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Introduction. There has been considerable fascina-
tion with the self-assembling behavior of amphiphilic
chainlike molecules that range from short-chain sur-
factants to high molecular weight block copolymers. The
self-assembly of simple amphiphiles into membranes
may have played an important role in the origin of life.2
The self-organization of amphiphiles with more complex
architectures can lead to a stunning variety of complex
morphologies.?3 In the case of short-chain surfactants,
the equilibrium morphology of the self-assembled sys-
tem depends on geometric factors, such as the ratio of
the “head” to “tail” sizes.* Here, the headgroups are
small molecules and the tails are coillike. In the case of
block copolymers, the structure of the melt depends on
the relative composition of the chains, the degree of
polymerization, and the incompatibility between the
different blocks.

It is intriguing to think of another potentially self-
assembling system, one in which the tail is still a coillike
molecule but the attached “head” is a nanoparticle. In
this scenario, the coil and the surface of the headgroup
are incompatible, and this incompatibility could drive
the organization of these “tadpole” molecules into
spatially periodic, nanoscale structures. Recent theoreti-
cal® and experimental studies®~? involving mixtures of
nanoscopic inorganic particles and diblock copolymers
have focused on harnessing the microphase separation
of the copolymers to template the self-assembly of
nanoparticles and, in this manner, create nanostruc-
tured organic/inorganic hybrid materials. The use of
amphiphilic organic/inorganic tadpoles, where the heads
are formed from inorganic particles and the tails are
synthetic polymers, could provide an alternative route
for creating such ordered nanocomposites. As we show
below, the single-tailed tadpoles also display distinct
interfacial activity when blended with diblock copoly-
mers. If the heads were covered with multiple, uni-
formly distributed hairs, the species would preferen-
tially localize in the hair-compatible phase. However,
with a single hair, the tadpole behaves like a surfactant,
with a head localized in one phase and the tail in the
other. These interfacial interactions can be exploited to
control the spatial distribution of the tadpoles within a
copolymer melt, yielding an additional means of design-
ing novel nanocomposites.

One challenge to investigating the properties of these
tadpoles is synthesizing the macromolecules so that the
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nanoparticle head is coated with just a single hair.
Promising experiments are currently underway to an-
chor a single chain onto gold nanoparticles.’® Another
challenge is developing a theoretical approach for
predicting the equilibrium structure of the system. In
previous studies,®> we developed a model that integrates
a self-consistent-field theory (SCFT) and a density
functional theory (DFT) to investigate the phase behav-
ior of mixtures of nanoparticles and diblock copolymers.
Experimental studies® have recently confirmed our
“SCF/DFT” predictions on the entropically driven size
segregation of binary particle mixtures within a diblock
melt.1112 Experiments” have also validated our observa-
tion that added nanoparticles can promote transitions
between the different structures of the diblock copoly-
mers.13

In this paper, we extend this SCF/DFT model to
examine the equilibrium structure of a melt of novel
amphiphilic “copolymers”, where each copolymer con-
sists of a linear flexible chain that is anchored to the
surface of a solid, spherical particle. In this SCF/DFT
approach, the SCFT captures the thermodynamic be-
havior of the anchored chain, and the DFT describes
the ordering and steric interactions of the particle.
Using this method, we examine the behavior of AB
tadpoles, which have an A tail and an incompatible B
head. We find that the phase behavior of these hybrid
molecules differs significantly from that of pure AB
diblocks with the same effective composition. We
also derive an expression to describe the self-assembly
of ABC tadpoles where the anchored chain is an
AB diblock and C is an incompatible particle. We
specifically focus on the case where C is chemically
identical to the B species and find that the ABB
molecules organize in a way that is distinct from the
AB tadpoles. Finally, we highlight one example of a
mixture of AB diblocks and tadpoles to illustrate a
method for tailoring the structure of organic/inorganic
nanocomposites.

The Model. A volume V is filled with n tadpole
molecules, where each molecule consists of an A-like
linear, flexible chain that is attached to a B-like
spherical, hard particle of radius R. To further charac-
terize this system, we define a set of variables that
are specific to the tadpole architecture. We define N/pg
to be the volume of the tadpole, where N is the
degree of polymerization of a fictive, linear chain
whose segment volume is po~!. The variable f is the
volume fraction of the A-like chain in the molecule. In
terms of these definitions, the total volume of each
molecule is vi = va + VR = N/pp, where the volume of
the linear chain moiety is va = fN/pg and the volume of
the sphere moiety is vk = (1 — f)N/pp = 47R%3. For a
given volume vy, f and R are not independent, and we
specify R and determine f according to the relation f =
1 — (vr/vy). In addition, we describe the incompatibility
between A and B species with the Flory—Huggins
parameter y, which characterizes the interaction be-
tween A monomers that are in contact with the B
particles. Thus, the system is characterized by the
following three independent variables: R (or f), N,
and y. Finally, we assume that the system is incom-
pressible.

© 2004 American Chemical Society

Published on Web 04/20/2004



Macromolecules, Vol. 37, No. 10, 2004

The following concentration operators describe the
distribution of each species:

N
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where the subscripts A and B denote the A-like coil and
B-like sphere, respectively, and pg is the distribution
operator for the centers of the spheres. The r(s) describe
the space curve occupied by the A chains in the ath
tadpole. A unit vector A is introduced in (3) to indicate
the direction between the end of the coil, which is
attached to the surface of the sphere, and the center of
the sphere of the ath tadpole. The unit vector for this
tadpole is

A, = sin 6, cos ¢,1 + sin 6, sin ¢ j + cos O,k (4)

where 1, j, and k are the three Cartesian unit vectors.
The angles 6, and ¢, are measured from the respective
z and x axes in the conventional way for spherical
coordinates.

Following the procedure in refs 14—16, the partition
function for the system of tadpoles subject to the fields
W; can be written using functions instead of operators
as

Z = [P, Dpg I, I VEQ"
Po _
exp{ - Nfo|r N, Dy — W, D, — Wgps — Z(1 —

@, ~ a1 ©)

where the functions ®; and pg replace the corresponding
concentration operators and the partition function for
a single tadpole Q is given by

Q= [df, [UrPlr,0, flexp{— [ ds Wa(r,(s)) —
WB(ra(f) + Rﬁa)} (6)

We assume that the tails are Gaussian chains so the
weighting factor for individual configurations is given

by
1o

in analogy with the properties of the coils in the case of
rod—coil diblocks.> Here, a is the statistical segment
length.

From the mean-field approximation of (5), we obtain
a free energy expression for the system; we add a
correction term to this expression to account for the
steric interactions between the hard-sphere heads. This

Plry 1. S,] = exp{

‘ds ¢
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approach follows reasoning described previously'” and
gives a free energy of

oy = (G ) + G4 N gotr) -

WA(F) @a(r) — wg(r) pg(r) — &1 — @a(r) — ¢p(r) +
pe(N¥(@g(r)] (8)

where W is the Carnahan—Starling free energy per
particle,® @g(r) is a “smoothed” sphere density obtained
from the Tarazona DFT,® kg is Boltzmann's constant,
and T is the temperature. The respective fields w;i(r) and
the local volume fractions gj(r) are functions for which
the free energy attains its minimum. We vary the free
energy with respect to each of the independent functions
to obtain the mean-field equations,14~16.20 which allow
us to solve the system self-consistently. As a result, we
obtain the densities and fields for various possible
morphologies, with the lowest free energy phase being
the equilibrium state.

This model can be easily extended to describe an ABC
copolymer in which an AB diblock is attached to a C
type sphere. As before, we specify the radius R and
determine the fraction of the diblock portion f. An
additional parameter fa, the fraction of the A sites
within the diblock, is needed to complete the description
of the system. The total volume of the molecule is then
Vi = Va + Vg + VR, where Va = fAfN/po, Vg = (1 - fA)fN/
po, and vg = 47R33 = (1 — f)N/po. The distribution
operators of each species are defined similarly to (1)—
(3), and the free energy is written as

Po|’(\“':|'V I(QTOI:) %f dr DeasNea(r) () +

XacN@A(r) @c(r) + xgcN@g(r) @c(r) — wa(r) @a(r) —
Wp(r) @g(r) — we(r) pe(r) — &(1 — @a(r) — @g(r) —
@c(n) + pc(NW(@c(r))] (9)

where additional terms are introduced to reflect the
additional interactions between the different species.

To obtain solutions to the mean-field equations, we
implement the combinatorial screening technique of
Drolet and Fredrickson.?! In addition, we minimize our
freezgnergy with respect to the size of the simulation
box.

Results and Discussion. In this short communica-
tion, there is only room to describe illustrative examples
that capture the unique behavior of these tadpoles; we
will explore the phase space in more detail in future
studies. Here, we first examine the morphology of a melt
of AB tadpoles and then compare this morphology to
the one found for ABB systems, where each molecule
consists of an AB diblock tail and a B head.

The volume of an AB tadpole is set equal to the
volume of a linear chain whose invariant polymerization
index N = Npp?a® = 1000, where a is the statistical
segment length. The sphere radius is set to R = 0.15R,,
where Ro = aN*? is the root-mean-square end-to-end
distance of the N = 1000 chain. Here, we set a = 1. We
then calculate f as (po/N)(N/pg — 47R3/3) = (1 — (4x/3)-
(0.15)3N12), which yields f = 0.55. Thus, this system
corresponds to 55% coil and 45% sphere. The incompat-
ibility parameter is set to yN = 30; at such a large value,
we anticipate that system will undergo microphase
separation.
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Figure 1. Two-dimensional plots for the tadpole system. Plots
are for yN = 30, f = 0.55, and R = 0.15R,. The plot in (a)
represents the distribution of the A tails, and the plot in (b)
represents the distribution of the B heads. Light regions
indicate a high density, while dark regions indicate low
densities. The images show that the system displays a close-
packed hexagonal structure.

Figure 1 shows a two-dimensional density contour
plot for the coil and sphere portions in the tadpole
system. The material clearly displays a hexagonal close-
packed morphology; the same structure is also observed
in the three-dimensional calculations. This finding is
relatively surprising since for a 55/45 A/B composition,
a pure diblock melt would exhibit a lamellar morphol-
ogy. Thus, it appears that the tadpoles self-organize in
a manner that is distinct from these diblock chains. This
observation agrees with recent findings from Brownian
dynamics simulations on nanoparticles functionalized
with oligomeric tethers.?3

In Figure 2, we plot the one-dimensional density
profiles for the AB tadpoles and the 55/45 AB diblocks.
These profiles are not projections of 2D density profiles
along a certain axis. Rather, the density distributions
are obtained by assuming translational invariance along
two spatial axes. Although this assumption fails to
capture the correct morphology of the pure tadpole
system, these 1D plots help in further pinpointing
differences in the equilibrium structures for the two
cases. The plots reveal that there is a greater degree of
overlap between the A and B fragments in the tadpoles
than in the diblocks. The stretched chains can more
readily segregate from each other than the spherical
head and tail. Another obvious difference between the
two systems is that the period of the AB domains is
much smaller for the tadpoles than the diblocks; this
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Figure 2. One-dimensional density profiles for (a) the 55/45
tadpole melt and (b) a 55/45 AB diblock melt. For the tadpoles,
the parameters are identical to those used in Figure 1. For
the diblock, N = 1000 and yN = 30. Solid curves represent
the distribution of the A-like species, and the dashed lines
mark the distribution of the B-like species.

behavior can be attributed to the steric interactions
between the solid spheres. Because of packing con-
straints, the solid headgroups are less effective than
chains at associating into large domains; hence, the
period is smaller in the tadpole system. If B-like chains
where present in the tadpole melt, these chains could
fill the void space between the hard sphere, and the
system could, as we will show in the next example, form
a lamellar structure. Here, however, there are no B
chains to fill the voids, and the system cannot assemble
into a lamellar morphology but must take on a hexa-
gonal structure.

A close look at the distribution of headgroups in
Figure 1 seems to indicate that each sphere-rich region
corresponds to a single sphere of radius R = 0.15R,.
With respect to this unusual feature, it is interesting
to contrast the self-assembling behavior of the tadpoles
with the micellization of surfactant molecules with a
bulky headgroup. In the case of such surfactants in
solution, the head-to-tail ratio determines the micellar
structure.* In the case of a melt of tadpoles with solid
heads, steric interactions between the spheres dominate
the behavior of the system, resulting in a possible
formation of “unimolecular micelles”.

To diminish the effect of the steric repulsion between
the spheres, we attach an AB diblock chain to a sphere.
Here, the B block is anchored to surface of the B-like
particle. Figure 3 reveals the density profiles for a melt
of such molecules, where yN = 30, R = 0.1Rg, and fa =
0.6. The parameters were selected so that the overall
AB composition corresponds to one yielding a lamellar
morphology. Here, the A-like coil portion is approxi-
mately 52% of the total volume, while the B-like coil
and the sphere portions make up the rest. Unlike the
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Figure 3. One-dimensional density profiles for ABB tadpole
systems. The parameters are yN = 30, R = 0.1Rq, and fa =
0.6. The A-like coil portion is approximately 52% of the total
volume, while the B-like coil and the sphere portions make
up 48%. The solid curve represents the distribution of the A
block, and the dot—dashed curve represents the distribution
of the B block in the AB tail; the dashed curve marks the
distribution of the solid B heads.

0.8

06 | .
$0.4 /

0.2

L/R,

Figure 4. One-dimensional density profiles for the 50/50
mixture of 55/45 tadpoles and diblocks shown in Figure 2. The
solid curve represents the distribution of the A monomers of
the diblock, while the dot—dashed curve marks the B mono-
mers of the diblock. The distribution of the A tail of the tadpole
is represented by the long-dashed curve, and the distribution
of the solid B head is marked by the dotted curve.

AB tadpole case, the ABB tadpoles can aggregate to
form a lamellar structure, as shown in Figure 3 and
confirmed by 2D calculations on this system. As noted
above, the B-like chains can fill the void sites between
the hard-sphere heads. This behavior is clearly visible
in Figure 3, where the dot—dashed black lines mark the
location of the B blocks and show that these blocks
extend throughout the B particle domains. As a conse-
guence, the B domains can form stripes and the entire
system can exhibit a lamellar phase.

In the final example, we consider a 50/50 mixture of
the 55/45 AB diblocks and 55/45 tadpoles. The calcula-
tion involves adding the SCFT terms for the pure
diblocks#17 to the expression in (8). This mixture also
forms a lamellar structure, and Figure 4 shows the 1D
density plots for the system. By comparing this plot with
Figure 2a, we can see that the presence of the diblocks
leads to sharper, narrower interfaces between the A and
B domains. Note that the spheres now essentially form
a bilayer within the B domains.

Conclusions. In summary, we have developed a
numerical model for describing the phase behavior of
tadpole copolymers, which are formed by attaching a
flexible chain to a solid, nanoscopic headgroup. Using
this approach, we have shown that the phase behavior
of tadpole copolymers can differ significantly from that
of compositionally comparable diblocks. This difference
in behavior is due to the presence of steric interactions
between the hard spheres in the tadpole system. These
findings can be exploited to create nanostructured
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composite materials that exhibit specific geometries and
properties. For example, a linear polymer can be an-
chored to a solid nanoparticle with a specific, desired
index of refraction, and the resulting spatially periodic
system can display novel optical properties. If the
particles exhibit unique electromagnetic behavior, the
closely spaced particles in the resultant material can
yield optimal electrical or magnetic properties.

As the studies on the ABB system indicated, the
arrangement of the nanoparticles can be tailored by
anchoring block copolymers onto the surface of the
nanoparticles. The addition of AB diblocks to the melt
of tadpoles also provides a means of controlling the
overall morphology of the system and the distribution
of particles within the material. Further studies are
currently underway to examine the phase behavior of
mixtures of diblock copolymers and AB or ABC tadpole
molecules. These studies will provide additional guide-
lines for creating nanostructured materials with con-
trolled morphologies.
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