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Nanostructured TiO, Films Templated by Amphiphilic Dendritic Core-
Double-Shell Macromolecules: From Isolated Nanorings to
Continuous 2D Mesoporous Networks™**

Meizhen Yin, Yajun Cheng, Miaoyin Liu, Jochen S. Gutmann, and Klaus Miillen*

Crystalline TiO, with a controlled morphology has tremen-
dous applications in many different fields such as photo-
catalysis, gas sensors, lithium-ion batteries, and dye-sensitized
solar cells.!! The working mechanisms of these functional
materials are dominated by interfacial processes. Conse-
quently, the performance of these materials is significantly
influenced by their morphology.” Numerous reports have
described the synthesis of nanoscale titania materials with
different morphologies,”! where small surfactant molecules or
amphiphilic block copolymers were typically used as templat-
ing agents®* ¥ coupled with sol-gel chemistry. However,
conventional block polymer micelles represent thermody-
namic aggregates of amphiphilic molecules above their
critical micelle concentration. Thus, block copolymer micelles
are dynamically stable and their characteristics for a given
system depend on the thermodynamic properties of the
solvent and on temperature. The shape of the micellar
structure might change upon varying the conditions, such as
solvent, temperature, concentration, or pH. In contrast to
these conventional micellar systems, dendritic core—shell
macromolecules form “unimolecular micelles” in which the
hydrophilic and hydrophobic segments are covalently con-
nected with the dendritic core.’! Therefore, their micellar
structure is static rather than dynamic, which offers mono-
disperse and structurally stable spherical macromolecules.!

Herein, we report the design and use of a novel class of
dendritic amphiphilic core-double-shell macromolecules
(P1a and P1b, Scheme 1) as templates for the fabrication of
well-organized, nanoporous thin TiO, films. The macromole-
cules consist of a central rigid polyphenylene dendrimer core
and a flexible amphiphilic double-polymer shell with twelve
arms, in which a polystyrene (PS) block serves as the
hydrophobic segment and poly(acrylic acid) (PA) forms the
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hydrophilic moiety. The shape-persistent second-generation
polyphenylene dendrimer core was selected as a scaffold as it

b) tert-butylacrylate
90°C, CuBr, DTB-bipy
¢) CF,COOH, CH,CL,, RT

a) Styrene, 100°C
CuBr, DTB-bipy

P1an=240, m=60
P1b n =90, m =60

Scheme 1. Synthesis of dendritic amphiphilic core—double-shell macro-
molecules P1a and P1b. a) styrene, CuBr, 4,4'-di-tert-butyl-2,2"-bipyr-
idine (DTB-bipy), 100°C. b) tert-butyl acrylate, CuBr, DTB-bipy, 100°C.
¢) CF,COOH, CH,Cl,, RT.
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provides a globular shape, a perfectly branched structure, and
the availability of a defined number of functional groups at
the surface that can undergo a further “grafting-from”
procedure. The target of our research was the reproducible
formation of TiO, thin films with specific morphologies by the
systematic adjustment of the length of hydrophobic PS blocks
in these dendritic amphiphilic core—double-shell macromole-
cules.

Scheme 1 shows the synthesis of dendritic amphiphilic
core—double-shell macromolecules P1la and P1b, starting
from the previously described macroinitiator 1,7 which bears
twelve 2-bromo-2-methylpropionic ester groups. Atom trans-
fer radical polymerization (ATRP)® with styrene and further
extension with fert-butyl acrylate was performed in a con-
trolled manner, that is, as a controlled conversion below 20 %
in order to avoid intermolecular reactions. Subsequent
removal of the tert-butyl protecting groups was achieved
under acidic conditions to yield P1a and P1b. For compar-
ison, a core-single-shell macromolecule P2 (see below),
which bears only fert-butyl acrylate as a monomer was

P2 n=100

synthesized in a similar fashion. A detailed description of the
synthetic procedure and the essential characterization of P1a
and P1b and P2 with FTIR and 'H NMR spectroscopy are
given in Schemes S1-S4, and Figures S1 and S2 in the
Supporting Information.

Core-shell star polymers containing multiple arms con-
nected to a central core have different properties compared to
their linear analogues because of their compact structure and
branched architecture. In accordance with previous experi-
ments,”) it was assumed that all twelve initiator sites were able
to initiate the ATRP polymerization. The block lengths of the
PS or PA polymer chains are given as repeating units (r.u.).
The abbreviation PS(240)-b-PA(60) corresponds to 240 r.u. of
polystyrene as a first polymer shell and 60 r.u. of PA as a
secondary shell. One important characteristic of the core—
shell system is the size of the particles, which is usually
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defined as the hydrodynamic radius (R,) in a particular
solvent. The R, values of the synthesized core—shell particles
were measured by dynamic light scattering (DLS) in DMF.
The DLS data are summarized in Table 1. In case of P1a and

Table 1: DLS data of the amphiphilic core—double-shell star polymers
(P1a and P1b) and the core—single-shell macromolecule (P2) in DMF
(Lps = Rhm—Rhe Lpa= Rna—Rim).-

No. polymer core, core-single- Lps  core-double- L,
R [nm] shell, R, [nm] [nm] shell, R,y [nm] [nm]
Pla PS(240)- 1.54+0.1 11.2+0.2 9.7 14.6+03 34
b-PA(60)
P1b PS(90)-b- 1.5+0.1 5.8+0.2 43 9.3+0.2 35
PA(60)
P2 PA(100) 15401 6.640.1 - - 5.16

[a] For P2, Lo = Ryn—Rie.

P1b, the block length of PS polymer chain was expressed by
the difference of the hydrodynamic radii of the core—single-
shell (R,,) and that of dendrimer core (R.), that is, Lys=
Ryn—Ry.. Similarly, the block length of PA was calculated
from the difference of the hydrodynamic radii of the core—
double shell (Ryy) and Ry, that is, Lpy = Ryq—Ry,,. Table 1
shows that the particle size increases with polymer chain
length, which is consistent with supplementary experiments.

We assumed that the core—double-shell template directs
the formation of a micellar structure with a functional
inorganic Ti—O— section in the outer shell (Scheme 2). This
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Scheme 2. Schematic illustration of the TiO, cyclization process tem-
plated by amphiphilic core—double-shell macromolecules.

occurs as titanium tetraisopropoxide (TTIP) can be incorpo-
rated into the outer PA shell through coordination bonds, but
not into the inner PS shell. Subsequent hydrolysis and
condensation of TTIP leads to the formation of covalent
Ti—O— bonds between adjacent PA domains in one micelle.
The complex solution is deposited onto a silicon wafer by spin
coating. The organic section is removed by calcination, while
the inorganic part forms a hollow TiO, shell or, if collapse
occurs, a TiO, ring. The latter is more desirable in the
fabrication of mesoporous films and may serve as a container
for dyes in solar-cell applications. The size of the pore can
therefore be controlled by the length of the hydrophobic PS
block. We therefore proposed that the desired pore size of the
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nanostructured TiO, could be obtained by systematically
adjusting the length of hydrophobic PS block in the core-
double-shell template.

To test this hypothesis, P1a was first used as a template to
dictate the morphology of crystalline TiO,. The morphology
of crystalline TiO, was revealed by scanning electron micro-
scopy (SEM) and atomic force microscopy (AFM). As
expected, at a low concentration (1.25mgmL~" in DMF)
and before calcination, the P1a complexes were distributed as
isolated spherical structures on the surface of the silicon wafer
(Figure 1 A,C). The average radius of the sphere was (17 £
1.5) nm, obtained from the AFM image (Figure 1A), and
(16.5 +1.5) nm, calculated from the SEM image (Figure 1C).
Although the radii of the P1a macromolecules were slightly
larger than the R,y value measured by DLS in solution
(Table 1, R,q=14.6 nm), the height of the sphere calculated
from the AFM image was significantly smaller ((15+1) nm,
Figure 1 A) than the diameter of the core-shell template P1a
in solution (2 x Ry3=29.2 nm). The decreased height and the
increased diameter of the micelles were attributed to the
partial flattening of the flexible polymer shells on the
substrate during spin coating. After calcination, the isolated
TiO, nanospheres were transformed into a ringlike structures
with the same pore size (Figure 1B, D). The transformation in
morphology indicates a collapse during calcination. The
collapsed apical shell could overlay on the sidewall of the
ring, because the sidewall of the ring was thicker than the
theoretical value and the height of the ring was much lower
than that of the TiO, nanosphere. AFM and SEM data
showed that the thickness of the ring wall was (6 +1.2) nm,
while the theoretical value is 3.4 nm. AFM height images
showed the height of the TiO, ring to be (2.0 £ 0.2) nm, which
was significantly smaller than the height of the sphere ((15 +
1) nm)) before calcination. Both SEM and AFM measure-
ments showed that the average pore radius was (12 £+ 1) nm,
which is consistent with the hydrophobic R, value of inner
shell and core (R, =11.2 nm in DMF, Table 1). These results
therefore demonstrate that the initial hypothesis is valid and
an amphiphilic core-double-shell macromolecule Pla suc-
cessfully serves as a template to control the morphology of
crystalline TiO,.

Interestingly, many nanorings became connected to each
other when the concentration of Pla was increased
(25mgmL™" in DMF; Figure 1E and Figure S3 in the
Supporting Information). This implies that the spherical
micelles fuse together statically in solution if the concen-
tration is high enough. As we considered the fusion between
micelles to be advantageous, we increased the concentration
of P1a to 5 mgmL™" in DMF, which resulted in the formation
of an organized continuous nanoporous TiO, film (Figure 1 F
and Figure S4 in the Supporting Information). X-ray reflec-
tivity measurements showed the average film thickness to be
5.3 nm (Figure S5 in the Supporting Information). The pore
size of the film was consistent with that of isolated TiO,
nanorings. In general, we followed synthetic procedures
common for conventional block copolymer templates—films
from the complex solution were prepared after stirring for
one hour.”¥ To show that the dendrimer micelles are more
“robust”, the P1a complex solution was stored for 20 days
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Figure 1. Dendritic amphiphilic core—double-shell macromolecules
serve as templates to direct the morphogenesis of crystal TiO,. Plot
surface of AFM image of TiO, templated by P1a A) before and B) after
calcination. SEM image of TiO, templated by C) P1a (1.0 mgmL™) in
DMF before calcination; D) P1a (1.0 mgmL™") in DMF after calcina-
tion; E) P1a (2.5 mgmL™") in DMF after calcination; F) P1a

(5.0 mgmL™") in DMF after calcination; G) P1b (5.0 mgmL™" in DMF
after calcination; H) P2 (5.0 mgmL™") in DMF after calcination.

under argon at room temperature before spin coating. The
morphology of the TiO, films from this solution was the same
as that of the films obtained from fresh solutions. This
demonstrated that P1a had a higher stability compared to
conventional block copolymers because of to its special
structure, and thus confirms the existence of its static stable
micellar structure rather than a limited dynamic stable
micellar system.

To control the pore size of the TiO, porous films, a
strategy based on adjusting the hydrophobic block length was
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developed. Macromolecule P1b, which contains a hydrophilic
segment of the same length but a shorter hydrophobic PS
block (R,=5.8 nm) than that of Pla, was designed as a
template to tune the pore size. As expected, an organized
continuous nanoporous TiO, film with a smaller pore
(radius = (6 +1) nm, Figure 1G and Figure S6 in the Sup-
porting Information) was achieved. The radius of the pore
was in agreement with the Ry, values measured using DLS in
solution (R, =5.8 nm, Table 1). Therefore, the pore size of
the film can be tuned by systematically varying the length of
the hydrophobic block, which has further confirmed the
process presented in Scheme 2.

To further investigate the templating effect of each shell
on the porous TiO, film, a control templating agent, P2,
bearing only a single shell of hydrophilic PA chains was
synthesized. Compound P2 was used to template the TiO,
film in the same way as the double-shell macromolecule, this
procedure resulted in a TiO, film without pore organization
(Figure 1H and Figure S7 in the Supporting Information).
This result indicates that the flexible hydrophobic PS shell is
critical in the formation of organized porous TiO, films.

In summary, novel dendritic amphiphilic core-double-
shell macromolecules were designed and applied as templates
to tune the morphology of TiO, films. An isolated, well-
defined TiO, nanoring was obtained with the template of a
single amphiphilic core-double-shell molecule. At an appro-
priate complex concentration, these rings fused to form an
organized nanoporous TiO, film. The pore size could be
controlled by adjusting the length of the hydrophobic block in
the inner shell of core—~double-shell macromolecules. Thus, a
new design of template molecules for controlling the morpho-
genesis of functional metal oxide films is available. The
controllable pore size offers opportunities for potential
applications, such as the penetration of hole conductor
molecules in solar cells which require pore diameters larger
than 10 nm. Future work on the application of the porous
TiO, films in solar cells is in progress.

Experimental Section
Core-shell macromolecules (5, 10, or 20 mg) were dissolved in DMF
(4.0g) at room temperature, followed by the addition of the
appropriate amounts of HCI (37 %, 40 mg) solution and titanium
tetraisopropoxide (TTIP, Aldrich, 97°%, 35 mg) within 3 min and the
solution was stirred for 1 h. Films were prepared on silicon wafer
substrates by spin coating for 60.0 s using a Siiss MicroTec Delta 80
spin coater under ambient conditions (rotation speed of 2000 rpm).
The film thickness was measured by X-ray reflectivity using a Seifert
diffractometer equipped with a mirror optic. The reflectivity curves
were analyzed using Parratt32 software (Helmholtz-Zentrum Berlin).

Calcination of the films was carried out at 500°C for 4 h in air at a
heating rate of 6.25°Cmin "' starting from room temperature. After
calcination, the samples were cooled to room temperature in the
furnace.

Scanning electron microscopy (SEM) images were obtained on a
field emission scanning electron microscope (LEO 1530 “Gemini”).
The accelerating voltage was 1 kV. Atomic force microscopy (AFM)
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images were recorded using a Digital Instruments Dimension 3100
scanning force microscope in tapping mode equipped with Olympus
cantilevers. The plot surface of AFM images were obtained using the
Imagel program.
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