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Abstract. We describe a method to organize nanometer-sized hydrophilic particles into ordered arrays
by templating them in the soft, micelle-crystal phases (spherical and cylindrical) of a thermoreversible
block copolymer. Small-angle neutron scattering (SANS) with contrast variation is used to show that the
dispersed particles (in this case, proteins or silica) form structured arrays by being constrained in the
interstitial cavities between the polymer micelles in the ordered micelle crystal. Simple shear is used to
macroscopically align both phases of the nanocomposites (micelles and particles) into macro-domains.
The temperature-induced order-order transition between templates of spherical and cylindrical micelles is
demonstrated as a reversible technique to modify the structure of the templated nanoparticle arrays.

PACS. 81.16.Dn Self-assembly – 61.46.-w Structure of nanoscale materials – 62.23.St Complex nanos-
tructures, including patterned or assembled structures

1 Introduction

A simple method is used to form arrays of nanoparticles
that are templated by soft crystals of polymer micelles.
Both inorganic (silica) and organic (protein) nanoparti-
cles are amenable to this approach. The micelle template
is composed of a tri-block copolymer (Pluronic P123) that
is dissolved in water. This report is part of our recent
work describing the formation of nanoparticle arrays by
templating in the crystalline phases of thermoreversible
block copolymers [1–5]. In these soft nanocomposites, the
polymer matrix provides mechanical support to the dis-
persed particles and allows the interparticle separation to
be controlled by modifying the structure of the template.
Therefore, it allows for the possibility to tailor the macro-
scopic properties of a material by changing the polymer
template.

The tri-block copolymer used in this work consists of
a poly-propylene oxide (PPO) center block and two iden-
tical poly-ethylene oxide (PEO) end blocks. These poly-
mers have a high solubility in water at low temperatures
(< 5 ◦C). Therefore, it is possible to make concentrated
solutions with relatively low viscosities while the poly-
mers are in a coil-like conformation. As the temperature
is increased, the middle PPO block becomes increasingly
hydrophobic. This drives the formation of micelles that
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can be spherical or cylindrical and that have a dehydrated
PPO core and a hydrated PEO corona [6,7]. At high
polymer concentrations (> 15wt% for P123), crystalline
phases of these micelles are observed. The structures of
these micelle crystals are well characterized for many
Pluronic copolymers [6–9]. The micelle crystal phases pre-
sented here are solid-like materials with a relatively high
elastic modulus (> 20 kPa).

The specific tri-block copolymer used in this work
(Pluronic P123) forms spherical or cylindrical micelles
depending on the temperature and the polymer concen-
tration. In a narrow concentration range (30–40wt%),
this polymer undergoes a transition from a soft crys-
tal of spherical micelles (cubic packing) into a crystal of
cylindrical micelles (hexagonal packing) as the temper-
ature is raised [7]. In this work, we make use of these
thermoreversible self-assembling properties to disperse hy-
drophilic particles in the concentrated polymer solution at
low temperatures (T < 15 ◦C) when the viscosity is low.
We then increase the temperature to induce the desired
micelle crystal phase (spherical or cylindrical micelles).
Figure 1 shows a schematic representation of the tem-
plated nanocomposites in the spherical and in the cylin-
drical crystal phases. As the micelle crystals form, the
dispersed particles are constrained to the remaining inter-
stitial spaces between the micelles. Therefore, the organi-
zation occurs through an organized exclusion of volume as
the micelles take most of the sample space. This approach
has been shown to work for cubic packing of spherical
micelles, here we demonstrate the use of an anisotropic



184 The European Physical Journal E

Fig. 1. Schematic representation of the particles (black
spheres) templated in the spherical and cylindrical micelle crys-
tal phases of the block copolymer.

packing of cylindrical micelles and the ability to switch
between these two structures.

Three different particle additives are used to assess the
nanometer scale organization, two different proteins and
a synthetic silica nanoparticulate system. The two globu-
lar proteins are chosen for their different sizes, lysozyme
(RH = 1.95 nm) [10] and bovine serum albumin (RH =
3.39 nm) [11], are used as model nanoparticles due to
their monodispersity and because their repulsive interac-
tion with the polymer is well characterized [11]. The lack
of any specific attraction between these proteins and the
polymer chains results in the partitioning of the proteins
in the interstitial spaces that are not occupied by the mi-
celles. Placing the native proteins in the solid PPO core of
the micelles is largely unfavorable due to the hydrophilic
nature of the protein surface. The silica particles are com-
mercially available (Ludox SM) with a nominal diameter
of 7 nm and are used to demonstrate the versatility of this
templating method in the organization of nanoparticles.
Silica has a weakly attractive interaction with PEO but it
does not interact with PPO [12]. Therefore, these parti-
cles are also located in the interstitial cavities around the
micelles. The small size of the PEO blocks of this poly-
mer and the high curvature of the particles hinder strong
adsorption on the silica surface [13].

Small-angle neutron scattering (SANS) at contrast-
matched conditions is used to independently probe the
structure of the micelle template and the particle ar-
rays [14]. This scattering technique allows us to indepen-
dently probe the internal structure of the two material
phases of the same nanocomposite (polymer and parti-
cles). In this technique, a mixture of isotopes is used in
the solvent (D2O/H2O) in order to “match” the scatter-
ing length density (SLD) of each of the dispersed materials
on two separate experiments. At contrast-matched condi-
tions, the scattering experiments probe the internal struc-
ture of the material that is not “matched” by the solvent.
The use of solvents with isotope mixtures allows us to
change the scattering contrast without drastically altering
the chemistry of the solvent [14]. The contrast matching
isotope compositions are determined experimentally. For
the P123 polymer, this corresponds to a mixture of 13%
D2O and 87% H2O by mole. The matching point for the
proteins is 40% D2O, 60% H2O and for the silica it is 61%

D2O, 39% H2O. The SANS experiments are carried out
under shear (γ̇ = 10 s−1) using a Couette shear cell that is
designed for SANS experiments [15]. In our experiments,
the incident beam is parallel to the shear gradient.

Templating of nanostructures using cylindrical mi-
celles has been reported in the literature. Bouchama et
al. use the hexagonal phase of cylindrical surfactant mi-
celles to template metallic nanoparticles in the hydropho-
bic cores [16]. Alberius and coworkers use the cylindrical
micelle structure of Pluronic P123 to direct the synthesis
of mesoporous silica and titania [17]. Castelletto, Ansari
and Hamley add disc-like clay particles to Pluronic P123
and find that this triggers a transition from arrays of cylin-
drical micelles to a lamellar phase [8]. Despite these im-
portant contributions to this field, it is still necessary to
develop simple and versatile methods to organize nanopar-
ticles so that they may be used in a variety of applications.
For example, the organization of particles into organized
arrays often results in unique optical properties that arise
from proximity effects between neighboring particles [18].
It is also demonstrated that plasmon resonance between
neighboring noble-metal nanoparticles can be used to ef-
ficiently transport light at nanometer length scales [19].
Cylindrical micelle templates, like those discussed here,
could be used to generate these linear particle waveguides
at macroscopic lengthscales and in a cost effective manner.

In this work, we demonstrate that it is possible to or-
ganize nanoparticles, either inorganic or organic, using or-
dered phases of cylindrical micelles. The use of a thermore-
versible polymer allows us to disperse existing nanoparti-
cles without requiring particle synthesis inside the poly-
mer matrix [1–5]. Therefore, this method can be used to
organize a wide variety of nanosized particulate materi-
als including biological components like globular proteins.
We also demonstrate that shear can be used to align the
micelle template into a crystal where most of the cylin-
ders have the same general orientation (macroscopic do-
main). This shear alignment of the micelle template also
results in the macroscopic orientation of the linear parti-
cle arrays. Finally, we demonstrate that temperature can
be used to trigger an order-order transition from crystals
of spherical micelles into crystals of cylindrical micelles
in the presence of the dispersed particle additives. This
feature can be used as an external switch to control the
structure of the particle arrays and thus the optical and
electrical properties of composite materials.

2 Materials and methods

The polymer used in this work is supplied by
BASF and has a chemical formula corresponding to
PEO20PPO70PEO20 [6–8]. Pluronic P123 was obtained as
a gift from BASF (Mt. Olive, NJ) and was used as re-
ceived. Lysozyme and bovine-serum albumin (BSA) were
purchased as lyophilized powder from Aldrich chemical
company (St Louis, MO). Ludox SM-30 (7 nm silica parti-
cles) was obtained as a generous gift from Grace Davidson
(Columbia, MD) and was used as received. The nominal
size of the particles is reported by the manufacturer to
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Fig. 2. SANS intensity for a 33 wt% Pluronic P123 sample
in pure D2O at two different temperatures and a shear rate of
10 s−1. The neutron beam is perpendicular to the plane defined
by the velocity vector (v) and the vorticity vector (e).

be 7 nm. Heavy water (> 98% D2O) was purchased from
Cambridge Isotopes (Andover, MA).

Neutron scattering experiments are carried out at the
NIST Center for Neutron Research (NCNR) in Gaithers-
burg, MD. The data is collected using the 30 meter SANS
instrument NG3. A neutron wavelength of 6 Å with a
spread ∆λ/λ of 0.15 is used at two detector distances (2,
3.5m) to gather the scattering profiles. While lower wave-
length spreads are possible and might improve the diffrac-
tion results, the commensurate loss of flux would be more
damaging to the experiments. Improved resolution should
really only be achieved by moving to SAXS and, unfortu-
nately, loosing the ability to perform contrast variation.

3 Results and discussion

Figure 2 shows the scattering profiles for a neat poly-
mer sample containing 33wt% of the tri-block copoly-
mer Pluronic P123 dissolved in pure D2O. The two-
dimensional patterns are such that the velocity axis of
the shear plane is parallel to the x-direction and the vor-
ticity is parallel to the y-direction in these images. Even
with the poor wavelength resolution of SANS, a significant
change in the scattering patterns is observed on a 15 de-
gree increase in temperature. At 25 ◦C, the samples show

Bragg diffraction spots that are consistent with a close-
packed crystal (FCC/HCP) of spherical micelles [20–22],
while at 40 ◦C, the patterns are consistent with a crys-
tal of cylindrical micelles at 40 ◦C [23]. The appearance
of diffraction spots in both profiles indicates that the mi-
celle templates are aligned close to a macro-domain crystal
where the majority of the micelles have the same lattice
and orientation. The position of the diffraction spots in
Figure 2a is consistent with an FCC/HCP crystal with a
lattice constant of 27 nm and a nearest-neighbor intermi-
cellar distance of 19 nm [21,24]. The position of the first
peak is consistent with that seen in the literature [7]. The
peaks are not quite that expected of a perfect crystal,
but the flow mechanisms of these soft block copolymer
materials are complex [20,21,25–27]. Clearly, the solution
has attained significant order through the self-assembly
and shear orientation. Figure 2b shows bright diffraction
spots in the vorticity direction (y-axis) with a spacing that
is consistent with the hexagonal packing of cylinders that
is expected in these polymer systems (1 :

√
3 : 2 :

√
7) [23].

Although the spacing of the observed peaks is consistent
with this lattice, the peak corresponding to

√
3 is missing

or it is too weak to be detected. This could be due to the
form factor of the micelles, to experimental smearing in
SANS, or to the radial orientation of the crystal lattice of
cylinders relative to the scattering plane [28]. Assuming
hexagonal packing, which is the expected lattice [7,8], the
separation between neighboring cylinders at 40 ◦C corre-
sponds to 19.6 nm. This transition from spherical to cylin-
drical micelles is also observed macroscopically when the
sample is placed between crossed linear polarizers and a
light source. The sample at 40 ◦C (cylinders) is strongly
birefringent while at 25 ◦C (spheres) it is not birefringent.
Both the neat and composite samples are birefringent at
40 ◦C, consistent with the existence of a cylindrical phase.

Figure 3 shows the SANS profiles, at contrast-matched
conditions, for a nanocomposite sample that contains
bovine-serum albumin (3wt%) dispersed in a matrix of
the tri-block copolymer (33wt% Pluronic P123) and wa-
ter. The top profiles (a and b) correspond to the scat-
tering due to the polymer matrix while the bottom pro-
files (c and d) correspond to the scattering from the dis-
persed proteins. At 25 ◦C the scattering shows a diffrac-
tion ring in both phases (micelle template and dispersed
proteins) with a higher intensity in the direction of the
vorticity vector (e). Macroscopically, these samples are
isotropic between crossed polarizers, so we assume that
cubically packed spherical micelles persist on addition of
the BSA particulate phase. This assumption is verified
by our previous work [3–5]. Unlike Figure 2a, the 25 ◦C
samples with added BSA are not ordered into a single
crystal, hence the appearance of a powder ring rather
than distinct peaks, which is due to changes in the flow
mechanism of these co-crystals [4]. As before, the weak-
ness of the higher order diffraction rings in Figure 3 (a
and c) complicate the determination of the lattice struc-
ture (FCC/HCP or BCC). Still, the position of the first-
order diffraction ring (q∗ = 0.04 Å−1) is the same in both
phases and corresponds to identical intermicellar (Fig. 3a)
and interparticle (Fig. 3c) separation distances of 19.3 nm.
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Fig. 3. SANS intensity for a sample that contains 3wt% serum albumin (BSA) dispersed in a polymer matrix of 33 wt% P123
in aqueous solution at a shear rate of 10 s−1. The top profiles (a and b) correspond to the scattering from the micelle template
(40% D2O, 60% H2O) while the bottom profiles (c and d) correspond to the scattering from the dispersed proteins (13% D2O,
87% H2O).

Therefore, the particles are templated in the crystal of
spherical micelles even though we are unable to align the
crystal into a “single crystal” with the shear field.

When the temperature of the nanocomposite is in-
creased to 40 ◦C, the diffraction pattern of both phases
is characteristic of aligned cylinders in a lattice. The pat-
terns show a similar shift in features as was observed in the
neat system (Fig. 2). The appearance of the sharp diffrac-
tion spots in both phases demonstrates that the proteins
are organized into linear arrays by the template of cylin-
drical micelles. Macroscopically, the composite system is
also birefringent. The proteins, which are located in the
interstitial spaces of the crystal, are enclosed laterally by
the surrounding micelles and are therefore constrained to
lie in a linear “cage”. We expect that there are signif-
icant defects in these linear arrays (e.g., free spaces and
vacancies) because there are no forces that can impart any
longitudinal periodicity on the dispersed proteins.

A possible change in the nature of the packing of the
cylindrical micelles is demonstrated when the scattering
intensity is measured along the vorticity direction (indi-
cated by the dotted arrow in Fig. 3d). The averaged inten-
sity of the cylindrical phases (Figs. 2b, 3b and 3d) along
this line are shown in Figure 4. The neat system shows
peak positions that are consistent with the more common

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

In
te

n
si

ty
 (

cm
-1

) 
P

ro
te

in
 P

h
a
se

 

2 3 4 5 6 7 8 9
0.1

Qe (Å
-1

)

0.01

0.1

1

10

100

1000

In
te

n
sity (cm

-1) P
o
lym

e
r P

h
a
se

 

3
1/2

7
1/2

2
1/2

5
1/2

2

8
1/2

3
1/2

2

Neat P123

P123 with BSA
(Polymer)

P123 with BSA
(BSA)

7
1/2

P123 33%
40 °C

Square 

αmax = 0.414

Hexagonal 

αmax = 0.155

Fig. 4. Linear intensity profiles of Figures 2b, 3b and 3d along
the vertical vorticity direction (e). The solid arrows indicate
the expected position for the diffraction spots for square lat-
tices of cylinders while the dotted arrows indicate the expected
position for hexagonal lattices of cylinders. The cross-section of
these two lattices and their corresponding interstitial cavities
are also sketched.



D.C. Pozzo and L.M. Walker: Alignment of nanoparticle arrays in soft crystals 187

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

Q
Y
 (

A
-1

)

-0.08 -0.04 0.00 0.04 0.08
QX (A

-1
)

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

Q
Y
 (

A
-1

)

-0.08 -0.04 0.00 0.04 0.08
QX (A

-1
)

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

Q
Y
 (

A
-1

)

-0.08 -0.04 0.00 0.04 0.08
QX (A

-1
)

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

Q
Y
 (

A
-1

)

-0.08 -0.04 0.00 0.04 0.08
QX (A

-1
)

25 °C 40 °C a b

25 °C 40 °C c d

v

e 

Fig. 5. SANS profiles (a and b) corresponding to the silica particles (polymer is matched) in a nanocomposite containing
4 wt% silica dispersed in a matrix of 33 wt% Pluronic P123 in a solvent of 13% D2O, 87% H2O. The bottom profiles (c and d)
correspond to the structure factors of the silica particles after the division of the top profiles (a and b) by the form factor of
the particles.

hexagonal lattice (1 :
√

3 : 2 :
√

7). However, a change
in the relative positions of the peaks is observed in the
composite materials. The observed peak spacing in both
phases (particles and polymer) of the composite sample is
more consistent with cylinders packed in a square lattice
(1 :

√
2 : 2 :

√
5 :

√
8). Clearly, the SANS results alone do

not provide proof of this change in the cylindrical pack-
ing due to the limited resolution and the small number of
diffraction peaks. However, the formation of this unusual
lattice is justified by considering the relative size of the in-
terstitial cavities in hexagonal and square packing of solid
cylinders. The relative size of the interstitial cavity to the
diameter of the cylinders is 0.155 in a hexagonal lattice
while it is 0.414 for a square lattice. Therefore, the inter-
stitial space in the hexagonal lattice (3 nm) is significantly
smaller than the proteins (DH ∼ 7 nm) while in the square
lattice (8 nm) it is larger. Thus, based on maximum pack-
ing, it is more favorable to have a square lattice because
the cylinders and the particles will pack more efficiently
without requiring significant swelling of the micelle lattice.
The separation distance between the micelles and between
the linear protein arrays, obtained from the diffraction
spots (Fig. 3b and d), is also the same (18.7 nm) for both
phases of the nanocomposite and agrees well with the sep-
aration of the neat polymer sample (Fig. 2). This shows
again that the particles are well templated by the block-

copolymer in the cylindrical micelle crystal. The appear-
ance of diffraction spots in the SANS patterns shows that
we are able to create a macroscopic sample where the all
the linear particle arrays have the same axial orientation.

This simple method can be used to organize a variety of
nanometer-sized particles. To demonstrate its versatility,
we carried out experiments with silica nanoparticles (Lu-
dox SM) and with lysozyme. The scattering profiles corre-
sponding to the dispersed silica particles (13% D2O, 87%
H2O) in a similar nanocomposite are shown on the top of
Figure 5 (a and b). At 25 ◦C, we observe an isotropic scat-
tering pattern without any obvious features. At 40 ◦C we
observe that there is a significant anisotropy in the scat-
tering with a larger intensity along the vorticity direction
but without clear diffraction spots like those observed in
Figures 2 and 3. The cause for these apparently featureless
profiles is the decay of the form factor of the silica parti-
cles in the q region of interest. To correct for this effect,
we divide these scattering profiles by a profile collected
at a low temperature (0 ◦C) when the polymer and parti-
cles are disordered and the scattering reflects the shape of
the particles (essentially the form factor of the particles).
The resulting profiles are shown in Figure 5 (c and d)
and correspond to the structure factor of the silica parti-
cles. Although the correlation peaks in Figure 5 (c and d)
are evident, they are also weaker than those found for the
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Fig. 6. SANS profiles (a and b) corresponding to the distribu-
tion of protein particles in a nanocomposite containing 3wt%
lysozyme (RH = 1.95 nm) [10] dispersed in a matrix of 35wt%
Pluronic P123 in a solvent of 13% D2O, 87% H2O.

nanocomposites that contain proteins. This may be due to
the larger polydispersity of the silica particles in compar-
ison to the monodisperse proteins. Nevertheless the cor-
rected profiles reveal diffraction spots (Fig. 5d) that are
consistent with the silica particles being organized into
linear arrays by the cylindrical micelle crystal template.
It is also possible that large scale phase segregation oc-
curs due to the addition of particles. Such effect would
result in a significant increase in the scattering intensity
at low q. Ultra small-angle neutron scattering (USANS)
would be necessary to extend the q range in order to iden-
tify if phase segregation is occurring as a function of the
addition of particles.

Figure 6 shows the scattering profiles for a nanocom-
posite that contains 3wt% lysozyme dispersed in a matrix
of 35wt% Pluronic P123 in aqueous solution. In both,
the scattering corresponds to the dispersed protein since
the solvent has been matched to the SLD of the poly-
mer (13% D2O, 87% H2O). At 15 ◦C (Fig. 6a), the scat-
tering profile has a clear hexagonal pattern of diffraction
spots. The position and orientation of the spots indicates
that, at this temperature, the lysozyme proteins are or-
ganized into a purely FCC lattice with very few stacking
faults [21]. Stacking faults, which cause the formation of a
mixed FCC/HCP lattice, would result in the appearance

of spots at a lower value of q and in the rotation of the
orientation of the spots by 30◦ relative to that observed
in Figure 6a [21]. The pattern of an FCC/HCP lattice
would be similar to that in Figure 2a. The structure of
the nanocomposite at this temperature (Fig. 6a) is anal-
ogous to the sodium chloride lattice where the proteins
are located in the octahedral interstitial sites between
the micelles. The formation of true FCC single crystals
was also recently observed in nanocomposites of BSA and
Pluronic F127 subjected to oscillatory shear [4]. The in-
terparticle distance, calculated for neighboring proteins in
this nanocomposite, corresponds to 17.9 nm. The slightly
smaller interparticle spacing is due to the larger poly-
mer concentration that pushes the “soft” polymer micelles
closer together [7]. When the temperature is increased to
40 ◦C, the formation of a linear array of proteins is evident
from the two intense diffraction spots in the vorticity di-
rection. The lack of second-order spots is due to the weak
form factor of these small proteins. This prevents the de-
termination of the packing lattice (square or hexagonal).
Nevertheless, the profile again shows that the proteins are
organized into linear arrays by the crystal of cylindrical
micelles; a structural transition confirmed by the appear-
ance of optical birefringence in the sample.

4 Conclusions

We have described a simple method to organize a variety
of nanosized hydrophilic particles using a self-assembling
block copolymer matrix. Temperature is used to drive
the polymers to form a crystal of spherical micelles
(FCC/HCP) at moderate temperatures to a crystal of
cylindrical micelles at higher temperatures. Shear is used
to align the micelle template and the dispersed particles
towards macroscopic crystal domains with a preferential
orientation. Using this technique, the temperature depen-
dence of the polymer template can be used as an external
switch to jump between the two types of arrays for the
templated nanoparticles. Finally, we show that the tech-
nique can be extended to organize a wide variety of par-
ticles when the system parameters (e.g., relative size) are
chosen appropriately.
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