the polar direction, 25 basis
functions are adopted for the Legendre transformation. The
SCF equations are solved iteratively treating iw, and w_ as
the variables using the simple mixing scheme for the first 50
steps to start the iteration and later the Anderson mixing
schemel?9511 to reach efficiently the convergent state. The it-
eration procedure stops if the magnitude of difference of iw,
and w_ at each collocation point in two successive steps is
smaller than 107

The main concern of the paper is the influence of the chain
rigidity on the particle distribution in the lamellar phase. To
tune the rigidity of diblock copolymer chains, we take several
values of L/2)A covering the range from L/2A=1 to
L/2A = 100 indicating that the chain varies from quite rigid to
flexible. Since the persistence A is normally fixed for polymers
with specific chemical components and topological struc-
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Fig. 1 lllustration of the lamellar morphology of the system
involving one particle: the volume fraction distribution of the B
block monomers (a) and the corresponding schematic
representation for the particle embedded in the B domain of the
lamellar phase within one period D, (b). The normal of the A/B
interface aligns in parallel to the y axis, and yp, denotes the y-
coordinate of the particle center. The polar angle 6 is defined as the
angle between the bond vector u and the axis y. The A block is
colored in blue, while the B block is colored in red.

tures, one then could select the flexibility be choosing differ-
ent chain length L. However, it should be noted that the flexi-
bility is relative depending on the properties under consider-
ation. For example, the chain can be viewed as moderately
semiflexible when studying the particle distributions while
completely flexible or highly semiflexible in other situations.
We fix the parameters Ny 55 = 25 and N¢ = 1000 such that in
all cases of chains with different rigidity the diblock copoly-
mer melt can form a lamellar phase. To obtain the particle dis-
tribution what we really calculate is the free energy F as a
function of the particle position r. = (x, yp). Since the lamel-
lar phase is homogeneous along the x direction, the free de-
pends only on yp, i.e., F = F(yp). Also the A and B block chains
are symmetric to the particle, we only set yp to locate at the
interface and in the B domain region. In the present work, we
take the free energy for particles at the interface Fy as the ref-
erence, then the particle distribution can be expressed as

P(yp) o< exp[ — AF(yp)] 9
where AF(yp) = F(yp) — Fo. The chain rigidity in the present
work is characterized by the ratio of contour length to twice the
persistence length (L/2)), and the contour length is fixed at
50a, so, when A changes, the lamellar period also changes,
which means that the relative location and relative size of the
particle become different. The coupling between chain rigidity
and lamellar period complicates the analysis of the influence of
the chain flexibility and particle size on the particle distributions.
To overcome this problem, we use the ratio of particle diameter
dp over half of the lamellar period D, to define the particle size.
In this case, the chain rigidity L/2A and particle size dp/0.5D,
are treated as two independent parameters, and y /D, speci-
fies the location of the particle. Hence, the size and location in
this work are all relative values defined with respect to the
lamellar period. In real calculation, the box size along y direc-
tion is set large enough involving 4 lamellar periods and the
particle moves around the center of the system that the size ef-
fect of the system is negligibly small (see Fig. 1).

The phase morphology of the system is characterized by
the volume fractions ¢ , and ¢, and chain conformations are

extracted from the propagators g(r, u, s) and g'(r, u, s). For ex-
ample, one calculates the probability of finding the chain end
at position r through

Panclr) = 7 [ dugle,u.1) 10

To see the influence of particles on the chain orientation,
we focus on the B block part (as the particle moves between
the A/B interface and the B domain region), and define an av-
erage orientation u(r) showing the average orientation of the
polymer chain at position r. It reads

p 1
u(r) = %/du/0 dsq(r, u, s)q*(r, u,s) (11)

The magnitude of the vector G(r) measures the strength of
orientation at certain direction at position r. The limiting case
|a(r)| = 0 means that all bonds at r do not have any orienta-
tion preference. On the contrary, |u(r)| = 1 indicates that all
bonds at position r have the same direction.

To understand the basic mechanism that controls the free
energy difference AF, we split the free energy into contribu-
tions from enthalpy (interactions) and entropy, i.e.,, AF(yp) =
AU(yp) — TAS(yp), where AU(yp) = U(yp) — Uy is the enthalpy
difference, AS(yp) = S(yp) — So being the entropy difference,
and the subscript 0 means that the values are obtained at the
A/B interface. In terms of the fields and single chain partition
function, the enthalpy and entropy can be expressed as

Uye) = 2, | Mot~ N9~ 801

+§(¢A+¢B+¢P_1)2] (12)
5(y)=l/dr[¢w +¢w]+llno
P % AWA + Ppe |+

RESULTS AND DISCUSSION

According to Eq. (9), the particle distribution can be specified by
the free energy difference, so in the following we mainly focus
on the free energy difference, and to completely examine the
effect of chain rigidity, we would compare the free energy with
different chain flexibility L/2A, particle size dp/0.5D,, and parti-
cle selectivity Nx,. One should note that the free energy F has
the meaning of energy per chain, so the comparison of the
magnitude of F with different chain flexibility is meaningless
since the persistence length in these cases is different. What we
are more interested is the free energy difference when the parti-
cle moves in the lamellar phase, and this reveals the tendency of
the particle where they would like reside in the system. Let's get
started with the case of a neutral particle, i.e., Nxp = 0.

A Neutral Particle

We first consider a small particle dp/0.5D, = 0.14 and plot in
Fig. 2 the free energy as well as its contributions as a function of
the particle location. Fig. 2(d) clearly demonstrates that in all
cases the particle prefer to stay at the interface yp /Dy = —0.5,0
because a global free energy minimum is obtained there, while
the shape of the free energy profile and thus the corresponding
curve of particle distribution strongly depend on the chain flexi-
bility. For example, in the case of flexible chains (L/2A = 100),
the free energy shows a small minimum around yp /D, = —0.25
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Fig. 2 Schematic representation of a small particle immersed in the lamellar phase formed by flexible (a), moderately semiflexible (b), and
strongly semiflexible (c) diblock copolymer chains and the free energy (d), enthalpy (e), and entropy (f) distribution as a function of particle
location with different chain flexibility ranging from flexible L/2A =100 to strongly semiflexible L/2A = 1.0. The particle has a size of
dp/0.5D, = 0.14 with particle selectivity Nx, = 0.0. The legends in (f) refer to all three panels (d), (e), and (f).

indicating that there is weak preference for the particle to stay
at the domain center. Please note that this is different from the
totally incompressible system, where for small particles the free
energy is nearly a constant around the domain center, for fur-
ther details we refer the reader to Ref. [38]. On the other hand,
for the strongly semiflexible chains L/2A = 1.0, the particle kind
of hates to stay at the domain center, because the free energy
seems to slightly increase approaching the domain center. In

contrast, when the polymer chains are moderately semiflexible,
the free energy exhibits a local minimum at the domain center,
which corresponds to a metastable state there for the particle.
The minimum reaches a lowest value around L/2) =~ 5.0. The
particles located at the domain center being metastable means
that they have large probability to move to the interface which
is the stable location. The life time of the metastable state is re-
lated to the free energy barrier between these two states, and it
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https://doi.org/10.1007/s10118-023-3053-9
https://doi.org/10.1007/s10118-023-3053-9
https://doi.org/10.1007/s10118-023-3053-9
https://doi.org/10.1007/s10118-023-3053-9
https://doi.org/10.1007/s10118-023-3053-9
https://doi.org/10.1007/s10118-023-3053-9
https://doi.org/10.1007/s10118-023-3053-9

Chen, Y. et al./ Chinese J. Polym. Sci. 2024, 42, 388-399 393

would be practically useful if the life time is sufficiently long.

The free energy analysis by partitioning the free energy in-
to contributions from enthalpy and entropy demonstrates
different mechanisms controlling the free energy profile
around the domain center. If the polymers are flexible, Fig.
2(f) shows that the entropy is almost independent of the par-
ticle locations around yp/D, = —0.25 suggesting that the
weak minimum found there is attributed mainly from the en-
thalpy, and this is confirmed by the shallow minimum in the
interaction energy curve shown in Fig. 2(e) (see the red line).
On the contrary, when the polymers are semiflexible, both in
the cases of moderately semiflexible chains and strongly
semiflexible chains, the entropic part changes relatively dra-
matic compared to the enthalpy in the phase domain, which
signifies the dominance of entropy in tailoring the free ener-
gy profile. The difference is at the domain center for moder-
ately semiflexible chains, the entropy maximum tends to
bound the particle there, while for strongly semiflexible
chains, the entropy minimum would push the particle away.

The entropic behavior of the particle immersed in the
phase domain is closely related to the extent to which the
particle disturbs the chain conformations. For flexible poly-
mers, unlike the junction point which is a bit fixed at the inter-
face, the chain end is completely free. When the particle
moves around the domain center (i.e.,, near the free chain
ends), the polymer chain is able to tune its conformation that
it is hardly stretched or suppressed, and this explains the re-

a

dp/0.5Dy = 0.14, yp/Dy = —0.25

sult that the entropy for the case of the flexible chain is al-
most independent of the particle location in the domain (see
the red curve in Fig. 2f). On the other limit of strongly semi-
flexible case, the stiff ends may interpenetrate each other,
and when the particle is put at the domain center, it com-
presses a bit of the polymer chains. Such behavior can be il-
lustrated in Fig. 3(b) where the free ends are relatively aggre-
gated just above and below the particle. In contrast, the free
end distribution is not quite disturbed when the particle is lo-
cated at the interface (see Fig. 3a). Such difference leads to
the smaller entropy at the domain center. It may be noted
that the free energy dip at the domain center is very shallow,
and could be treated flat from the point of relative magni-
tude. However, the physical effect is definite, at least it does
not tend to attract particles to the domain center. This is dif-
ferent from the case of moderately semiflexible chains, where
relatively free chain ends and weak orientation of chain
bonds at the domain center result in a higher entropy for the
particle located there (see for example the curve for
L/2A = 5.0 in Fig. 2(f), the figure for the free end distribution is
not presented).

Now we consider a large particle with d,,/0.5D, = 0.46 and
plot in Fig. 4 the free energy and its contributions as a func-
tion of particle location. Similar to the case of a small particle,
the large particle also prefers to stay at the interface
yp/Dy = —0.5,0, as a global free energy minimum is obtained
there. At the center of the phase domain, a metastable state

dp/0.5D = 0.46, yp/Dy = 0

dp/0.5Dy = 0.46, yp/Dy = —0.25

Fig. 3 Distribution of the B chain end location Pe,4(r) and average orientation w(r)
of the polymer chain with L/2A = 1.0 around the particle for small particle at (a)
interface (yp/D, = 0) and (b) the domain center (yp/D, = —0.25), for large particle at
(c) interface (yp/D, = 0) and (d) the domain center (yp/D, = —0.25).
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corresponding to the local free energy minimum appears for
all the situations of the chain rigidity ranging from flexible
L/2A =100 to strongly semiflexible L/2A = 1.0. This is differ-
ent from the case of a small particle, where a local free ener-
gy maximum rather than a minimum is observed for strongly
semiflexible chains at the domain center. This result indicates
that when the particle becomes sufficiently large, a
metastable state at the domain center always appears inde-
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pendent of the chain rigidity.

The analysis of the free energy contributions confirms the
same underlying mechanism as that for a small particle con-
trolling the particle distributions in the domain region, i.e., for
flexible chains the enthalpy dominates, while for semiflexible
chains the entropy is responsible. For example, for flexible
chains with L/2A =100, the entropy is uniform around
yp/Doy = —0.25 (see Fig. 4f), therefore the minimum shown in

0.009
d
dp/0.5D, = 0.46
0.006 |
0.003
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-0.50 -0.25 0 0.25
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Fig. 4 Schematic representation of a large particle immersed in the lamellar phase formed by flexible (a), moderately semiflexible (b), and
strongly semiflexible (c) diblock copolymer chains and the free energy (d), enthalpy (e), and entropy (f) distribution as a function of particle
location with different chain flexibilities ranging from flexible L/2A = 100 to strongly semiflexible L/2A = 1.0. The particle has a size of
dp/0.5D, = 0.46 with particle selectivity Ny, = 0.0. The legends in (f) refer to all three panels (d), (e), and (f).
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the free energy there arises from the minimum in the interac-
tion energy (see Fig. 4e). In contrast, for semiflexible chains,
the interaction energy varies more gently than the entropy in
the phase domain, and the sharp maximum of entropy re-
sults in the local free energy minimum at the domain center.
It should be noted that the entropy always reaches a maxi-
mum at the domain center irrelevant to the chain rigidity,
which is different from the case of a small particle, where for
strongly semiflexible chains, the entropy has a minimum at
the domain center.

The entropic behavior for a large particle immersed in the
phase domain can also be explained by the extent to which
the particle disturbs the conformations. For flexible chains,
the free ends can always get relaxed if the particle moves a bit
around the domain center, and the chains are not stretched
or compressed at all, thus the entropy is independent of the
particle location in the phase domain. For strongly semiflexi-
ble chains, the inserted large particle disturbs the conforma-
tion of polymer chains in a different way than that of a small
particle as can be seen from the comparison between Figs.
3(a) and 3(b) and Figs. 3(c) and 3(d). When a large particle is at
the interface, we found an enhanced chain end distribution
near the particle surface (see Fig. 3c), which represents the
gathering of polymer chain ends there, and this is an indica-
tion that polymer chains are stretched around the lower side
of the particle. The stretching of polymer chains would de-
crease the conformational entropy. While at the domain cen-
ter, the free end distribution around the particle is relatively
uniform meaning that polymer conformations are not strong-
ly altered (see Fig. 3d). Such behavior is consistent to the ob-
servation that for a large particle immersed in strongly semi-
flexible chains, the system has a small entropy when the parti-
cle is at the interface compared to that at the domain center.
Similar behaviors hold in the case of moderately semiflexible
chains, which also predicts an entropy maximum at the do-
main center (see for example the curve corresponding to
L/2A =5.0 in Fig. 4f, and the free end distribution is not
shown).

A Selective Particle

In this section, we investigate the influence of particle selectivi-
ty on its distributions, and without loss of generality, we assume
that the particle adsorbs B monomers and repels A monomers,
i.e., we always set Ny, < 0, and the larger magnitude of |Nyp|
the stronger particle selectivity.

Fig. 5 plots the free energy, enthalpy, and entropy of the
system as a function of particle location with different chain
rigidity and particle selectivity of for the case of a small parti-
cle dp/0.5Dy = 0.14. One major feature of the free energy dis-
tribution correlated to particle selectivity is that the system
free energy shift roughly in a uniform manner when the parti-
cle is located in the phase domain by increasing the particle
selective strength. This is clearly seen in Figs. 5(a), 5(d), and
5(g), i.e., around yp/Dy = —0.25 in the B phase domain, the
free energy increases with increasing the selective strength,
while around the yp/D, = 0.25 in the A phase domain, the
free energy decreases with increasing the selective strength.
This indicates that the particle selectivity mainly shifts the
particle distribution as a whole rather than changes the distri-
bution profile in the phase domains (especially around the

domain center). When the selectivity becomes sufficiently
strong, for example, Ny, = —6.0 for flexible chains L/2A = 100
(see Fig. 5a), the free energy at the B domain becomes small-
er than that at the interface meaning that the particle prefers
to stay at the domain rather than at the interface. For semi-
flexible chains L/2A = 5.0 and L/2A = 1.0, a global free energy
minimum at the domain center is not observed. However, the
tendency is clear, i.e., with the increase of particle selectivity,
the free energy at yp/Dy = —0.25 becomes smaller, and a
global minimum should be expected if |Ny;| is large enough.

To investigate the underlying physics, we also partition the
free energy into contributions from enthalpy and entropy. For
flexible chains, Fig. 5(b) shows clear enthalpy minimum at
yp/Dy = —0.25 the domain center for the neutral particle
(Nxp = 0), and the minimum dip become weaker with increas-
ing the particle strength selectivity. On the other hand, the
entropy profile is almost flat in the domain region in the case
of a neutral particle. When the strength of the particle selec-
tivity increases, the entropy in the domain region as a whole
is promoted with the flat region becoming narrow. Such be-
haviors of enthalpy and entropy change with the introduc-
tion of particle selectivity suggest that the free energy mini-
mum at the domain center if exists arises mainly from the
minimum appears in the enthalpy, and this is true for both
neutral and selective particles. For semiflexible chains, how-
ever, it is easy to find in Fig. 5 that the subtle distribution of
free energy in the phase domain is controlled by the entropy
rather than the enthalpy. In the case of moderately semiflexi-
ble chains, Fig. 5(e) shows that the enthalpy profile is roughly
flat in the phase domain for neutral and selective particles,
and thus the free energy minimum at yp/D, = —0.25 comes
from the entropy maximum there. The entropy maximum can
be explained by the weaker bond orientation of the free chain
ends. In contrast, in the case of strongly semiflexible chains,
the free energy at yp/Dy = —0.25 for any Ny; is nearly flat or
maybe a bit humped, which definitely correlates to the en-
tropy minimum there, as it overcompensates the weak en-
thalpy declining. The entropy minimum appeared at
yp/Dy = —0.25 is related to the spacial confinement caused by
the interpenetration of chain ends as discussed previously. It
should be noted that for semiflexible chains, with the in-
crease of particle selective strength, the enthalpy continuous-
ly changes, while the entropy profile settles onto a single
curve independent of Nyp,. In all, the partition of free energy
into enthalpy and entropy demonstrates that the introduc-
tion of particle selectivity does not bring any new physics in
determining the particle distributions, i.e., still the particle dis-
tribution around the domain center is determined by the en-
thalpy for flexible chains, and by the entropy for semiflexible
chains.

Fig. 6 shows the free energy of the system and its compo-
nents as a function of particle location with different chain
rigidities and particle selectivities for the case of a large parti-
cle dp/0.5Dy = 0.46. In all the cases, we find the global free
energy minimum at the interface and local minimum at the
domain center, meaning that the most probable location in
the system for the particle to stay is the interface, and it is just
metastable if the particle stays at the domain center. With the
promotion of particle selectivity to B monomers, the profile of
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Fig.5 The distribution of free energy, enthalpy and entropy for flexible chains L/2A = 100 (a, b, ¢), moderately semiflexible chains L/2A = 5.0 (d,
e, f), and strongly semiflexible chains L/2A = 1 (g, h, i). The particle has a small size of dp/0.5D, = 0.14 with the particle selectivity denoted, and
Nxp < 0 means that the particle adsorbs B monomers and repels A monomers. The legends in (i) are identical and they refer to all other panels.

free energy becomes asymmetric with its value within the B
domain being reduced and that within the A domain in-
creased. Therefore, a global free energy minimum at the
phase domain should be expected if the particle selectivity is
sufficiently strong just the like the case of a small particle with
flexible chains at Ny, = —6.0 (see Fig. 5a). In this situation, the
particle staying at the domain center turns to be stable. The
change of free energy with increasing the strength of particle
selectivity is controlled mainly by the change of enthalpy, as
the entropy is almost independent of the particle selectivity
for both flexible and semiflexible chains. This is an implica-
tion that the particle interaction has little effect tuning the
system entropy, especially for semiflexible chain systems with
a small or large particle involved. Anyway, the profiles in Fig. 6
clearly illustrate that in the case of a large particle, the intro-
duction of particle selectivity does not change the feature of
particle distributions.

The analysis of enthalpy and entropy profiles for the case of
a large particle in the system also supports the main conclu-
sions obtained before for flexible chains, i.e., the particle dis-
tribution in the domain center is determined by the enthalpy,
while that for semiflexible chains, it is governed by the en-
tropy. Indeed, for flexible chains, the profiles of entropy pre-
sented in Fig. 6(c) is nearly flat around yp/D, = —0.25, so the
enthalpy minimum appear there is responsible for the free
energy minimum shown in each profile of Fig. 6. In contrast,
for both moderately semiflexible and strongly semiflexible

chains, the enthalpy is close to uniform that the shape of the
free energy profile around yp /D,y = —0.25 is dominated by the
distribution of entropy where it is significantly humped.
These results reveal that the entropic effect in tuning the par-
ticle distribution in the particle-semiflexible chain compos-
ites is general irrelevant of the particle selectivity and particle
size.

SUMMARY AND REMARKS

In this work, we investigate the effect of chain rigidity on the
nanoparticle distribution when they are immersed in the lamel-
lar morphology formed by semiflexible diblock copolymer
chains, and in particular we focus on the influence on the
metastable state appeared at the phase domain center. The SCF
results show that the neutral particle generally prefers to stay at
the interface, where it can reach a global free energy minimum.
A metastable stable, ie., a local free energy minimum, at the
phase domain center may appear depending on the chain
rigidity and particle size. For example, in the case of flexible
chains, we could find a quite weak free energy minimum at the
domain center, and it becomes deep with the increase of parti-
cle size. In the case of moderately semiflexible chains, we find
obvious free energy minimum at the domain center for both
small and large particles. For strongly semiflexible chains, the
free energy profile in the domain region has a close relation
with the particle size, and a free energy minimum is observed
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Fig. 6 The distribution of free energy, enthalpy and entropy for flexible chains L/2A = 100 (a, b, ¢), moderately semiflexible chains L/2A = 5.0
(d, e, f), and strongly semiflexible chains L/2A = 1 (g, h, i) for a large particle with particle diameter dp/0.5D, = 0.46. The particle selectivity is set
as denoted, and Ny, < 0 means that the particle adsorbs B monomers and repels A monomers. The legends in (i) are identical and they refer to all

other panels.

only when the particle is large. A typical consequence when the
particle becomes selective is the decrease of free energy mini-
mum at the domain center, and it turns to be a global mini-
mum if the particle selectivity is sufficiently strong. In this case,
the particle staying at the domain center becomes stable in-
stead of that being at the interface. For neutral and weakly se-
lective particles, at the domain center, only local minimums are
observed, and this means that the particles staying at the do-
main centers still have large probability to move to the interface,
and the waiting time depends on the chain rigidity as well as
the strength of particle selectivity as have shown in our results.
Experiments investigating the nanoparticle distribution in
the lamellar domains formed by flexible chains have been
performed.52531 They all found strong dependence of the par-
ticle distribution on the particle size. For example, Thompson
et al>3 found that when d,/0.5D, < 0.6, particles prefer to
stay at the interface, while they tend to aggregate in the mid-
dle of the phase domain when d,/0.5D, > 0.6. Bockstaller
et all>2 observed a different boundary value of d,/0.5D, =
0.12 separating these two different states of particle distribu-
tions. In our case for neutral particles, we only found
metastable states at the domain center even when
d,/0.5Dy = 0.46. A global minimum at the domain center
may be observed when d,, is much larger. However, this is not

considered in the present work because of the convergent
problems solving the SCF equations. On the other hand, few
experimental studies have been noticed focusing on the dis-
tribution of nanoparticles in microphases formed by self-as-
sembly of semiflexible diblock copolymers, and therefore fur-
ther experimental verification is highly desirable.

The split of the free energy into contributions from en-
thalpy and entropy reveals the underlying mechanisms that
control the free energy profiles and thus the particle distribu-
tions at the phase domain. For flexible chains, it is the en-
thalpy that determines the subtle shape of the free energy
profile at the phase domain, because the entropy there is
nearly a particle position independent constant. Such entrop-
ic behavior arises from the flexible nature of polymer chains
that the chain bonds near the free end can rotate themselves
freely in response to the surrounding conditions such that the
polymer chain is not compressed or stretched at all. On the
other hand, for semiflexible chains, the entropy dominates
the free energy distribution at the phase domain as the en-
thalpy there is more close to flat compared to that of the en-
tropy. However, when the polymer chains are strongly semi-
flexible, the entropic behaviors differ from the particle size. In
the case of a small particle, the minimum entropy tends to
push the particle away from the domain center, and for a
large particle, the maximum entropy tries to arrest the parti-
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cle at the domain center. The analysis of the chain conforma-
tions with the assistance of free end distribution demon-
strates that the entropic behavior is in close relation with the
way that the particle disturbs the semiflexible chain confor-
mations. The introduction of particle selectivity does not
change the picture for the enthalpy and entropy in affecting
the particle distributions in the lamellar phase.

Our study specifies the significance of chain rigidity in de-
termining the particle distributions in the lamellar phase. By
exploiting the chain rigidity, one may find a facile way tuning
the particle position on demand in the lamellar phase. For ex-
ample, to remove small particles from the domain center, one
could introduce an external electric or magnetic field to in-
crease the rigidity of the polymer chain. The reversible occu-
pation of the phase domain by particles may be explored for
the design of some particle switch channels. In all, the chain
rigidity and the induced entropic effect enrich the phase be-
haviors of the particle-polymer composites and may also
leads to useful applications.
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