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ABSTRACT: Shape amphiphiles with distinct shapes and amphiphilic
properties can be used as fundamental building blocks in the fabrication of
novel structures and advanced materials. In this research synthesis and self-
assembly of monotethered single-chain nanoparticle shape amphiphiles are
reported. Poly(2-(dimethylamino)ethyl methacrylate)-block-polystyrene
(PDMAEMA-b-PS) was synthesized by two-step reversible addition—
fragmentation chain transfer (RAFT) polymerization. The PDMAEMA blocks
were intramolecularly cross-linked by 1,4-diiodobutane (DIB) at significantly
low concentrations, and PS-tethered PDMAEMA single-chain nanoparticles
were prepared. Gel permeation chromatograph, 'H NMR and transmission
electron microscopy results all indicated successful synthesis of the structures.
The controlled self-assembly of the shape amphiphiles in selective solvents was
investigated. Depending on the size of the single-chain nanoparticles, the shape

amphiphiles self-assemble into strawberry-like micelles, a structure with single-chain nanoparticles in the corona and PS in the
core, or vesicles in aqueous solutions. Similar to the self-assembled structures in aqueous solution, the morphology of the
aggregates in methanol changes from micellar structure to vesicular structure with the decrease of the PDMAEMA single-chain
nanoparticles size. In cyclohexane, the shape amphiphiles self-assemble into bunchy micelles with single-chain nanoparticles in

the cores and linear PS in the coronae.

t is well-known that small-molecule surfactants, amphiphilic

block copolymers and graft copolymers are able to self-
assemble into micelles in aqueous phases." For example, in
amphiphilic block copolymer assemblies, the hydrophobic
blocks form the cores of the structures, whereas the hydrophilic
blocks form the coronae. Self-assembly of block copolymers has
been studied both from theoretical and experimental points of
view due to the wide applications of the self-assembled
structures.” In this decade, with the development of nano-
science and nanotechnology many new “nanoobjects” and
particles are produced, which can be used as new building
blocks in the fabrication of novel structures by self-assembly
approach. Shape amphiphiles are a type of building blocks with
distinct shapes and amphiphilic properties and are able to
spontaneously organize into ordered arrangements.” Patchy
particles prepared by decorating the specific surface of the
particles with “sticky patches” and tethered nanoparticles
synthesized by attaching polymer chains to the nanoparticles
are two typical classes of shape amphiphiles.*

In 1997, Marques published a theoretical study on the
micellar aggregation of a shape amphiphile with an insoluble
solid bead and a soluble long tadpole tail.* His results indicate
that the tadpole-like molecules are able to self-assemble into
micelles. The core of a micelle is composed of solid beads and
has a porous structure. Recently, synthesis and self-assembly of
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shape amphiphiles based on polymer chain tethered polyhedral
oligomeric silsesquioxanes (POSS) and polyoxometalate
(POM) were reported.*” The self-assembled morphology can
be tuned from vesicles to wormlike cylinders and to spherical
micelles.

In this decade, intramolecular cross-linking of linear polymer
chains has been an efficient route to the synthesis of structurally
well-defined nanoparticles.*” In a dilute polymer solution with
a concentration below the overlap concentration, the
dimensions of individual polymer chains are smaller than the
average distance between the two chains and the polymer coils
in solution simply do not have contact with each other, cross-
linking reactions at such low concentrations will result in
intrachain cross-linkings.” After intramolecular cross-linking
reaction, a linear polymer chain presents a coil-to-globule
transition and a single-chain nanoparticle is prepared. Besides
linear polymer chains, intramolecular cross-linkings of core—
shell brush polymers were also reported.'”'"

Most previous researches were focused on the synthesis of
single-chain nanoparticles by different methods; however, the
use of single-chain nanoparticles as elementary building blocks
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in the bottom-up self-assembly approach has not been touched.
Herein, we report the synthesis and self-assembly of polymer
chain tethered single-chain nanoparticle amphiphiles in
selective solvents. In such a molecular structure, there is only
one hydrophobic polymer chain tethered to a single-chain
nanoparticle, so we call this type of structure monotethered
single-chain nanoparticle shape amphiphiles. Poly(2-
(dimethylamino)ethyl methacrylate)-block-polystyrene
(PDMAEMA-b-PS) was synthesized by reversible addition—
fragmentation chain transfer (RAFT) polymerization. The
PDMAEMA blocks were partly cross-linked by 1,4-diiodobu-
tane (DIB) at significantly low concentrations, and mono-
tethered single-chain nanoparticle shape amphiphiles were
prepared. A shape amphiphile molecule is composed of a
positively charged PDMAEMA single-chain nanoparticle and a
PS chain tethered to the nanoparticle (scheme 1). The
controlled self-assemblies of the well-defined shape amphiphiles

in selective solvents were investigated in this research.

Scheme 1. Outline for the Synthesis of Shape Amphiphiles
with Poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) Single-Chain Nanoparticles and Polystyrene
(PS) Tails by Two-Step RAFT Polymerization and
Intramolecular Cross-Linking Reaction

d

/

NN
dioxane, 24h, 40°C

Intramolecular
cross-linking

The average size of the single-chain nanoparticles is
dependent on the molecular weight of the precursor polymer,
and the size distribution of the nanoparticles is dependent on
the polydispersity. To prepare well-defined single-chain nano-
particle-coil structures, linear diblock copolymers with well-
defined structures and low molecular weight distributions are
required. In this research two PDMAEMA-b-PS linear diblock
copolymers with different compositions were synthesized by
two-step RAFT polymerizations (Scheme 1). '"H NMR result
shows that the average repeating unit numbers of PDMAEMA
and PS in the two block copolymers are 74, 297 and 15, 151. In
this paper, the two precursor linear block copolymers are
denominated as PDMAEMA.,-b-PS,,; and PDMAEMA ;-b-
PS5, respectively. Based on size exclusion chromatography
(SEC) results, the apparent molecular weights (M,) and the
polydispersities of the two diblock copolymers are 33.4 K, 1.20,
and 174 K, 1.17.

The quaternization reactions were widely used in the
preparation of cross-linked structures.'? In this research, the
quaternization reaction between PDMAEMA and DIB was
used in the preparation of single-chain nanoparticles. In order
to avoid intermolecular cross-linking and promote efficient
formation of single-chain nanoparticles, intramolecular cross-
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linking of PDMAEMA-b-PS was conducted in 1,4-dioxane at a
very low concentration by adding dropwise DIB into the
polymer solution. The degree of cross-linking was controlled by
controlling the amount of DIB used in the reaction. With the
intramolecular cross-linking reaction, PDMAEMA blocks
collapse forming single-chain nanoparticles, and quaternary
ammonium salts are produced on the nanoparticles. In this
paper, the single-chain nanoparticle-coil structures are referred
to as NP,-PDMAEMA-b-PS, where n represents the percentage
of the quaternary ammonium salts in PDMAEMA block, which
can be determined by the amount of iodine in the block
coolymer.

When unimolecular particles are formed by intramolecular
cross-linking of linear polymer chains, a reduction in hydro-
dynamic radius, as well as the average apparent molecular
weight, is observed due to the collapse of the linear polymer
chains.”* Part a in Figure 1 compares SEC traces for

d
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Figure 1. (a) SEC traces of PDMAEMA,,-b-PS,,, (curve a), NP -
PDMAEMA,,-b-PS,,, (curve b), and NP,,-PDMAEMA,,-b-PS,,
(curve ¢); (b) 'H NMR spectra of PDMAEMA.,,-b-PS,,, (spectrum
a) and NP,,-PDMAEMA,,,-b-PS,q, (spectrum b).

PDMAEMA,,-b-PS,y;, NP,;-PDMAEMA,,-b-PS,,, and NP, ,-
PDMAEMA.,-b-PS,q,. In comparison to the linear precursor
block copolymer, the increase in the retention time suggests the
decrease of the hydrodynamic volume of the block copolymer
after intramolecular cross-linking of PDMAEMA blocks, and
the formation of the single-chain nanoparticle-coil structures.
The apparent number-average molecular weights of PDMAE-
MA,4-b-PS,;, NP, ;-PDMAEMA,,-b-PS,,, and NP, ,-PDMAE-
MA,4-b-PS,q;, as determined by SEC are 33.4K, 27.4K, and
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26.1K. A reduction in the apparent molecular weight
demonstrates the intramolecular cross-linking of PDMAEMA
blocks by DIB. The number-average molecular weights and
polydispersities of the nanoparticle-coil structures and their
precursors are summarized in Table S1 (Supporting Informa-
tion). Figure 1b shows '"H NMR spectra of PDMAEMA.,,-b-
PS,y; and NPy,-PDMAEMA,,-b-PS,q,. In the spectrum of
PDMAEMA,,-b-PS,y,, the peaks at 7.14 and 6.69 ppm
represent phenyl protons on styrene repeating units, and the
peaks at 4.09 and 2.62 ppm are assigned to the methylene
protons neighboring ester group and nitrogen atom in
DMAEMA repeating units, whereas the peak at 2.33 ppm is
attributed to the methyl protons connecting to the nitrogen
atom. In comparison to the linear block copolymer, the
intensities of the peaks corresponding to the protons on
PDMAEMA blocks at 4.09, 2.62, and 2.33 ppm decrease
significantly after cross-linking reaction, which can be
rationalized by the cross-lonking of the PDMAEMA blocks
limiting the rotational and diffusional mobility of the protons
on the repeating units. It is worthy to note that strong signals
corresponding to the phenyl protons are still observed even
after intramolecular cross-linking reaction, which indicates that
PS blocks are still solvated after the intramolecular cross-linking
reaction.

By controlling the molecular weight of the linear precursor
polymer and the cross-linking degree, single-chain nano-
particles in the range from a couple of nanometers to 20 nm
can be synthesized. Transmission electron microscopy (TEM)
is a powerful tool in the study of materials in this size range,
and TEM measurement is able to provide direct evidence to the
formation of single-chain nanoparticles.'* In this research
monotethered single-chain nanoparticle shape amphiphiles
were further characterized by TEM. Figure 2ab shows two
TEM images of NP, -PDMAEMA,,-b-PS,y; and NP,-
PDMAEMA,,-b-PS,g, prepared by casting from THF solutions.
The single-chain nanoparticles are cross-linked by DIB, and
iodine in the nanoparticles enhances the contrast between the
nanoparticles and the background, so no staining is necessary.
In the TEM images, narrowly dispersed spherical nanoparticles
are observed and the average size of NP, ,-PDMAEMA,,-b-
PS,y; and NP,,-PDMAEMA.,-b-PS,y; are 4.4 and 4.0 nm,
respectively. Figure 2c¢ shows DLS curves of NP, ;-PDMAE-
MA,;-b-PS,5; and NP,,-PDMAEMA,,-b-PS,y, in THF. The
average hydrodynamic diameters of the two structures are 6.0
and 4.8 nm, respectively. Both TEM and DLS results suggest
that the average size of the structures decreases with the
increase of the amount of DIB used in the cross-linking
reaction. Figure 2d shows a TEM image of NP ;,-
PDMAEMA 5-b-PS5;. The average size of the nanoparticles
is about 2 nm. Because the precursor diblock copolymer
PDMAEMA-b-PS;; has shorter PDMAEMA blocks, the size
of NP 3,-PDMAEMA -b-PS 5, is smaller than the single-chain
nanoparticles formed by PDMAEMA.,-b-PS,y, at two different
cross-linking degrees. Figure 2e represents a tapping mode
AFM image of NP, ;-PDMAEMA,,-b-PS,,, dispersed on mica
surface from dilute solution. Spherical single-chain nano-
particles can be found in the image. The average size of the
nanoparticles is about 10 nm, which is slightly bigger than TEM
result (Figure 2a). The difference can be explained by the
strong interaction between the positively charged nanoparticles
and the polar mica substrate, and the deformation of the
structures.
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Figure 2. TEM images of (a) NP,,-PDMAEMA,,-b-PS,y,, (b) NP, ,-
PDMAEMA,,-b-PS,,,, and (d) NP, ;,-PDMAEMA ;-b-PS;; prepared
by casting from THF solutions; (c) dynamic light scattering curves of
NP, ;-PDMAEMA,,-b-PS,y, and NP,,-PDMAEMA.,-b-PS,,, and (e)
tapping mode AFM micrograph of NP, ;-PDMAEMA,,-b-PS,y,
adsorbed on the surface of mica.

A shape amphiphile molecule synthesized in this research has
one hydrophilic nanoparticle head and one hydrophobic PS tail,
so it is expected that the well-defined shape amphiphiles are
able to self-assemble into ordered structures in aqueous
solutions. In order to study self-assemblies of the shape
amphiphiles in aqueous media, polymers were dissolved in
THF and 6-fold of water were added into the solutions at
stirring, and colloidal solutions were obtained after dialysis of
the solutions against water. Figure 3a,b represents TEM images
of aggregates of NP, ;-PDMAEMA,,-b-PS,,, observed at two
different magnifications. At low magnification, spherical
micelles in the size range from 17 to 50 nm are observed
(Figure 3a). The average size of the micelles is about 30 nm. At
high magnification single-chain nanoparticles on the surfaces of
the micelles are observed (Figure 3b). The inset of Figure 3a
shows a DLS curve of the micelles in aqueous solution. The
average hydrodynamic diameter of the micelles is about 38 nm.
In a self-assembly structure, PS chains collapse forming the core
of a micelle and the hydrophilic single chain nanoparticles are
in the corona to stabilize the micellar structure. Because the
surfaces of the micelles are decorated by single-chain
nanoparticles, we call them strawberry-like micelles. Figure 3¢
presents an AFM image of the micelles formed by NP, ;-
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Figure 3. TEM images of self-assembly aggregates of NP ;-
PDMAEMA,,-b-PS,o; (3, b), NP,,-PDMAEMA,, b-PS,y, (d, e), and
NP, 3,-PDMAEMA ;-b-PS 5, (f, g) in aqueous solutions, tapping mode
AFM image of self-assembly aggregates of NP, ;-PDMAEMA,,-b-PS,,,
(c), and (h) cartoon pictures showing the details of the micellar
structure and vesicular structure self-assembled by shape amphiphiles.
The insets of parts a, d, and f are DLS curves of self-assembly
structures in aqueous solutions.

PDMAEMA, ,-b-PS,,,. The average size of the micelles is about
40 nm, which is bigger than TEM result; however, the height of
the structures is much smaller than their diameter. The bigger
size and lower height of the aggregates indicate the strong
interaction between the aggregates and the substrate surface,
and the deformation of the structures. In the AFM image, the
single-chain nanoparticles on the surfaces of the aggregates can
be observed clearly, which demonstrate that the surfaces of the
micelles are stabilized by positively charged single-chain
nanoparticles.
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Figure 3d,e shows two TEM images of micelles formed by
NP, ,-PDMAEMA.,-b-PS,4, in aqueous solutions. Based on the
TEM result the average size of the micelles is about 50 nm. In a
magnified TEM image single-chain nanoparticles in the coronae
can be observed clearly (Figure 3e). The inset of Figure 3d
shows a DLS curve of the micelles in aqueous solution. The
average hydrodynamic diameter of the strawberry-like micelles
is about 91 nm. When a dispersed particle moves through a
liquid medium, a thin liquid layer adheres to its surface. Because
of the influences of the liquid layer, the hydrodynamic diameter
of the particles measured by DLS is bigger than the size
determined by TEM. In aqueous solutions, the micellar
structures are stabilized by the positively charged quaternary
ammonium salts on the surface of the single chain nano-
particles, so the micelles are positively charged. The zeta
potentials of the micelles formed by NP,;-PDMAEMA.,-b-
PS,y; and NP,,-PDMAEMA,,-b-PS,y, are 7.2 and 17.5 mV,
respectively. PDMAEMA is a pH-sensitive polymer in aqueous
solution. At room temperature, PDMAEMA is water-soluble at
low pH values, however, it precipitates from neutral or basic
aqueous solution."> In this study, the micellar solution was
controlled at neutral pH, so PDMAEMA chains inside the
single-chain nanoparticles are kept at collapsed state, and the
quaternized DMAEMA units located at the surface of single-
chain nanoparticles stabilize the micellar structures. A scheme
showing the details of a micellar structure is presented in Figure
3h.

Amphiphilic linear block copolymers are able to self-assemble
into multiple morphologies in solution. Depending on the
length of the hydrophilic block, the morphology can vary from
spherical micelles, rods, and vesicles. For example, Eisenberg
and co-worker synthesized polystyrene-block-poly(acrylic acid)
(PS-b-PAA) with different PAA chain lengths and found that
with decreasing PAA block lengths the morphology changes
from spherical to rod-like, to vesicles, and to micrometer-size
spheres.'® To investigate the relationship between the
morphology and the composition of the shape amphiphiles,
self-assembly of NP 4,-PDMAEMA;-b-PS s, a structure with
smaller single-chain nanoparticles, was conducted in aqueous
solution. A TEM image of self-assembly structures formed by
NP, ;,-PDMAEMA -b-PS5; in aqueous solution is shown in
Figure 3f. In the image, the appearance of the dark rings in the
self-assembly structures indicates the formation of the vesicles.
To avoid unfavorable interaction with water, PS blocks in the
tadpole-like macromolecules collapse forming the walls of
vesicles, while the positively charged single chain nanoparticles
distribute at the inner and outer surfaces to stabilize the
structures. A scheme showing a vesicle structure is presented in
Figure 3h. A magnified TEM image of a specific vesicular
structure is shown in Figure 3g. Based on the TEM result, the
thickness of the walls are determined to be about 20 to 25 nm.
DLS curve of the self-assembly aggregates of NP ,-
PDMAEMA 5-b-PS 5, is shown in the inset of Figure 3f. The
hydrodynamic diameters of the structures are in the range from
200 to more than 1000 nm, which are much bigger than the
micellar structures self-assembled by NP, ,-PDMAEMA,,-b-
PS,y; or NPy,-PDMAEMA,,-b-PS,,, in aqueous solutions. The
significant changes in the morphology and sizes of the self-
assembled structures are attributed to the polymer structures.
The morphologies of amphiphilic linear block copolymers are
governed by a balance of contributions to the free energy
including the interfacial energy, the stretching of the core
blocks and the repulsive interactions among the corona
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chains.'” The morphology and size changes of the PS tethered
PDMAEMA single-chain nanoparticles in solution are also
driven by the change of the free energy. With the decreases in
PDMAEMA block length and the hydrophilicity of the single
chain nanoparticles, the free energy of the system increases, and
the system minimizes the total interfacial area by forming
vesicular structures and increasing their sizes.

In the preparation of PS tethered single-chain nanoparticles,
the cross-linking degree is controlled at low level, and most
DMAEMA repeating units are unquaternized. A question that
arises from the previous studies is whether unquaternized
PDMAEMA segments inside the single-chain nanoparticles can
stabilize the self-assembled structures in solution. In order to
answer this question, the self-assembly of the macromolecules
in methanol is conducted, where methanol is a good solvent for
PDMAEMA and a precipitant for PS. Figure S1 in Supporting
Information part shows the change of optical transmittance
versus volume percentage of methanol added into THF
solution of NP, ,-PDMAEMA,,-b-PS,y;,. As the polymer
aggregates together, the turbidity of the solution increases,
and the transmittance decreases. Our experimental result shows
that when the volume percentage of methanol reaches 10%, the
transmittance of the solution starts to decrease indicating the
start of the self-assembly of the polymer, and when the volume
percentage reaches 30%, the transmittance levels off. Figure
4a,b shows two TEM images of aggregates assembled by NP ;-
PDMAEMA,,-b-PS,q, in methanol. Spherical micelles with an
average size of 29 nm are formed by NP, ;-PDMAEMA.,,-b-
PS,y; in methanol (Figure 4a). In a magnified TEM image,
single-chain nanoparticles on the surfaces of the micelles can be
observed (Figure 4b). DLS curve of the micelles in methanol is
presented in the inset of Figure 4a. The average hydrodynamic
diameter of the micelles is about 30 nm, which is very close to
the size measured by TEM. Two TEM images of micelles
formed by NP,,-PDMAEMA.,-b-PS,,, in methanol are shown
in Figure 4c,d. Based on TEM results, the average size of the
micelles is about 36 nm. A magnified TEM image of the
micelles is shown in Figure 4d. In the image single-chain
nanoparticles in the coronae of the micelles are observed, which
indicate that the micellar structures are stabilized by solvated
PDMAEMA entrapped inside the single-chain nanoparticles.
DLS curve of the micelles is presented in the insert of Figure
4c. The hydrodynamic diameters of the micelles are in the
range from 20 to 80 nm with an average value at about 38 nm.
So our TEM and DLS results both demonstrate that the
PDMAEMA segments inside the single-chain nanoparticles are
also able to stabilize the micellar structures.

Figure 4e and f are two TEM images of aggregates of NP 3,-
PDMAEMA -b-PS g, in methanol. In the TEM image, large
spherical vesicles with sizes in the range from 100 to 500 nm
are observed, which indicates that similar to the self-assembly of
the macromolecules in aqueous solution, with decreases in
PDMAEMA block length and the average size of the single-
chain nanoparticles the morphology of the aggregates in
methanol changes from micellar structure to vesicular structure.
DLS curve of the vesicles is shown in the insert of Figure 4e,
which indicates that the hydrodynamic diameter of the
aggregates is in the range from 180 to 500 nm. A magnified
TEM image of a specific vesicle is presented in Figure 4f. Based
on the TEM image, the thickness of the wall is calculated to be
about 14 nm.

In a previous paper, Marques reported a theoretical study on
the micellization of macrosurfactants with a soluble long
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Figure 4. TEM images of self-assembly aggregates of NP ;-
PDMAEMA,,-b-PS,; (3, b), NP;,-PDMAEMA,,-b-PS,,, (c, d), and
NP, ;,-PDMAEMA -b-PS ¢, (e, f) in methanol solutions. The insets
of parts a, ¢, and e are DLS curves of self-assembled structures in the
solutions.

polymer chain tethered to an insoluble solid spherical particle.®
In his theory, the resulting aggregates can be pictured as a
molten spherical core surrounded by the swollen tails. He
referred to the resulting aggregates as bunchy micelles. One of
the features of the bunchy micelles is the porous structure in
the micellar core. In the macromolecules used in our research,
there is a long PS chain tethered to a single-chain nanoparticle,
and a polymer with such a structure can be used as a typical
model to study the formation of bunchy micelles in a selective
solvent. The self-assembly of the macromolecules was
investigated in cyclohexane at a temperature above 35 °C. At
this temperature cyclohexane is a good solvent for PS and a
precipitant for PDMAEMA. A TEM image of aggregates of
NP, ,-PDMAEMA,,-b-PS,y, prepared from cyclohexane sol-
ution is shown in Figure Sa. In the image spherical aggregates
with sizes in the range from 30 to S0 nm are observed. A
magnified TEM image is shown in the insert of Figure Sa, from
which it can be found that the core of the aggregate is
composed of single-chain nanoparticles. The size distribution of
the aggregates is also presented in the insert of Figure Sa. The
bunchy micelles possess unimodal size distribution with
hydrodynamic diameters in the range from 20 to 80 nm. The
average hydrodynamic diameter of the bunchy micelles is about
33 nm. Our experimental results agree well with the theory
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Figure S. (a) A TEM image of self-assembly aggregates of NP, -
PDMAEMA,,-b-PS,,; in cyclohexane solution; (b) A cartoon picture
showing structure of a bunchy micelle with single-chain nanoparticles
in the core and soluble polymer tails in the corona.

proposed by Marques. In cyclohexane the shape amphiphile
macromolecules self-assemble into bunchy micelles with
positively charged single-chain nanoparticles in the cores and
solvated PS in the coronae to stabilize the structures. The
structure of the bunchy micelles is illustrated in Figure Sb.

In conclusion, we have demonstrated that PS tethered
PDMAEMA single-chain nanoparticles can be used as building
blocks in the fabrication of ordered structures. Depending on
the PDMAEMA block length and the size of the single-chain
nanoparticles, the shape amphiphiles can self-assemble into
micellar or vesicular structures in aqueous and methanol
solutions. In cyclohexane, the shape amphiphiles self-assemble
into aggregates with single-chain nanoparticles in the cores and
linear PS in the coronae. In the future, we hope to synthesize
single-chain nanoparticles with controllable internal structures
and create self-assembled structures with multifunctionalities.
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Experimental part and a table showing the molecular weights
and distributions of PS tethered single-chain nanoparticles and
their precursors. This material is available free of charge via the
Internet at http://pubs.acs.org.
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