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1Original quotation by Albert Einstein: “Insanity: doing the same thing over and over again and

expecting different results.” North American Wildlife and Natural Resources Conference, Volume 71,

p. 54, Wildlife Management Institute, 1975





Declaration

This dissertation is the result of my own work and includes nothing which is the outcome
of work done in collaboration except where specifically indicated in the text. I declare
that no part of this work has been submitted for a degree or any other qualification at
this or any other university. This dissertation does not exceed the word limit of 60,000
words set by the Physics and Chemistry Degree Committee.

Cambridge, August 2012

Maik R. J. Scherer

vii





Acknowledgements

This thesis is the result of work carried out between May 2009 and August 2012 with
the Thin Films and Interfaces Group at the Cavendish Laboratory, Cambridge UK,
and was only made possible by generous funding through Nokia and with the kind help
and support I received from numerous people.

First of all I would like to thank Prof. Dr. Ullrich Steiner who gave me the unique
opportunity to join his group and to work in a superb scientific environment. I am
deeply grateful for the constant help, support, and excellent supervision. It was a
very inspiring and exciting time in Cambridge and great fun participating in the three
winter schools in Austria and Switzerland.

Many thanks to Dr. Piers Andrew, Dr. Chris Bower, Dr. Di Wei, and Dr. Richard White
from the Nokia Research Center, Cambridge UK, for all the valuable discussions and
fruitful collaborations.

Especially I would like to thank Dr. Oren Scherman for the support while synthesizing
the polymeric materials in his facilities at the Melville Laboratory. A further special
thanks to Prof. Sir Mark Welland for granting me access to the Nanoscience Centre’s
laboratories and office, as well as for the invitation to the winter school in France and
summer school in Japan.

Thanks to all former and current members of the Thin Films and Interfaces Group
for the help, friendship, company, and great working atmosphere in the office and
lab: Mathias Kolle, Katherine Thomas, Pola Goldberg-Oppenheimer, Stefan Guldin,
Rosa Poetes, Nataliya Yufa, Yuan Zhou, Silvia Vignolini, Gen Kamita, Sarah Rong,
Stefano Salvatore, and Xiaoyuan Sheng. Special thanks to Pedro Cunha, Alexandre
Nicolas, Harry Beeson, Micheal Price, Raphael Dehmel, and Li Li for the excellent
collaborations. Another thanks to my friends Pedro for proofreading and Sven Hüttner,
Peter Kohn, and Kai Scherer for measuring SAXS.

I would also like to express my gratitude to the helpful support staff of the Biological and
Soft Systems Sector and the Cambridge Nanoscience Centre, especially Tom Mitchell,
Sue Gymer, Sue Murkett, Ian Ganney, Suresh Mistry, Pete Bone, and Owen Dunn.

Thanks to Frank Biedermann and Einat Elmalem not only for being good friends, but
also for the help and advise in numerous chemistry related questions throughout the
study.

Finally, I want to express my gratitude to my family and my close friends for their
support and for being there for me all these years. Without your love and tremendous
support I would have capitulated a long time ago.

ix





Abbreviations

[BMIM][TFSI] 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[EMIM][BF4] 1-Ethyl-3-methylimidazolium tetrafluoroborate
[SET3][TFSI] Triethylsulfonium bis(trifluoromethylsulfonyl)imide
A(R)GET Activators (re)generated by electron transfer
AFM Atomic force microscopy
ALD Atomic layer deposition
ATR-FTIR Attenuated total reflection Fourier transform infrared spectroscopy
ATRP Atom transfer radical polymerization
Bipy 2,2’-Bipyridine
CMC Constant mean curvature
CV Cyclic voltammetry
DBU 1,8-Diazabicycloundec-7-ene
DCM Dichloromethane
DEZ Diethylzinc
DG Double-gyroid
DI water Deionized water
EBIB Ethyl α-bromoisobutyrate
EDLC Electrochemical double layer capacitor
EDOT 3,4-Ethylenedioxythiophene
EDTA Ethylenediaminetetraacetic acid
EDX Energy-dispersive X-ray spectroscopy
FTO Fluorine-doped tin oxide coated glass
HMDS Bis(trimethylsilyl)amine
HMTETA 1,1,4,7,10,10-Hexamethyltriethylenetetramine
HOMO Highest occupied molecular orbital
HPL Hexagonally perforated lamellar
IMDS Intermaterial dividing surfaces
IO Inverse opal
ITO Tin-doped indium oxide coated glass
Lactide 3,6-Dimethyl-1,4-dioxane-2,5-dione
LiTFSI Bis(trifluoromethane)sulfonimide lithium
LUMO Lowest unoccupied molecular orbital
Me6TREN Tris[2-(dimethylamino)ethyl]amine
MO Metal oxide
MTBD N-methylated 1,4,7-triazabicyclodecene
MTS Methyltrichlorosilane
NKE Nanoscale Kirkendall effect
NMR Nuclear magnetic resonance
ODT Order-disorder transition
OTS Octyltrichlorosilane
P(F)S Poly(4-fluorostyrene)-r -poly(styrene)
continued

xi



P3MT Poly(3-methylthiophene)
PBrS Poly(4-bromostyrene)
PBT Poly(bithiophene)
PCBM [6,6]-Phenyl-C61-butyric acid methyl ester
PClS Poly(4-chlorostyrene)
PDI Polydispersity index
PEDOT Poly(3,4-ethylenedioxythiophene)
PEN Poly(ethylene naphthalate)
PFS Poly(4-fluorostyrene)
PGMEA Propylene glycol monomethyl ether acetate
PhOPh Diphenyl ether
PI Poly(isoprene)
PLA Poly(d,l-lactide)
PMDETA N,N,N’,N”,N”-pentamethyldiethylenetriamine
POZ Primary ozonide
PPy Poly(pyrrole)
PS Poly(styrene)
PT Poly(thiophene)
PTFE Poly(tetrafluoroethylene)
PXS Poly(4-X-styrene)
RAFT Reversible addition fragmentation transfer
RCA Wafer cleaning procedure developed
RIE Reactive-ion etching
ROP Ring-opening polymerization
RTIL Room temperature ionic liquids
SAXS Small angle X-ray scattering
SEC Size exclusion chromatography
SEM Scanning electron microscope
SG Single-gyroid
Sn(EH)2 Tin(II) 2-ethylhexanoate
SOZ Secondary ozonide
SU-8 Epoxy-based negative photoresist
TBD 1,4,7-Triazabicyclodecene
TCM Chloroform
TEM Transmission electron microscopy
THF Tetrahydrofuran
Thiourea Bis(3,5-trifluoromethyl)phenyl cyclohexylthiourea
TIP Titanium isopropoxide
TMA Trimethylaluminium
TPMS Triply periodic minimal surfaces
TRIS 2-Amino-2-hydroxymethyl-propane-1,3-diol
UV Ultraviolet
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

xii



Motivation

Inspired by the work of Edward Crossland et al. on using a thin porous polymer film
with double-gyroid morphology for the template-assisted precision pattering of inor-
ganic materials on the 10 nm length scale,[1–5] and due to the fact that all of this poly-
meric material which was custom synthesized in small quantities by Prof. Dr. Marc
Hillmyer had been used up, I established a recipe for preparing thin gyroid films using
commercially available polymers during my graduate studies.[6, 7] However, the latter
system had some shortcomings as will be discussed below, thus the supply of double-
gyroid templates for the patterning of functional materials remained a challenge.

Neat diblock copolymers form the desired double-gyroid morphology during microphase
separation only for a very narrow range of block volume ratios. Nevertheless, Professor
Hillmyer succeeded in synthesizing a pure diblock copolymer, poly(4-fluorostyrene)-b-
poly(d,l-lactide) (PFS-b-PLA), which adopted the gyroid morphology in thin films
during temperature annealing.[1–5] In contrast, the system I investigated was a binary
blend of a lamellae forming diblock copolymer, poly(styrene)-b-poly(isoprene) (PS-
b-PI), and a homopolymer, poly(styrene) (hPS), which forms a gyroidal film during
slow solvent-casting from toluene.[6, 7] The solvent evaporation and thereby the film
formation is controlled by sandwiching the polymer solution between a teflon foil and
the substrate.

The main advantage of the PS-b-PI/hPS system is that commercially available copoly-
mers of a wide block composition range can be used since the final blend composition,
which determines the microphase separated morphology, can be altered by addition
of hPS homopolymer. However, compared to the neat PFS-b-PLA the PS-b-PI/hPS
blend has some major drawbacks. The preparation of templates using PS-b-PI/hPS is
very time consuming and involves a drying process that typically takes several days,
while the PFS-b-PLA films only require brief temperature annealing for less than an
hour. Further, film areas of homogenous thickness are limited to a square centimeter,
while PFS-b-PLA templates of arbitrary dimensions can be easily fabricated by spin
or blade-coating methods. But most importantly, in contrast to PFS-b-PLA, the blend
system formed nonporous wetting layers at the air/polymer and polymer/substrate
interfaces. Especially the latter layer prevents the usage of the films as templates for
the electrodeposition of functional materials, which requires the voided network to be
continuous all the way down to the conducting substrate.
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Abstract

Synthesis and Applications of Double-Gyroid-Structured Functional Mate-
rials – Maik R. J. Scherer

The objective of this work, concerning the template-assisted patterning of functional
materials on the nanoscale to enhance specific material properties, is five-fold. Firstly,
to develop a highly reproducible synthesis pathway for large quantities of double-
gyroid-forming diblock copolymers. Secondly, to replace the previously used fluo-
rinated monomers with an inexpensive and environmentally sustainable alternative
making large-scale applications feasible. Thirdly, to establish a reliable and fast fabri-
cation technique for fully porous gyroidal templates. Fourthly, to replicate these tem-
plates with inorganic as well as organic functional materials using electrochemical and
atomic layer deposition. Finally, to apply and characterize these novel double-gyroid-
structured materials in devices such as photovoltaic devices, electrochromic displays,
and supercapacitors.

The first part of this thesis introduces the different techniques of modern nanotechnol-
ogy employed in three-dimensional nanopatterning of functional materials and seeks to
highlight the possibilities and advantages of using self-assembled, mesoporous polymeric
templates for this purpose. Chapter 2 explores the fascinating gyroidal intermaterial
dividing surfaces formed by self-assembling systems, such as microphase separating di-
block copolymers. Chapter 3 focuses on the synthesis of double-gyroid-forming diblock
copolymers consisting of poly(4-X-styrene) and poly(lactic acid) via atom transfer radi-
cal and organocatalytic ring-opening polymerization using a bifunctional initiator. The
preparation of mesoporous templates with double-gyroid morphology based on a rapid
thermal annealing protocol is described in Chapter 4. Importantly, it is shown that
copolymers prepared from inexpensive, non-substituted styrene can yield fully porous
thin films.

Chapter 5 reports the template-assisted electrodeposition of metal oxides, such as
V2O5, using the previously prepared voided styrenic templates. Further, the perfor-
mance of these materials as electrodes in electrochromic displays and supercapacitors is
tested. Chapter 6 describes an alternative approach to obtain double-gyroid-structured
metal ceramics via the post-nanostructuring thermal oxidation of electroplated metals.
Nickel is chosen to demonstrate this highly versatile fabrication route and to study the
nanoscale Kirkendall effect of three-dimensional structures. Further, the electrochromic
performance of NiO is investigated. Chapter 7 deals with yet another electrodeposition
technique, namely the electropolymerization of conjugated polymers. Identification of
suitable solvents for the templated electrosynthesis and the subsequent template dis-
solution enable the three-dimensional nanopatterning of PPy, PEDOT, and PT. The
refilling of the organic template via atomic layer deposition, including the necessary
chemically modification of the styrenic scaffold for an improved thermal resistance and
surface functionality, is discussed in Chapter 8.
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1 Nanostructuring of functional materials

Broadly speaking, nanoscience refers to a field concerning the production, characteriza-
tion and exploitation of materials with nanoscale dimensions in at least one dimension.
Of special interest are three-dimensionally nanostructured solid-state functional mate-
rials with structural features ranging in size from 1 to 100 nm. Functional materials
are generally considered as those materials which possess particular native properties
required for various modern applications. These can include energy generation, energy
storage, electronics, data storage, actuators, and sensors. Functional materials can be
found in all material classes from polymers over metals to ceramics and composites.
Structuring these materials on the nanoscale can not only enhance particular functional
characteristics but also result in novel physical properties, such as quantum mechan-
ical effects that are present neither in the bulk nor in structures with dimensions on
larger length scales. These enhanced and unique material properties often arise from
the ability to access both bulk and surface/interface properties.

Currently, the fabrication of well-defined nanostructures for both scientific and indus-
trial purposes mainly relies on top-down nanolithographic processes, such as nanoim-
print, X-ray, extreme ultraviolet, and electron-beam lithography.[8, 9] Most of these
methods require time consuming, complex, and expensive beam sources for exposure
as well as harmful corrosive chemicals for the involved etching steps. However, the
resolution of the structures, the quantities of nanostructures produced, and the fab-
rication of complex three-dimensional structures are usually rather limited for these
techniques.

Recently, bottom-up processes utilizing self-assembly have been developed that could
become the next generation of nanostructure processing, as they overcome the prob-
lems listed above. In particular, self-assembling copolymers have attracted much at-
tention as potential nanostructuring agents over the past decades and are still subject
to ongoing research.[10] The most important near-term application is their use in the
microelectronics industry as etch mask with pattern dimensions far below the optical
diffraction limit.[11]
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Figure 1.1: Architectures of linear homopolymers and block copolymers.
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Polymers are macromolecules that consist of repeating molecular units known as mono-
mers covalently bonded during polymerization. While various architectures are possi-
ble, linear polymers with unbranched molecular chains are the most common both nat-
urally occurring and synthetic. Homopolymers contain only a single type of monomer,
while block copolymers are made up from a sequence of chemically distinct homopoly-
mers (Figure 1.1).

A remarkable property of polymer systems is their ability to self-assemble, driven by
thermodynamic incompatibilities of the different monomers, which will be discussed in
more detail in Chapter 4. The resulting repulsive forces make homopolymer blends
to separate into macrostructures. In contrast, being covalently bonded, the thermody-
namically incompatible blocks of copolymers are prevented from separating on a macro-
scopic level. Even for the most simple copolymer architecture, namely diblocks, this
gives rise to the formation of a variety of highly ordered morphologies with nanoscale
periodicities.[10]
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Figure 1.2: Equilibrium phase morphologies formed by diblock copolymers. Since
the phase diagram is symmetric, increasing the blue block results in the
color-inverted structures.

The structure that is adopted at equilibrium is highly dependent on diblock copolymer
composition, while the dimensions of the microdomain structure are determined by the
degree of polymerization, as shown in Figure 1.2. Symmetric diblock copolymers with
equal block volumes arrange into a lamellar morphology with alternating layers of the
constituent blocks. An increase of the red block’s volume fraction leads to the formation
of morphologies where the minority component (blue) is enclosed by the matrix phase
(red). Between the lamellar and the hexagonally packed cylinders the bi-/tricontinuous
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1 Nanostructuring of functional materials

double-gyroid and Fddd are observed, which will be discussed in Chapter 2. A further
increase in asymmetry leads to the formation of body-centered cubic and close-packed
spheres.

Approaches concerning the three-dimensional nanopatterning of functional materials
which utilize self-assembly can be broadly divided into three categories: firstly, the
direct self-assembly of the functional material; secondly, the co-self-assembly using a
structure-directing agent; finally, the replication of self-assembled templates. In the
following these three approaches will be compared and special attention will be paid
to strategies utilizing polymer self-assembly.

By accurately controlling the synthesis and/or deposition conditions of some func-
tional materials, such as metals and ceramics, they can be made to independently
self-assemble into nano-wires, nano-tubes, nano-forests, and nano-flowers etc., without
the need of templates or structure-directing agents.[12–15] The number of materials
showing this behavior is rather limited and determining the appropriate experimental
conditions usually requires a protracted optimization process for each material. How-
ever, the discovery of semiconducting conjugated polymers with advanced optic and
electronic properties extended this class of self-assembling functional materials. Phase
separating blends of conjugated homopolymers as well as fully conjugated copolymer
are extensively studied for organic solar harvesting.[16, 17] A major advantage is the
possible roll-to-roll manufacturing process. Although the functional properties of the
polymers can be tailored by adjusting the monomers’ molecular structure, this may
also alter their self-assembly characteristics.[18]

An advanced nanopatterning approach of functional materials that do not indepen-
dently self-assemble is to employ structure-directing agents, such as copolymers with
hydrophilic and hydrophobic blocks.[19] The fact that precursors to functional ma-
terials or nanoparticles preferentially swell one of the copolymer blocks is used for
co-self-assembly which is driven by the polymer’s phase separation behavior. However,
increasing the number of components also multiplies the complexity of the assembling
system and thereby the control of structure formation. Hence, this nanopattering ap-
proach was only demonstrated for a few functional materials.[20]

The most widely applicable approach splits the fabrication of nanopatterned func-
tional materials into two successive steps, namely the self-assembly driven formation
of mesoporous templates and the replication of the templates with functional materi-
als, as illustrated in Figure 1.3. This strategy to nanostructured functional materials
has the major advantage that it allows for the independent optimization of the tem-
plate preparation. Since the same template can be used to structure various functional
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materials applying different replication techniques, such as sol-gel, atomic layer depo-
sition (ALD), electrochemical deposition, and electroless plating, it is considered as an
extremely versatile approach.[2, 21–23]

��

� � �

�

Figure 1.3: Strategy for nanopatterning functional materials employing templates
based on copolymer self-assembly with double-gyroid morphology. This
approach is particularly versatile since it separates the template fabrica-
tion (top row) from the templating of functional materials (bottom row).
1. Copolymer synthesis. 2. Self-assembly into the double-gyroid morphol-
ogy. 3. Selective degradation of one block yields a mesoporous template.
4. Templating of functional materials via various deposition techniques.
5. Removal of polymeric matrix. 6. Assembly of functional devices.

Block copolymer self-assembly provides an elegant, cheap, and environmentally sus-
tainable way to produce mesoporous templates. After adoption of an appropriate
nanomorphology during phase separation the selective removal of one block yields the
desired mesoporous template. In the past few years, a number of experimental proto-
cols on the selective degradation of one copolymer component have been reported, see
Table 1.1. Of particular interest are systems containing poly(styrene), since it is cheap,
cross-linkable, chemically resistant against most bases and acids, and has a suitable
glass transition temperature, while being easily removable after replication by com-
bustion or dissolution in organic solvents. The glass transition temperature of about
104 ◦C is ideal, since it makes phase transitions at annealing temperatures below 200 ◦C

possible while offering a large temperature processing window for the refilling of the
voided styrenic matric.
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1 Nanostructuring of functional materials

Copolymer Degradation method Component degraded Reference

PS-b-PDMS HF PDMS [24]

PS-b-PEO HI(aq) PEO [25]

PS-b-PI Ozonolysis or UV irradiation PI [26, 27]

PS-b-PLA NaOH(aq) or HI(aq) PLA [28]

PS-b-PMMA UV irradiation PMMA [29]

PS-b-PVP/PDP Dissolution PDP [30]

Table 1.1: Reported techniques to selectively degrade one copolymer block.
Poly(styrene), PS; poly(dimethylsiloxane), PDMS; poly(ethyleneoxide),
PEO; poly(isoprene), PI; poly(lactic acid), PLA; poly(methyl methacry-
late), PMMA; poly(vinylpyridine), PVP; 3-pentadecylphenol, PDP.

When preparing mesoporous scaffolds from copolymers for the replication with func-
tional materials it is essential that both segregated phases, which eventually will form
the template matrix and the voided channels, are continuous, free-standing, and self-
supporting. Thus, potentially suitable microphase structures have to be multicontinu-
ous with the relevant multiple chemically distinct domains being fully interconnected
and continuous. This ensures that neither the porous template nor its replica will col-
lapse upon removal of the sacrificial phase or the template, respectively. For example,
Crossland et al. found, that titania nanowires which were prepared by electrochemi-
cally replicating an array of voided cylinders aligned perpendicular to the substrate’s
surface collapse after dissolution of the polymeric template.[1] A further advantage of
multicontinuous copolymer morphologies is their higher likelihood to be porous at the
interfaces when casted into thin films.

The only ordered microdomain structures adopted by diblock copolymers that are
multicontinuous and hence are suitable as starting material for mesoporous templates
are the bicontinuous Fddd and tricontinuous double-gyroid. The Fddd’s region in
the phase diagram is extremely small, as will be discussed in Chapter 4, leaving the
double-gyroid as the only experimentally feasible diblock copolymer morphology.[31]

Moreover, the three-dimensional double-gyroid morphology offers structural properties,
such as a good structural stability, a high surface area to volume ratio, and fairly
constant strut and pore diameters, which can be highly beneficial when applied in
nanotechnology applications and will be discussed in Chapter 2. A first successful
application of a double-gyroid-structured metal-oxide nanostructure prepared by the
replication of a thin film template has been demonstrated in dye-sensitized solar cells.[3]

In contrast to this earlier example, a functional thin film device based on the double-
gyroid morphology that out-performs existing technologies has yet to be demonstrated.
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In summary, three-dimensional nanostructuring solid-state functional materials can
enhance particular functional properties important for nanotechnology applications.
Self-assembly on the nanoscale can be exploited as a bottom-up approach replacing
expensive lithographic nanostructuring techniques. While only a minority of the func-
tional materials self-assemble into suitable architectures, template-assisted precision
pattering utilizing self-assembled templates is extremely versatile. Polymers, especially
diblock copolymers, offer a cheap and scalable route to fabricate the needed mesoporous
templates. In particular, the double-gyroid seems to meet the requirements demanded
of a highly performing nanostructure. This was recently discussed in a theoretical study
by Khlebnikov et al. on the electronic structure of double-gyroid semiconductors for
carrier multiplication solar cells.[32]

6



2 Gyroid and gyroid-like surfaces

Parts of this chapter are taken from my master’s thesis.[7]

This chapter gives an overview of the fascinating gyroid and gyroid-like surfaces, which
are found in nature as intermaterial dividing surfaces. The single- and double-gyroid
surfaces in particular will be discussed. In order to visualize these gyroidal structures
the concept of a level surface will be introduced and applied.

2.1 Intermaterial dividing surfaces

The immiscible components of block copolymers separate into distinct domains on
the microscale in response to thermodynamic driving forces, that will be discussed in
Chapter 4. The interfaces separating these domains have approximately constant mean
curvature

H =
1

2
(k1 + k2) = const., (2.1)

where k1 and k2 are the principal curvatures. These surfaces are called intermaterial di-
viding surfaces (IMDS). Beside a number of unconnected periodic arranged IMDSs (e. g.
spheres, lamellae and cylinders), multicontinuous triply periodic surfaces exist which
are of particular interest, see Chapter 1. A bicontinuous (tricontinuous) triply periodic
IMDS separates space into two (three) regions, forming connected networks which are
periodic in three independent directions, such as the double primitive structure, dis-
covered in a polymer/ceramic precursor composite.[33, 34] However, some of these struc-
tures were reevaluated as deformed double-gyroids.[35] The only bicontinuous IMDS
in the phase diagram of pure diblock copolymers is the orthorhombic Fddd network
and the only tricontinuous is the double-gyroid.[36] Copolymers containing more than
two chemically distinct and incompatible block materials can adopt morphologies with
more than three continuous phases, including the pentacontinuous core-shell double-
gyroid discovered in ABC triblock copolymers.[37, 38] In other self-organizing systems
the bicontinuous single-gyroid microdomain structure can be found. Cubic phases with
space group symmetry I4132 (double-gyroid) and Im3m (double primitive) have also
been identified in thermotropic liquid crystals.[39]

All IMDSs can be approximated by constant mean curvature (CMC) surfaces that
minimize interfacial area subject to a volume (or volume fraction) constraint. This
fact is not surprising, since the microdomain structure is the result of the balance
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between chain-stretching and the interfacial energies, where the latter term seeks to
minimize surface area and thus favors CMC surfaces.

Since analytical expressions for only a few continuous triply periodic CMC surfaces are
known (e. g. the Enneper-Weierstrass parameterization of the single-gyroid minimal
surface with H = 0 and a volume fraction of 50%[40]), these surfaces are typically
modeled with the help of level surfaces.

2.2 Level surfaces

Level surfaces are represented by functions F : R3 → R of points (x, y, z) ∈ R
3, which

satisfy the equation
F (x, y, z) = t, (2.2)

where t is a constant.[41] The form of the surface is controlled by F (x, y, z), while the
parameter t determines the volume fraction of the regions that are separated by the
surface.

Level surfaces of all IMDSs are defined by

F (x, y, z) =
∑

hkl

|F (hkl)| · cos
(
2π

L
(hx+ ky + lz)− αhkl

)

, (2.3)

where F (hkl) denotes the structure factor amplitude, reflecting the symmetry of the
structure, αhkl the phase angle and L the cubic unit cell edge length.[42] The set of
allowed hkl values of the Fourier components of the structure and the Fourier series
representation of the space group can be found in the International tables of X-ray

crystallography. It was found that the generated level surface is virtually independent
of the number of coefficients of the Fourier series, thus taking only the lower orders
hkl values into account provides a sufficiently close approximation to the true CMC
surface.[42]

2.3 Single-gyroid

The single-gyroid (SG) IMDS with I4132 (No. 214) symmetry was first discovered in
1967 by Luzzati et al. as a cubic phase occurring in strontium soap surfactants and in
pure lipid-water systems.[43, 44] In 1970, Schoen identified the minimal gyroid, therefore
also called the Schoen G surface, as one of a further 17 examples of intersection-free
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2 Gyroid and gyroid-like surfaces

triply periodic minimal surfaces (TPMS), in addition to the five cases already known,
and gave a mathematical description.[45]

The SG IMDS has been discovered in the cuticular structure of butterfly wing scales.[46, 47]

The structure is made of chitin and air serving as biological photonic crystal to pro-
duce beautiful iridescent colors.[47–49] More recently, the mitochondria located at the
inner segment of the retinal cones of tree shrew was found to contain a multi-layer
gyroid membrane arrangement similar to the SG structures observed in butterflies.
The highly order structure is believed to potentially function either as a multi-focal
lens, as an angle-independent interference ultraviolet filter, or as a waveguide photonic
crystal.[50]

� ��

���

Figure 2.1: The single-gyroid or Schoen G surface. A, Drawing by Luzzati et al. from
1970 showing the two mutually interwoven networks separated by the G
surface.[43] B, Plastic model of the gyroid minimal surface by Schoen from
1970.[45] C, Scanning electron micrograph showing the porous cuticular
single-gyroid of a Callophrys rubi wing scale. (Copied from Schröder-
Turk et al .[49])

The single-gyroid of constant mean curvature can be approximated by a level sur-
face. Although this approach does not result in CMC surfaces, it is extremely use-
ful for simulations. Inserting the lowest allowed hkl values of the I4132 space group
(|F (110)| = |F (110)| = 1 and α(110) = α(110) = π/2) in Equation (2.3) provides an
unique equation for the single-gyroid level surface[42, 51]

FSG(x, y, z) = t (2.4)

sin

(
2π

L
x

)

cos

(
2π

L
y

)

+ sin

(
2π

L
y

)

cos

(
2π

L
z

)

+ sin

(
2π

L
z

)

cos

(
2π

L
x

)

= t, (2.5)
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where L is the cubic unit cell length.
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Figure 2.2: Single-gyroid surfaces calculated using Equation (2.5). A, Minimal gyroid
surface for t = 0. B, Two helical interpenetrating single-gyroid networks
separated by the minimal gyroid surface. C, Single-gyroid for t = 1.3.
D, Pinch-off surface for t = 1.413.

The possible values for t and the resulting structures are discussed below:

• t = 0:

The resulting level surface closely approximates the minimal gyroid or gyroid
minimal surface discovered by Schoen, see Figure 2.2A. Minimal surfaces have
the property that their mean curvature is zero everywhere (H = 0) and thus
are a subset of CMC surfaces. For this special surface, as mentioned earlier, an
analytical expression is known. Using the Enneper-Weierstrass representation,
which provides an equation for the coordinates of minimal surfaces, the exact
parametrization of the triply periodic gyroid minimal surface can be derived.[40]

The minimal gyroid surface divides space into two helical regions or networks,
each claiming a volume fraction of 50%, see Figure 2.2B. The surface embeds an
inversion center which interchanges the two sides of the surface and also the two
regions which it partitions. The separated networks are enantiomorphic, which
means that one network is left-handed, the other one right-handed.[40]

• 0 < |t| ≤ 1.413:

An increasing |t| is related to a monotonic increase/decrease in the volume of
each of the two related networks and leads to an increase in the absolute mean
curvature |H|, see Figure 2.2C. Correlated to the change in volume fraction is
the growing offset of the surface from the t = 0 base surface. For t, the surface
on one side of the minimal surface (t = 0) with a certain offset, while for −t the
surface lies on the opposite side with the same offset. This behavior will become
clearer when discussing the double-gyroid.
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2 Gyroid and gyroid-like surfaces

For t = 1.413, the so-called pinch-off surface is generate, see Figure 2.2D. Experi-
mentally this IMDS is generated when the voided minority networks are replicated
by either chemical vapor or atomic layer deposition techniques.[52]

• 1.413 < |t| ≤ 1.5:

For these t values, the SG surface is no longer connected and will be neglected in
the following discussion.

• |t| > 1.5:

The SG disappears, since no point (x, y, z) ∈ R
3 fulfils Equation (2.5).

2.4 Double-gyroid

In 1986, Thomas et al. were the first to discover the double-gyroid IMDS in multiarm
star diblock copolymers of poly(isoprene) and poly(styrene), but incorrectly identified
the new morphology, lying between the lamellar and cylindrical phase, as the double di-
amond.[53] Eight years later, in 1994, two groups independently characterized the IMDS
observed in a low molecular diblock copolymer melt and in a diblock copolymer blend
correctly as DG with Ia3d (No. 230) symmetry.[54, 55] These results suggested a reex-
amination of the star diblock structure with improved X-ray measurements, which led
to a reevaluation to DG.[56] Thereafter, the double-gyroid IMDS has been observed in
various diblock copolymers,[24, 57] in nanoporous silica films,[58] in ABA triblock copoly-
mers,[59, 60] and in ABC triblock copolymers where the A and C block have identical
volume fractions.[61]

The simplest method to construct the DG surface is by generating two SG level surfaces
with 0 < t ≤ 1.413,

FSG(x, y, z) = ±t, (2.6)

which defines a so-called double level surface. By squaring Equation (2.6) the (single)
level surface equation (see Equation (2.2)) of the DG can be obtained

FDG(x, y, z) = (FSG(x, y, z))
2 = t2 = t′. (2.7)

Another way to derive the DG level surface function would have been to use Equa-
tion (2.3) with Ia3d as the generating space group, which delivers the same result.[41, 42]

In the interval 0 < t ≤ 1.413 the DG level surface effectively divides space into three
embedded continuous subvolumes. This phase which is located between the two SG
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surfaces, centered on the minimal gyroid surface, forms the so-called matrix phase
through which the two networks run. Each one of the three networks is periodic in all
three principle directions. The matrix phase volume increases with increasing values
of t, and thereby gradually reducing the strut diameters of the two enclosed networks.

�����

�����

�����
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Figure 2.3: A, The double-gyroid cubic unit cell showing the matrix phase (green)
and the two networks (blue and red). B, Four cubic unit cells of the
double-gyroid network with a volume fraction of 12% (t = ±1.3).

The matrix is also called the majority phase, because it takes up about 63-66% of
the volume in DG morphologies formed by diblock polymers, and accordingly the net-
works together are called the minority phase. An unit cell with cubic symmetry Ia3d

showing the matrix phase together with the two minority networks is presented in Fig-
ure 2.3A. To illustrate that the two distinct intertwined networks are non-intersecting,
an arrangement of four unit cells with the matrix phase removed and the two networks
colored blue and red is shown in Figure 2.3B.
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2 Gyroid and gyroid-like surfaces

� �� �� �� �� ���
�

�

�

�

�

�

�

	


��


�
�
�

��


��
��
�
�

�
�
��
�
��
�

���
�����
����� � ���
��� ��� ��� ��� ��� ��� ��� ���
�

��

��

��

��

���
�
�
�

�
�
��
�

�
��
�
�
�
��
�

�
�
����� �

� �

Figure 2.4: A, Volume fraction φ of the double-gyroid network phase as function of
the parameter t fitted with φ(t) = 101.5 − 68.1 · t. B, Specific surface
area to bulk volume ratio of the double-gyroid plotted versus the network
phase volume fraction in units of the cubic unit cell dimension L.

When using porous double-gyroid morphologies for nanotechnology applications by
selectively removing either the matrix phase or the two networks, the surface area per
bulk volume is an important parameter.[62] The double-gyroid’s surface area A thereby
depends on the network phase volume fraction φ. The two parameters necessary to
determine the surface area per unit bulk volume were calculated numerically for the
different values of t in the following fashion: The surface area was determined by
triangulating the DG surface and then adding the area of the individual triangles
up, while the volume of the networks was calculated by subdividing the unit cell in
small cubes and then counting the number of cubes enclosed by the surfaces of the
networks. Figure 2.4A shows the almost linear dependence of the volume fraction φ

of DG networks on the parameter t. The surface area per unit bulk volume is plotted
against the volume fraction of the networks in Figure 2.4B.

When using structured materials in nanotechnology applications, it is important to
know how robust these structures are. The weak points or cleavage planes of a three-
dimensional porous structure often coincide with particular two-dimensional cross-
sectional planes with a minimal area fraction of the nanostructured material. In order
to determine the planes with minimal area fraction of the majority and minority voided
double-gyroid networks a MATLAB simulation was used. The simulation numerically
calculates the area fraction Ahkl(d) of the 65% volume percent matrix network parallel
to various crystallographic (hkl) planes as a function of the distance d from the point
of origin to the intersection point of the plane with the [111] unit cell body diagonal.
The results are shown in Figure 2.5, where Ahkl(d) is plotted against d for the lowest
values of h2 + k2 + l2. Only for planes parallel to (211) and (110), the area fraction
varies significantly around the mean value of 0.65 for different values of d. Whereas
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the area fraction of the other shown crystallographic planes and those with higher
h2 + k2 + l2 values hardly depends on d.[26] Thus, especially the cross-sections parallel
to the (211) and also the (110) plane with minimal area fraction might serve as pre-
determined breaking points for double-gyroid majority network structured materials,
while the planes with maximal area fraction might act as cleavage planes for minority
network structures.
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Figure 2.5: A majority phase volume fraction of 0.65 was used for the presented
simulations. A, The area fraction Ahkl(d) of the matrix phase’s cross-
sectional cut parallel to various crystallographic hkl planes is plotted
against d, where d denotes the distance from the unit cell point of origin
to the intersection point of the cross-section with the [111] unit cell body
diagonal.[26] The two-dimensional patterns of (110), (111), and (211)
plane possessing an extremal area fraction are shown. The matrix phase
is colored in black. B, Matrix and C, network phase showing the (211)
double wave pattern. The frame outlines the volume of 3×3 unit cells.

The complex triply periodic branching of gyroidal surfaces defines a fascinating three-
dimensional maze. Finding the shortest path connecting two points lying within the
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2 Gyroid and gyroid-like surfaces

maze is interesting from both a theoretical and an experimental point of view. A
spherical growth front nucleated at a single site, the starting point, and propagated
through this voided double-gyroid maze will find the shortest path to any given end
point. Additionally, the propagating growth front will disclose any preferential growth
directions through the maze. Experimentally, this can be tested by electroplating an
amorphous or highly polycrystalline metal and limiting the number of nucleation sites,
see Chapter 6. Since an analytical solution to this problem seems impossible, here, the
results obtained from a computer model simulating the templated and nontemplated
growth behavior are presented.

The most convenient approach is to perform the simulations on a cubic lattice, however,
this requires a special propagation algorithm that correctly implements the locally
spherical growth and avoids preferential growth induced by the nature of the cubic
lattice. Here, a modified version of Dijkstra’s algorithm, a graph search algorithm that
solves the single-source shortest path problem, is employed.[63] For a given starting
coordinate, the modified algorithm finds all points that are connected to the starting
point by a path with lowest total cost equal to a given total cost C and stores them in
a list for the subsequent visualization and analysis. Here, the cost of propagation from
one point to a nearest neighbor is defined by their Euclidean distance. The algorithm
propagates in the following way:

1. Identify the set of points for the cubic lattice of interest that are accessible to the
growing front and mark them as unvisited by assigning a tentative cost value of
infinity.

2. Set the starting point as current and its cost to zero.

3. For the current point, consider all of its unvisited neighbors and calculate their
tentative cost which is given by the sum of the current point’s cost and the cost
of propagation from the current point to the considered neighbor. If this cost is
less than the previously recorded tentative cost, then overwrite.

4. Add the current point’s coordinates to the list meant for later output if its cost
equals C.

5. Mark the current point as visited and remove it from the unvisited set.

6. Determine which unvisited point has the lowest cost and set it as the next current
point. If the cost does not exceed C, then return to step 3.

Increasing the set of points that are considered as neighbors gives an improved approx-
imation to a spherical growth. However, increasing the distance between the current

15



point and neighbor can lead to omitting a maze obstacle and more time intensive calcu-
lations. Here, points lying within a radius of a

√
11 are considered as neighbors, where

a is the cubic lattice’s repetition length. To test if the model approximates a spherical
growth the simulation was run in absence of a maze or scaffold, see Figure 2.6.
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Figure 2.6: Computer simulation of nontemplated and gyroid-templated amor-
phous/highly polycrystalline electroplating. In the case of nontemplated
deposition a spherical growth front is obtained, as expected. Interestingly,
the gyroid-templated simulation reveals preferential growth directions re-
sulting in distinct facets.

Since the double-gyroid has a cubic unit cell it is sufficient to only consider points
with positive coordinates and obtain the full three-dimensional propagation map by
mirroring along the coordinate planes. Further, since the two interwoven double-gyroid
minority networks share an inversion center that coincides with the unit cell center it is
sufficient to restrict the simulation to one network. Both these measures help to reduce
the calculation complexity, nevertheless, considering a volume of 7×7×7 gyroid unit
cells with a resolution of 60 along each coordinate axis leads to a cubic lattice with a
total of 74 million cubes. The results of simulations for a double-gyroid with the voided
minority phase having a volume fraction of 12% are presented in Figures 2.6 and 2.7.

Preliminary analysis identified the <111> direction to have the fastest growth rate,
however, it is still slower than the nontemplated growth. The growth speed shows a
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2 Gyroid and gyroid-like surfaces

local maximum along the <100> directions, while the slowest propagation was found
to exist along the <110> direction. The relative growth rate <110>:<100>:<111>
is approximately

√
2:
√
2.5:

√
3, which means that the <110> vertices lie in very close

vicinity of a straight line connecting two members of the <111> set and thus do not
appear as such. A comparison of this simulation and one with a gyroidal unit cell
rotated by 45◦ around the z-axis gave the same results, confirming that the obtained
results are not an artifact of the propagation algorithm.
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Figure 2.7: Growth map for a double-gyroid with a volume fraction of 12%. For this
volume fraction the <110> vertices vanish since they lie on a straight
line connecting two members of the <111> set. Thus, the <100> and
<111> vertices are surrounded by 4 and 6 facets, respectively. The order
of rotational symmetry is given in red.

Increasing the networks’ volume fraction to 35% changes the relative growth rate
<110>:<100>:<111> to approximately

√
2.4:

√
3:
√
3 with the speed in fast directions

being identical to nontemplated speed. In this case the <110> directions form vertices,
however, they still lie in close vicinity of the straight line connecting two members of
the <111> set, making the detection of these vertices and the corresponding facet by
means of SEM difficult.

These are only preliminary results, but since the extremal growth directions are iden-
tified, simulation restricted to these direction can be performed with a higher accuracy
and resolution. Implementing these simulations should be relatively straight-forward
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and will help to identify the exact growth speed along these directions as a function
of the networks’ volume fraction. Nevertheless, this computer model suggests that the
periodicity of templates with large gyroidal single domains will result in a crystal-like
appearance of an electroplated amorphous or highly polycrystalline material. This
hypothesis will be tested in Chapter 6.

In summary, the triply periodic double-gyroid IMDS, which generating space group and
surface symmetry is Ia3d (No. 230), is embedded (free from self-intersection) and has
a body centered cubic unit cell with an inversion center. As an IMDS every point on
the surface has constant mean curvature. Further, the IMDS divides space into three
subvolumes each being continuous, forming two interwinding and enantiomorphic net-
works, one left-handed, the other one righthanded. Importantly, the three subvolumes
are triply periodic and interconnected, which means that on their own they define
three-dimensionally self-supporting and freestanding structures. This latter property
makes the double-gyroid so interesting as structure for nanotechnology applications.

2.5 Alternating double-gyroid

The two interpenetrating networks defining an alternating double-gyroid IMDS posses
different volume fractions and as such the IMDS has I4132 symmetry, as discovered
in ABC triblock copolymers.[61] However, in the case that the A and C block have
identical volume fractions the IMDS has Ia3d symmetry, but is still considered to be
an alternating double-gyroid since the two networks are made of chemically different
materials and the structure as such only has I4132 symmetry. The points (x, y, z)

fulfilling Equation (2.8) define the alternating double-gyroid surface

FSG(x, y, z) =







t1

−t2
, (2.8)

for t1 6= t2 and 0 < t1,2 ≤ 1.413.

2.6 Core-shell double-gyroid

The core-shell double-gyroid IMDS was first discovered in ABC triblock copolymers
where two chemically identical interpenetrating double-gyroid networks are comprised
of cores of C encased in shells of B and embedded in a matrix of A.[37, 38,64,65] Thus, the
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2 Gyroid and gyroid-like surfaces

core-shell double-gyroid IMDS in these triblock copolymers is pentacontinuous. One
could envision, that a copolymer with four or more chemically distinct blocks could
also form a version of the core-shell gyroid with more than one shell.

The values of (x, y, z) that solve the following ‘quadruple’ level surface equation gen-
erate the core-shell gyroid surface

FSG(x, y, z) =







±t1

±t2
, (2.9)

for t1 6= t2 and 0 < t1,2 ≤ 1.413. The core-shell double-gyroid is a superposition of two
double-gyroids with different volume fractions, sharing the same inversion center which
results in Ia3d symmetry. The symmetry is preserved also when taking the core’s and
the shell’s materials into consideration, since both of their two networks consist out of
chemically identical material.

2.7 Gyroid-like surfaces

� � �

Figure 2.8: A, Unit cell of the Fddd structure found in diblock copolymers. (Copied
from Kim et al .[66]) B, Reconstructed three-dimensional image of a
poly(styrene)-b-poly(isoprene) Fddd structure obtained by transmission
electron microtomography. (Copied from Jung et al .[67]) C, Ball and
stick model of the Pnna (No. 52). (Copied from Bluemle et al .[68])

Two more gyroid-like IMDSs were discovered in the phase diagram of copolymers,
namely the orthorhombic Pnna (No. 52) and the orthorhombic Fddd (No. 70) network,
see Figure 2.8. Bailey and colleagues were the first to observe the Fddd IMDS in
copolymer systems, namely PI-b-PS-b-PEO. The drawings of the Fddd published in[69]
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suggest a ‘core-shell Fddd’ morphology, while in a later publication[61] an ‘alternating
Fddd’ is presented. After the discovery of this noncubic triply periodic morphology in
triblock copolymers the orthorhombic Fddd was also found to be adopted by diblock
copolymers.[36, 66] The Fddd IMDS formed by diblock copolymers separates space into
two regions that form connected networks which are periodic in three independent
directions. Hence, it is considered to be bicontinuous and triply periodic just like the
single-gyroid surface.

The first to prove the existence of the orthorhombic Pnna IMDS in copolymer melts
were Cochran et al.[70] A triblock copolymer melt was sheared in order to induce a
network-to-network transition from Fddd to Pnna. Subsequent to the discovery of the
shear-induced Pnna morphology, this structure was also found to exist in tetrablock
copolymers.[68]
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3 Diblock copolymer synthesis

Parts of this chapter were previously published.[71]

The aim of this first part of my study was to establish a reliable, robust, and scalable
synthesis route to double-gyroid-forming diblock copolymers.

The gyroid-forming poly(4-fluorostyrene)-b-poly(d,l-lactic acid) (PFS-b-PLA) diblock
copolymer, denoted MHI41, used by Crossland et al. was synthesized by Prof. Marc
Hillmyer and Dr. Sabine Ludwigs in three steps: Firstly, hydroxy-terminated PLA was
synthesized by a trimethylaluminium-catalyzed coordination-insertion ring-opening poly-
merization (ROP) of lactide initiated by benzyl alcohol;[72] secondly, the hydroxyl group
was converted into a reversible addition fragmentation transfer (RAFT) agent by reac-
tion with the acid chloride of S-1-dodecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocar-
bonate; and finally, the PFS block was added via the controlled RAFT polymerization
of 4-fluorostyrene.[73]

In contrast, here a bifunctional initiator is employed and the polymerization order of the
two blocks is inverted: In a first step, the styrene block is synthesized by atom transfer
radical polymerization (ATRP); followed by the addition of lactide via the recently
developed organocatalytic ring-opening polymerization, as depicted in Figure 3.1.[74, 75]

This synthesis route reduces the involved steps and enables a simplified and time-
efficient preparation of copolymers with different block compositions. Importantly,
both polymerization techniques offer precise and robust control over the copolymer
composition, which is an essential requirement to reliably target the double-gyroid’s
narrow location in phase space.[76]
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Figure 3.1: Two-step synthesis of poly(4-X-styrene)-b-poly(lactic acid) employing
ATRP, ROP, and the bifunctional initiator HEBIB (X=H, F, Cl, Br).

In addition, diblock copolymers with different 4-X-styrene blocks, denoted as PXS,
containing 4-chlorostyrene, 4-bromostyrene, or mixtures of 4-fluorostyrene and styrene,
were synthesized. In contrast to poly(4-fluorostyrene), polymers of 4-bromostyrene and

21



4-chlorostyrene are cross-linkable by ultraviolet irradiation.[77–79] Cross-linked polymers
typically show better chemical resistance and thermal stability, which are indispens-
able properties when used as template material for challenging templating methods.
Furthermore, replacing the expensive 4-fluorostyrene with styrene significantly reduces
the total synthesis cost of double-gyroid-forming copolymers and makes the template
preparation more environmentally sustainable.

3.1 Introduction to the employed polymerization tech-

niques

3.1.1 Atom transfer radical polymerization (ATRP)

Since the development of the atom transfer radical polymerization (ATRP) by Wang
and Matyjaszewski in 1995 it has become the most extensively studied controlled/living
radical polymerization method.[80, 81] For a long time living (ionic) polymerization was
the only method capable of preparing well-defined polymers, in terms of composition
and molecular architecture, which is required by many high-value applications.[82] En-
abling a comparable level of control over the synthesis of well-defined polymers with
polydispersity indices as low as Mw/Mn = 1.05, combined with its simplicity and broad
applicability made ATRP extremely popular.[83] ATRP also enables the fast synthesis
of high molar mass polymers of acrylates, methacrylates, and vinyl chloride at 25 ◦C,
making it highly attractive for industrial purposes.[84] Here, only a brief introduction
on the vast research field of ATRP is presented, for more detailed information the
reader is referred to one of the reviews on this topic.[74, 85–87]

3.1.1.1 Fundamentals of ATRP

The radical or active species P•
n with a degree of polymerization n is generated by a

reversible redox reaction of an alkyl halide initiator or a dormant species PnX with
an activator, typically a low-oxidation-state metal/ligand complex MtzY/L, where X
denotes the haloalkane species, z the metal’s oxidation state, Y a possible counterion,
and L the ligand (Figure 3.2).[86] This reversible redox process involves an one-electron
oxidation of the MtzY/L complex with a concomitant abstraction of a (pseudo)halogen
atom X from the dormant species PnX. Thereby, the propagating radical P•

n and the
higher-oxidation-state metal/ligand complex XMtz+1Y/L, which acts as deactivator,
are formed.[88–92]
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3 Diblock copolymer synthesis

The described redox process occurs with the rate constant of activation kact and deac-
tivation kdeact. The activated polymer chains P•

n grow by the addition of the intermedi-
ate radicals to monomers M, with a propagation rate constant kp. In a well-controlled
ATRP, no more than a few percent of the polymer chains undergo termination, how-
ever, termination reactions do occur with a rate constant kt mainly due to radical
coupling (PnPk) and disproportionation.[93] When the activators are (re)generated by
electron transfer from the high-oxidation-state, XMtz+1Y/L, using a reducing agent,
the polymerization is called A(R)GET ATRP, thereby reducing the amount of catalyst
needed.[88–92]
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Figure 3.2: Reaction scheme for ATRP. Font color indicates oxidation state changes.
(Modified from Matyjaszewski et al .[86])

3.1.1.2 Kinetics, molecular weight and polydispersity

Fast initiation and rapid reversible deactivation are the key to a successful ATRP,
combing of a small number of terminated chains and an uniform chain growth mech-
anism. Thus, the polymerization rate Rp plays an important role and can be defined
by the kinetic parameters and reagent concentrations

Rp = −d [M]

dt
= kp [M] [P•

n] = kp ·
kact

kdeact

· [M] [PnX] [MtzY/L]
[
XMtz+1Y/L

] . (3.1)

Rp increases with temperature due to the increase of both the radical propagation rate
constant kp and the atom transfer equilibrium constant Keq = kact/kdeact.[86] Usually
higher kp/kt ratios and better control are observed at elevated temperatures due to a
higher activation energy for the radical propagation than for the radical termination,
but chain transfer and other side reactions may also become more pronounced. The
optimal temperature depends mostly on the monomer, the catalyst, and the targeted
molecular weight.

The polymer’s degree of polymerization N prepared by a well-controlled ATRP can be
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predetermined for a monomer conversion factor c by the ratio of the initial amount of
monomer and initiator

N =
[M]

[PnX]0
· c. (3.2)

The theoretical molecular weight distribution or polydispersity, PDItheo for a well-
controlled polymerization in the absence of significant chain termination and transfer,
relates to the concentrations of initiator and deactivator, the rate constants of propa-
gation and deactivation, and the monomer conversion in the following way[85]

PDItheo =
Mw

Mn

= 1 +
1

N
+

kp

kdeact

· [PnX]0[
XMtz+1Y/L

] ·
(
2

c
− 1

)

. (3.3)

Thus, for the same monomer a polymerization with faster deactivation will result in
polymers with lower polydispersity, although at the cost of slower polymerization rates.
This can be achieved with catalysts with a higher value of kdeact and/or with higher
deactivator concentrations. Further, the polydispersity decreases with an increasing
monomer conversion c and hence, is lower for high molecular weight polymers. How-
ever, the ATRP is normally terminated before complete monomer consumption, be-
cause in experiments the polydispersity starts to increase at nearly complete monomer
conversion.

3.1.1.3 Components of ATRP

ATRP is a multicomponent system, composed of the monomer, an initiator with a
transferable (pseudo)halogen, and a transition metal/ligand complex as catalyst, op-
tionally a solvent or an additive, such as a reducing agent.

Monomers Although polymerized under identical conditions each monomer pos-
sesses its own unique atom transfer equilibrium constant Keq and intrinsic radical
propagation rate kp. In the absence of any side reactions other than radical termina-
tion by coupling or disproportionation, the magnitude of the product kp·Keq determines
the polymerization rate Rp. If Rp is too small ATRP will not occur or only very slowly.
In contrast, if the equilibrium constant is too large this will lead to a significant occur-
rence of termination reactions because of a high radical concentration. However, Rp

can be adjusted by choosing an adequate catalyst, catalyst concentration, temperature,
optionally a solvent and additives to gain optimal polymerization control.

A variety of monomers have been successfully polymerized using ATRP.[94] Typical
monomers include (meth)acrylates, (meth)acrylamides, acrylonitrile, and styrenes as
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3 Diblock copolymer synthesis

shown in Figure 3.3.

Figure 3.3: Styrenic monomers polymerized by ATRP. (Modified from Matyjaszewski
et al .[74])

Initiators As discussed previously, the amount of initiator in ATRP determines the
number of growing polymer chains. To obtain well-defined polymers with narrow molec-
ular weight distributions, the halide group, X, must rapidly and selectively migrate be-
tween the growing chain and the transition-metal complex. Bromine and chlorine were
found to enable a precise control over the molecular weight. Further, iodine is used in
contrast to fluorine because the C-F bond is too strong to undergo homolytic cleavage.
The order of bond strength in the alkyl halides is R-Cl > R-Br > R-I.[74] In general, any
alkyl halide with activating substituents on the R-carbon, such as aryl, carbonyl, or
allyl groups can potentially be used as ATRP initiator. A variety of halogenated alka-
nes, benzylic halides, α-haloesters, α-haloketones α-halonitriles, and sulfonyl salides
have been applied successfully.[88–92] Besides polyhalogenated compounds some pseu-
dohalogens, specifically thiocyanates and thiocarbamates, have also been used in the
polymerization of acrylates and styrenes. Figure 3.4 illustrates that the activity of
the initiator strongly depends on the transferable atom and the degree of substitution.
Furthermore, the radical stabilizing group influences initiator activity. In general the
following relation holds: CN > C(O)R > C(O)OR > Ph > Cl > Me and multiple
functional groups may lead to a further increase in activity.[74]
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Figure 3.4: Activity of various ATRP initiators. Values of kact are given in units of
M−1 s−1 as determined in ATRP with CuX/PMDETA in MeCN at 35 ◦C.
(Modified from Braunecker et al .[85])
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Catalysts A number of transition metal/ligand complexes have been applied in
ATRP.[74] In order to generate growing radicals, the metal catalyst should undergo
an electron transfer reaction with the abstraction of a (pseudo)halogen. Additionally,
the oxidized catalyst should rapidly deactivate the propagating polymer chains to form
the dormant species. Currently, the most efficient catalysts are complexes of late and
middle transition metals (e. g. Cu, Fe, Ru, Rh, Ni, Pd, Co, Os, Re, Mo and Ti). Copper
bromide and chloride are superior in ATRP in terms of versatility and cost.[95] How-
ever, catalytic activity and selectivity is strongly ligand dependent. Since most of the
transition-metal salts are poorly soluble in organic media a main role of the ligand is
to improve their solubility. Further, the ligand adjusts the redox potential of the metal
center for appropriate reactivity and dynamics for the atom transfer. An appropriate
ligand must be chosen in order to guarantee the following reaction conditions: Fast and
quantitative initiation; a strongly shifted equilibrium between the alkyl halide and the
transition metal toward the dormant species; fast deactivation of the active radicals;
relatively fast activation of the dormant polymer chains; and finally, absence of side
reactions or reduction/oxidation of the radicals.[88–92]

Typically, phosphorus-based ligands are used to complex no-copper transition metals.
Whereas, nitrogen-containing ligands have been used in copper- and iron-mediated
ATRP, including 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA), 2,2’-bipyri-
dine (Bipy), N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA), and tris[2-(di-
methylamino)ethyl]amine (Me6TREN).[96, 97] The activation rate constants for these
ligands in copper bromide mediated ATRP and the proposed reaction mechanism of
copper/2,2’-bipyridine are shown in Figure 3.5.
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Figure 3.5: Nitrogen-based ATRP ligands. A, ATRP rate constants of activation in
M−1s−1 for different ligands with ethyl-2-bromoisobutyrate as initiator
in the presence of CuIBr in MeCN at 35 ◦C.[85] B, Proposed mechanism
for copper/2,2’-bipyridine mediated ATRP. (Modified from Pintauer et
al .[97])

Additives Copper-mediated ATRP is not affected by water, aliphatic alcohols, and
polar compounds. This is a main advantage compared to the highly sensitive liv-
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3 Diblock copolymer synthesis

ing ionic polymerization and enables the synthesis of well-defined functional polymers
without the need for protection and deprotection of the functionalities.[94] However,
ATRP is moderately sensitive to oxygen. Small amounts of oxygen can be scavenged
by the catalyst, although the oxidation of the catalyst reduces the catalyst concen-
tration and slows down polymerization. In contrast, some additives can accelerate
ATRP, for example zero-valent copper(0) or tin(II)-2-ethylhexanoate, and thus enable
the synthesis of high molecular weight polymers and copolymers with controlled archi-
tectures.[91, 98] Presumably, these additives reduce excess copper(II), generated mostly
during the early stage of the polymerization through irreversible radical termination,
to form in situ copper(I) by a simple electron transfer process.

It is also possible to start the reaction with copper(II) instead of copper(I) and then
reduce this species with a reducing agent, thus termed activator generated by electron
transfer (AGET ATRP).[88–90,92] When using reducing agents like tin(II)-2-ethylhexa-
noate, it is possible to catalyze the polymerization with parts per million amounts
of copper.[97] Moreover, if a sufficient amount of zero-valent metal is present, the
polymerization can be carried out without the removal of any oxygen or inhibitor,
since the oxidized metal is regenerate by the zero-valent copper.[99]

ATRP can be carried out either in bulk, in solution, or in a heterogeneous system.
A solvent might be necessary when it is the aim to reach high levels of monomer
conversion, because the reaction solution may solidify when low monomer/polymer
ratios are reached. Various solvents, such as benzene, toluene, anisole, diphenyl ether,
and many others, have been used for different monomers. When using a solvent the
possible interactions with the catalytic system must be considered.

3.1.1.4 Polymerization of styrene and substituted styrenes

A majority of the literature on ATRP focuses on the synthesis of styrene and its
derivatives with copper-based catalysts. One of the most extensively studied systems
is the polymerization of styrene conducted with CuBr, nitrogen-based ligands, and
alkyl bromides as initiator. Better molecular weight control is obtained at low tem-
peratures, presumably due to a lower contribution of thermal self-initiation during the
early stage of the polymerization. For example, the reaction temperature can be low-
ered to 80-90 ◦C when efficient catalysts, such as CuBr/PMDETA, are used.[89–92,100]

Numerous studies on kinetics, molecular weight, and polydispersity of styrene under
different polymerization conditions were reported.[101,102] In contrast, for substituted
styrenes only a few reports exist. Qui et al. reported the controlled polymerization

27



of various substituted styrenes by ATRP, among them 4-fluorostyrene.[100] ATRP of
the styrene derivatives was performed in diphenyl ether at 110 ◦C. It was found, that
monomers with electron withdrawing substituents polymerize faster than those bearing
electron donating substituents in the order of 3-CF3, 4-CF3 > 4-Br, 4-Cl > 4-F, 4-H >
3-Me > 4-OMe > 4-Me > 4-CMe3, as illustrated in Figure 3.6A.[100] Another feature of
substituted styrene ATRP is that polymers bearing electron withdrawing groups have
lower polydispersities than those bearing electron donating groups, see Figure 3.6B.

� �

Figure 3.6: ATRP of substituted styrenes. A, Kinetic plot and B, polydispersities
of polymerizations performed in diphenyl ether at 110 ◦C with an initial
monomer concentration of [M]0 = 4.37M and [M]0 : [1-PEBr]0 : [CuBr]0 :
[bipy]0 = 100 : 1 : 1 : 3. (Copied from Qui et al .[100])

Becker et al. synthesized both blocks of poly(4-fluorostyrene)-b-poly(methyl acrylate)
and poly(methyl acrylate)-b-poly(4-fluorostyrene) diblock copolymers under ATRP
conditions at 91-97 ◦C in toluene with CuBr/PMDETA as catalyst.[103] The poly(4-
fluorostyrene) blocks typically had molecular weights up to 12.5 kg mol−1 and Mw/Mn =

1.08.

Bucholz et al. demonstrated the synthesis of poly(d,l-lactic acid)-b-poly(pentafluoro-
styrene) diblock copolymers using Cu(I)Br/bipyridine in a xylene/anisole mixture and
a PLA-Br macroinitiator at 125 ◦C.[104] The pentafluorostyrene blocks typically had
molecular weights up to 37 kg mol−1 and a polydispersity index of 1.11. A very elegant
way to polymerize copolymers via ring-opening and atom transfer radical polymeriza-
tion is by using bifunctional initiators.[105,106] The usage of a bifunctional initiator guar-
antees, that all chains have a functional group attached after the first polymerization
step and additionally, this has the potential to save a working step when synthesizing
more than one macroinitiator.
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3 Diblock copolymer synthesis

3.1.2 Ring-opening polymerization (ROP)

Coordination-insertion, anionic, cationic, and nucleophilic polymerization are the most
frequently reported controlled ring-opening polymerization (ROP) of cyclic monomers
in the literature.[107,108] The coordination-insertion and nucleophilic polymerization
are undoubtedly the most efficient and general methods reported so far for the ROP of
lactones, with cationic and anionic polymerization being much less investigated. While
coordination-insertion polymerization uses metal-alkoxides and related complexes as
catalysts, the organocatalytic nucleophilic polymerization is a metal-free approach to
ROP.

Metal-free catalysts, like enzymes and organocatalysts, are attracting growing interest,
since being considered to be the more economical and environmentally friendly alterna-
tives.[109] The resulting polymers are particularly suitable for biomedical applications,
since there is no concern of contamination with metals. Furthermore, the polymeriza-
tion is typically performed at room temperature. Enzymatic polymerizations normally
are slow and result in fairly small polymer yields with broad dispersities. In contrast,
the organocatalytic ROP developed by Nederberg et al. in 2001 employs amine-based
catalysts and shows extremely fast kinetics resulting in well-defined polymers and very
high monomer conversion levels.[109] Since this discovery a vast range of organocatalysts
based on pyridine, phosphine, and N-heterocyclic carbenes have been reported in the
literature.[75] The brief introduction given here will only focus on the use of guanidine,
amidine, and supramolecular thiourea-amine complexes as organocatalysts.[110–112]

3.1.2.1 Organocatalytic ROP

The organocatalyst for this metal-free approach to ROP of cyclic monomers is a nu-
cleophilic transesterification catalysts. The linear correlation between the molecular
weight and conversion is proof for the living character of this nucleophilic polymeriza-
tion. Consequently, the degree of polymerization closely tracks the initial monomer/ini-
tiator ratio and polymers of controlled molecular weights and narrow polydispersities
are obtained. The initiation of the ring-opening reaction requires the presence of a
protic agent, typically water or an alcohol.

The proposed polymerization pathway differs fundamentally from the coordination-
insertion mechanism involving metal complexes, see Figure 3.7.[75, 108] Indeed, the nu-
cleophilic catalyst only activates the monomer toward ring opening, whereas the metal
complex activates the monomer, initiates the polymerization, and remains bound to
the growing chain. The polymerization mechanism of a superbase or thiourea-amine
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catalyzed ROP will be discussed in more detail below.

� �

Figure 3.7: Proposed mechanisms for lactide ROP techniques. A, Once bound to the
initiator the metal catalyst stays bonded to the growing polymer chain for
the entire metal-catalyzed coordination-insertion ROP. (Modified from
Kamber et al .[75]) B, For the nucleophilic ROP the organocatalyst, de-
noted Nu, activates the monomer that is added to the initiating protic
agent or to the secondary alcohol group of the growing polymer chain,
referred to as ROH. (Modified from Dechy-Cabaret et al .[108])

3.1.2.2 Components of organocatalytic ROP

Monomers Figure 3.8 shows a small selection of cyclic monomers suitable for ROP.[113]

Additionally, three different stereoisomers of lactide exist as a consequence of the pres-
ence of two stereocenters per monomer unit, namely meso-, l- and d-lactide, see Fig-
ure 3.9. Further, racemic mixture of l- and d-lactide are commercially available. While
ROP of either pure l- and d-lactide enables synthesis of highly crystalline poly(l-lactic
acid) or poly(d-lactic acid), ROP of rac- or meso-lactide with adequate catalysts al-
lows the synthesis of stereoblock copolymers, heterotactic and syndiotactic poly(lactic
acid). Notably, stereoregular PLAs display much lower rates of degradation than the
amorphous atactic polymer.

Figure 3.8: Selection of cyclic monomers suitable for ROP. (Modified from Dechy-
Cabaret et al .[108])

Initiators Primary and secondary alcohols as well as water were found to be efficient
initiators, leading to the corresponding ester functionality at the growing poly(lactic
acid) chain end. In addition, for thiourea and tertiary amine based catalytic ROPs
several protic functional groups were found to serve as initiators for lactide polymer-
ization, including thiols, and silanols. Monohydroxy-functional macroinitiators were
also used to initiate the synthesis of copolymers.[75, 108]
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3 Diblock copolymer synthesis
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Figure 3.9: Stereoisomerism of lactide and poly(lactic acid). A, The three lactide
stereoisomers d-lactide, l-lactide, and meso-lactide. B, Stereosequences
of poly(lactic acid).[114]

Organocatalysts As mentioned earlier, organocatalytic ROP was first reported ap-
plying pyridines as the nucleophilic catalyst. Subsequently, guanidine, amidine, and
thiourea-based organocatalysts were found to be highly active for the ROP of lac-
tones.[110–112]

Hedrick, Waymouth and co-workers reported the catalytic activity of a conjoined
thiourea-tertiary amine molecule, displayed in Figure 3.10A, in the ROP of lactide.[112]

Mechanistic and theoretical studies support a supramolecular bifunctional mechanism
involving activation of both the monomer and the alcohol nucleophile, see Figure 3.10D.
With reaction times of a few days this polymerization is significantly slower than
that found for nitrogen-heterocyclic carbene catalysts. However, prolonged reaction
times at ambient temperatures with the thiourea-based catalyst led to negligible poly-
dispersity broadening even at near-complete monomer consumption, indicating that
little transesterification of the linear polymer occurs, which might be of importance
when synthesizing well-defined copolymers. Additionally, it was found that bis(3,5-
trifluoromethyl)phenyl cyclohexylthiourea, hereafter referred to as thiourea, together
with a tertiary amine (Figure 3.10B, C) catalyze the ROP of lactones, while separately
they are not capable of doing so.[110–112]

Since the requirement for a highly electron withdrawing thiourea were given, it was
proposed, that in order to increase the catalytic activity it is necessary to increase
the basicity of the tertiary amine. Screening studies demonstrated that a variety of
thiourea-amine combinations are catalytically active for the ROP of lactide.[111] The
steep acceleration of polymerization attributed to the higher basicity of (−)-spar-
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teine compared to the tertiary amine inspired Lohmeijer et al. to use even stronger
organic bases, so-called superbases, such as the amidine 1,8-diazabicycloundec-7-ene
(DBU), guanidine 1,4,7-triazabicyclodecene (TBD), and N-methylated TBD (MTBD),
displayed in Figure 3.11. Interestingly, these bases proved to be highly efficient cata-
lysts for the ROP of lactide in nonpolar solvents without any thiourea.[110] In contrast
to the thiourea-amine systems, their basicities are such that the thiourea is unnecessary
for lactide polymerization, and complete conversions are reached extremely fast.

� � � �

Figure 3.10: Thiourea-based organocatalysts. A-C, Chemical structure
of the bifunctional thiourea-tertiary amine catalyst, bis(3,5-
trifluoromethyl)phenyl cyclohexylthiourea (thiourea), and N,N-
dimethylcyclohexylamine. (Modified from Dove et al .[112]) D, Proposed
dual activation pathway of lactide ROP.[111] (Modified from Pratt et
al .[111])

The enhanced activity of TBD, which is the most active of the three bases, was demon-
strated by a model reaction in which a loading of 0.1%mol TBD to monomer was shown
to polymerize 500 equivalents of lactide to 95% monomer conversion within 1min at am-
bient temperatures to produce a polymer with Mn=62.6 kg mol−1 and PDI=1.11.[110]

However, a polydispersity broadening was observed at high conversions, making it diffi-
cult to synthesize well-defined copolymers when relying on a nearly complete monomer
conversion to control the degree of polymerization.
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Figure 3.11: Organocatalytic superbases. A-C, Chemical structure of DBU, TBD,
and MTBD.[75]

The less active bases MTBD and DBU were also found to polymerize lactide reasonable
fast, but with the advantage that after monomer consumption, hardly any transesteri-
fication occurred. The reason for the reduced activity of these bases compared to TBD
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3 Diblock copolymer synthesis

are their structural differences, while TBD contains two accessible nitrogen atoms as
illustrated in Figure 3.12A, MTBD and DBU are essentially monofunctional.

TBD alone demonstrated remarkable activities for the ROP of δ-valerolactone and
ε-caprolactone, while both DBU and MTBD can only polymerize these monomers
in the presence of the thiourea co-catalyst, due to the discussed monofunctionality.
The proposed pathway of ROP of valerolactone through the dual activation by DBU
and thiourea is illustrated in Figure 3.12B. To the best of the author’s knowledge, no
DBU or DBU/thiourea catalyzed ROP of lactide initiated by a macroinitiator has been
reported.

� �

Figure 3.12: ROP of valerolactone and caprolactone. A, ROP of caprolactone cat-
alyzed with the dual activation by TBD. B, Vaprolactone ROP through
the dual activation by DBU/thiourea. (Modified from Lohmeijer et
al .[110])

Additives An advantage of organocatalytic ROP of lactide is that the synthesis is
not oxygen sensitive. However, the reagents and solvents have to be extremely dry,
since every water molecule initiates and deactivates/reacts with the catalysts, e. g. the
strong bases. The initiation of poly(lactic acid) homopolymer by water is especially
unwanted when polymerizing well-defined copolymers using a macroinitiator. Acids
such as benzoic acid are used for a rapid termination of the polymerization. Chloroform
and dichloromethane are commonly used as solvents, since lactide is easily dissolved in
these solvents. Chloroform stabilized with amylenes rather than with ethanol should
be used.

3.1.2.3 Organocatalytic ROP as copolymerization

The beauty of using the highly efficient and fast organocatalysts for polymerization
of the final lactide block of copolymers with well-defined block volume ratios is that
almost complete monomer conversion is achieved. This fact enables to determine the
desired copolymer composition by using calculated amounts of macroinitiator and lac-
tide monomer. A convenient process to produce a series of copolymers with different
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volume ratios involves the preparation of stock solutions of the monomer and macroini-
tiator which are then mixed using an accurate micropipette. This is of course only
possible when the reaction solution is free from other initiators like water and alcohols.
For larger quantities of copolymer the appropriate amount of reagents can be added
by weight.

Pratt and co-workers reported the synthesis of a series of lactide containing block
copolymers using monohydroxy-functional macroinitiators and a thiourea/(−)-sparteine
catalyst.[111] In another publication from the same group around Hedrick the synthe-
sis of lactide, valerolactone, and caprolactone from monohydroxy-functional PS-OH,
PEO-OH and PDMA-OH using TBD as catalyst was demonstrated.[110]

3.2 Experimental methods

3.2.1 Materials

Chemical Purity [%]a Abbreviation

1,1,4,7,10,10-Hexamethyltriethylenetetramine 97 (SA) HMTETA
1,8-Diazabicyclo[5.4.0]undec-7-ene 98 (SA) DBU
2,2’-Bipyridyl +99 (SA) Bipy
3,5-Bis(trifluoromethyl)phenyl isothiocyanate +99 (AO) –
3,6-Dimethyl-1,4-dioxane-2,5-dione 99 (AO) Lactide
4-Bromostyrene 98 (SA) 4-BrS
4-Chlorostyrene 98 (SA) 4-ClS
4-Fluorostyrene 98 (AS) 4-FS
α-Bromoisobutyryl bromide 98 (SA) –
Chloroform, extra dry, stabilized with amylene 99.9 (AO) TCM
Copper(I) bromide 99.999 (SA) –
Cyclohexylamine +99 (AA) –
Diphenyl ether 99 (SA) PhOPh
Ethyl α-bromoisobutyrate 98 (SA) EBIB
Ethylene glycol, anhydrous 99.8 (SA) –
N,N,N’,N”,N”-Pentamethyldiethylenetriamine 99 (SA) PMDETA
Phosphorus pentoxide, powder 98 (SA) –
Styrene +99 (SA) –
Tin(II) 2-ethylhexanoate 95 (SA) Sn(EH)2
Tris[2-(dimethylamino)ethyl]amine – (SA) Me6TREN

a Suppliers are given in brackets: Alfa Aesar, AA; Apollo Scientific, AS; Acros
Organics, AO; Sigma Aldrich, SA.

Table 3.1: Chemicals used for the synthesis of diblock copolymers.
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3 Diblock copolymer synthesis

The chemicals listed in Table 3.1 were used as received unless stated otherwise.

3.2.2 Characterization methods

Characterization of molecular weight and polydispersity was performed by means of
500MHz 1H nuclear magnetic resonance (NMR) spectroscopy and size exclusion chro-
matography (SEC). The NMR proton chemical shifts of the PLA’s methyl group, the
PXS’s backbone chain, and water overlap in the region of 1 to 2 ppm and hence do not
contain easily accessible information about the copolymer composition. Fortunately,
the peaks arising from the protons of the styrenic phenyl groups and the remaining CH
group of the PLA backbone are well resolved in the region of 5 to 7.2 ppm and do not
overlap with other peaks. Knowing the number of protons per monomer repeat unit of
each block allows calculation of the ratio between the degree of polymerization of the
blocks NPXS:NPLA by integrating the area under the corresponding peaks. From this
value the weight ratio and the volume fraction of the two copolymer blocks can be de-
rived using the molecular weight of the monomers and the density of the corresponding
homopolymers found in the literature, respectively.

The SEC was equipped with a refractive index and photodiode array detector which
were calibrated with poly(styrene) standards. Tetrahydrofuran was used as eluent and
the data recorded by the photodiode array detector was evaluated at a wavelength
of λ = 257 nm, where poly(styrene) has an absorption maximum. The poly(styrene)-
equivalent molecular weight of the copolymers determined by the SEC were found to be
higher than the theoretical values. More accurate values were calculated using the SEC
determined molecular weight of the styrenic macroinitiator together with the weight
ratio of the two copolymer chains extracted from NMR data.

3.2.3 Synthesis of β-hydroxylethyl α-bromoisobutyrate

Considering the activity data of the different ATRP initiators presented in Figure 3.4,
using β-hydroxylethyl α-bromoisobutyrate (HEBIB) as bifunctional initiator seemed
reasonable and was synthesized according to White et al.[115] Briefly, anhydrous ethy-
lene glycol (90 ml, 1.6 mol) was cooled to 0 ◦C in a flame-dried two-neck round bottom
flask. α-Bromoisobutyryl bromide (8 ml, 0.06 mol) was slowly added with an addition
funnel to the stirring ethylene glycol. The reaction solution was stirred at 0 ◦C for
three hours. Thereafter, the reaction was quenched with 40 ml of deionized water and
extracted with chloroform (3×40ml). The chloroform/product mixture was purified by
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washing with deionized water (3×100ml). Instead of distilling the product, as suggested
in,[115] the chloroform/product mixture was purified by washing with deionized water
(3 × 100ml). Then the combined organic extracts were dried over MgSO4, filtered,
and the CHCl3 was removed by a rotary evaporator. The NMR spectrum is shown in
Figure A.1.
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Figure 3.13: Synthesis of the bifunctional initiator HEBIB.

3.2.4 Synthesis of bis(3,5-trifluoromethyl)phenyl cyclohexylthio-

urea

The superbase DBU was chosen as catalyst for the ROP of lactide because of its fast
kinetics, high efficiency, and prevention of transesterification. However, it was decided
to add bis(3,5-trifluoromethyl)phenyl cyclohexylthiourea (thiourea) as co-catalyst to
further increase the efficiency and overcome possible steric hindrance arising from the
bulkiness of macromolecular initiators. The thiourea was synthesized according to Pratt
et al .[111] Briefly, 3,5-bis(trifluoromethyl)phenyl isothiocyanate (3.37ml, 18.5mmol)
and anhydrous tetrahydrofuran (20ml) were added to a flame-dried two-neck round
bottom flask. Cyclohexylamine (2.11ml, 18.5mmol) was added dropwise via a syringe
at room temperature to the stirring solution. After the solution stirred for four hours,
the solvent was evaporated and the white residue was recrystallized three times from
chloroform to give the thiourea as a white powder, which was dried under vacuum at
80 ◦C for 24 h. The NMR spectrum is shown in Figure A.2.
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Figure 3.14: Synthesis of the thiourea co-catalyst.

3.2.5 General procedure of styrene ATRP

Typically, the styrenic monomer was run over a column of activated basic alumina to
remove the inhibitor and collected into a flame-dried Schlenk tube, which was equipped
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3 Diblock copolymer synthesis

with a magnetic stir bar. Polymerizations were performed in bulk or in a solvent, in
the latter case the solvent was added to the reaction tube together with the monomer.
Before and after adding the remaining reagents the reaction solution was deoxygenated
by performing three freeze-pump-thaw cycles. The reagents, including CuBr, reducing
agent, ligand, and initiator, were added to the degassed monomer solution under a
constant flow of inert gas, with the initiator being the last reagent added. Then the
tube was refilled with inert gas and placed in a preheated oil bath. At this point the
CuBr dissolved and the reaction turned slightly green.

Small samples were taken from the reaction mixture during polymerization using a
degassed syringe and analyzed by SEC. The polymerization rate and the appropriate
reaction time were calculated from the molecular weight information obtained from the
SEC measurements. Once the reaction time elapsed, the reaction was terminated by
quenching the greenish-brown reaction mixture to room temperature. Subsequently,
the polymer was dissolved in toluene or THF, run over a column of neutral alumina
and silica, precipitated into a large excess of cold methanol, and collected by filtration.
This purification process was repeated until the polymer was totally white indicating
that most of the copper salt had been removed. The polymer was dried under vacuum
at 80 ◦C for 24 h before characterization and further usage.
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Figure 3.15: ATRP of monohydroxy-functional styrenic polymers initiated by
HEBIB.

3.2.6 General procedure of organocatalytic lactide ROP

The ROP of lactide was performed in a nitrogen glove box in order to avoid any traces
of moisture contamination. Before transferring the 3,6-dimethyl-1,4-dioxane-2,5-dione
(d,l-lactide) and the thiourea co-catalyst into the glove box they were either dried
together with hydroscopic phosphorus pentoxide powder in a desiccator under reduced
pressure for one week or in a vacuum oven at 60 ◦C for 24 h. The liquid catalyst,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), was dried by stirring over CaH2 for 24 h and
filtered with nylon syringe filters (0.45µm) in a glove box to remove the drying agent.
As reaction vessel for the ROP glass vials equipped with a stir bar were used, which
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were heated up with a heat gun directly before putting them into the glove box’s
ante-chamber.

Adequate amounts of the (macro)initiator, monomer, and thiourea were added to the
vial and dissolved in anhydrous dichloromethane (DCM) or amylene stabilized chlo-
roform (TCM). Typically, the mass concentration of the solid reagents, i. e. lactide
monomer and macroinitiator, was around 10%. After stirring the solutions for a couple
of minutes the DBU was added with an accurate micropipette. The vials were sealed
and the reaction solution was stirred at room temperature. Once the reaction time
had elapsed the DBU was neutralized by adding equimolar amounts of benzoic acid.
Then the polymer was precipitated into cold methanol, collected by filtration, and dried
under vacuum at 80 ◦C for 24 h. To reduce the risk of poly(lactic acid) degradation
in the protic methanol, fast filtration is essential. This was achieved by allowing the
precipitate to sediment and removing the excess methanol before filtration.
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Figure 3.16: ROP of lactide initiated by monohydroxy-functional styrenic polymer.

3.3 Results and discussion

3.3.1 Test polymerizations

Reasonable reaction parameters for the ATRP were determined first by using styrene
and the commercially available ethyl α-bromoisobutyrate (EBIB) followed by small-
scale reactions with 4-fluorostyrene (<1 g), before polymerizing larger quantities of
expensive halogenated styrenes with the synthesized initiator HEBIB. Similarly, suit-
able reaction conditions for the ROP of lactide were tested using 1-pentanol as initiator
instead of the synthesized macroinitiators.

3.3.1.1 ATRP test reactions

The first few reaction did not yield any polymer, most probably due to catalyst oxida-
tion. After adding reducing agents, namely zero-valent copper or Sn(EH)2, controlled
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3 Diblock copolymer synthesis

polymerizations were observed that were less susceptible to oxygen contamination. A
selection of the tested ATRP conditions together with the molecular weight data of
the resulting polymers is presented in Table 3.2. High molecular weight polymers were
intentionally synthesized in this early stage of the project with the aim to gain double-
gyroid templates with large unit cell dimensions. It was however impossible to induce
a morphology transition to the double-gyroid phase by temperature annealing for the
high molecular weight copolymers, see Chapter 4.

Diphenyl ether (PhOPh) and anisole were probed as solvents, but no significant im-
provement in the PDI resulted. Lowering the reaction temperature from 120 to 80 ◦C

decreased the reaction kinetics, but also increased the polydispersity. PMDETA was
found to be the most suitable of the four tested ligands, especially in combination
with Cu and CuBr, enabling good control over the polymerization kinetics. Sample
PS15 exhibits the lowest PDI, although it has a comparably high molecular weight of
65 kg mol−1. Sn(EH)2 as reducing agent is too powerful, resulting in fast but uncon-
trolled ATRP as sample PFS7 demonstrates.

Bulk polymerizations with equimolar concentrations of CuBr, Cu, and PMDETA at
80 ◦C was identified as the most suitable for the synthesis of the hydroxy-functional
styrenic macroinitiators.

Sample Reagents [mole ratio] T [ ◦C] t [h] Mn

[
kg
mol

]
PDI

PS5
4-HS:EBIB:Cu:Me6TREN:PhOPh
960:1:1:1:1400

110 16 58 1.41

PS8
4-HS:EBIB:Cu:Bipy:PhOPh
750:1:2:6:1100

110 16 22 1.32

PS10
4-HS:EBIB:Cu:Bipy:PhOPh
750:1:3:9:1000

110 20 54 1.38

PS11
4-HS:EBIB:CuBr:Cu:Me6TREN
750:1:1:1:1

90 16 51 1.44

PS12
4-HS:EBIB:CuBr:Cu:Bipy
750:1:1:1:3

90 20 16 1.59

PS13
4-HS:EBIB:Cu:Bipy
960:1:2:6

90 15 63 1.42

PS14
4-HS:EBIB:Cu:PMDETA
960:1:2:2

90 15 33 1.30

PS15
4-HS:EBIB:CuBr:Cu:PMDETA
960:1:1:1:1

90 15 65 1.21

PS16
4-HS:EBIB:CuBr:Cu:HMTETA
960:1:1:1:1

80 20 68 1.29

continued
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Sample Reagents [mole ratio] T [ ◦C] t [h] Mn

[
kg
mol

]
PDI

PS17
4-HS:EBIB:CuBr:Sn(EH)2:HMTETA
960:1:1:0.5:1

80 20 83 1.32

PS19
4-HS:EBIB:CuBr:Cu:HMTETA
960:1:1:1:1

120 20 70 1.39

PS20
4-HS:EBIB:CuBr:Cu:PMDETA
960:1:1:1:1

120 20 12 1.37

PS21
4-HS:EBIB:CuBr:Cu:PMDETA:Anisole
960:1:1:1:1:1000

120 20 38 1.53

PFS4
4-FS:EBIB:CuBr:Cu:PMDETA
700:1:1:1:1

80 14 39 1.13

PFS7
4-FS:HEBIB:CuBr:Sn(EH)2:PMDETA
750:1:1:0.5:1

80 16 122 1.57

PFS8
4-FS:HEBIB:CuBr:Cu:HMTETA
750:1:1:1:1

80 16 59 1.18

PFS13
4-FS:HEBIB:CuBr:Cu:PMDETA
800:1:1.1:1.1:1.1

80 18.5 53 1.12

PFS14
4-FS:HEBIB:CuBr:Cu:PMDETA
800:1:1.1:1.1:2.2

80 20 62 1.16

PFS15
4-FS:HEBIB:CuBr:Cu:PMDETA
800:1:1.1:1.1:1.1

80 24 72 1.15

PFS20
4-FS:HEBIB:CuBr:Cu:PMDETA:Anisole
570:1:1.1:1.1:1.1:570

80 19 24.5 1.14

PFS21
4-FS:HEBIB:CuBr:PMDETA
330:1:3:3

90 4.5 36 1.14

Table 3.2: Molecular weight and PDI for different ATRP conditions.

3.3.1.2 ROP test reactions

In a first batch of lactide ROPs an appropriate solvent and catalyst were determined,
see Table 3.3. The polydispersity of poly(lactic acid) synthesized in TCM compared to
DCM was significantly lower. The addition of thiourea co-catalyst lead to an improved
PDI in case of DCM, while no change was observed in TCM. However, when us-
ing poly(4-X-styrene)-OH as macroinitiator only the DBU/thiourea co-catalyst system
was found to yield copolymer. Considering Figure 3.12B, the lactide polymerization
mechanism based on a dual activation by DBU and the thiourea shown in Figure 3.17
is proposed.
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3 Diblock copolymer synthesis

Sample Reagents [mole ratio]a t [min] Mn

[
kg
mol

]
b PDI

PLA1
Lactide:pentanol:DBU:DCM
200:1:2:4400

140 23 1.37

PLA2
Lactide:pentanol:DBU:TCM
200:1:2:3300

140 25 1.11

PLA3
Lactide:pentanol:DBU:thiourea:DCM
200:1:0.5:2:4400

140 20 1.22

PLA4
Lactide:pentanol:DBU:thiourea:TCM
200:1:0.5:2:3300

140 20 1.11

a Approximate reagent ratio.
b Poly(styrene)-equivalent molecular weight.

Table 3.3: Effects of ROP conditions on the molecular weight of poly(lactic acid).
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Figure 3.17: Proposed lactide ROP mechanism through the dual activation of
DBU/thiourea.

To test whether the DBU/thiourea catalyst leads to transesterification during pro-
longed reaction times a sequential series of samples were taken after different reaction
times from a ROP and quenched with benzoic acid. The reaction solution contained
1-pentanol as initiator and an equimolar amount of DBU and thiourea as catalyst. The
molar ratio of lactide:catalyst was 50:1 and the monomer mass concentration in chlo-
roform was 10%. The data presented in Table 3.4 suggests, that the catalyst system
is highly efficient with an almost complete monomer conversion within the first 45min

and that no transesterification occurs during prolonged reaction times.
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Sample t [min] Mn

[
kg
mol

]
PDI

PLA5_1 15 9.2 1.09
PLA5_2 45 15.2 1.07
PLA5_3 90 15.7 1.09

Table 3.4: Effect of reaction time on the polydispersity of poly(lactic acid).

3.3.2 Synthesis of poly(4-X-styrene)-OH via ATRP initiated by

HEBIB

A range of monohydroxy-functional poly(4-X-styrene) (PXS) macroinitiators for the
subsequent conversion into diblock copolymers via ROP of lactide were synthesized
according to the general procedure described in Section 3.2.5 with the optimized reac-
tion conditions as determined by the test reactions, namely bulk polymerization with
equimolar concentrations of CuBr, Cu, and PMDETA at 80 ◦C initiated by HEBIB.
The synthesis was fairly reproducible, yielding polymers with polydispersities generally
below 1.22, see Table 3.5.

First, PFS-OH macroinitiators were prepared which only contained 4-fluorostyrene sim-
ilar to the styrenic block of Prof. Hillmyer’s double-gyroid-forming copolymer MHI41
which was prepared by metal-catalyzed ROP and RAFT polymerization. Using the
same monomers as used for MHI41 allowed to test if the new two-step synthesis route
employing ATRP and organocatalytic ROP is suited to synthesize similar double-
gyroid-forming copolymers. After obtaining positive results with the newly synthe-
sized PFS-b-PLA, see Chapter 4, monomer mixtures of 4-fluorostyrene and styrene
were used to synthesize P(F)S-OH macroinitiators. The fraction of the expensive flu-
orinated monomer was gradually reduced from 100 to 0% without having any notable
effect on the polydispersity or other polymerization parameters, see Table 3.5. Since
styrene and 4-fluorostyrene show similar ATRP kinetics, as discussed in Section 3.1.1.4,
polymerization of their monomer mixtures are expected to yield random copolymers
poly(4-fluorostyrene-r -styrene). Depending on the amount of fluorinated monomer the
macroinitiators are denoted as PFS, P(F)S, and PS in the following. Furthermore,
4-bromostyrene and 4-chlorostyrene were used to polymerize ultraviolet cross-linkable
PBrS and PClS, respectively.
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3 Diblock copolymer synthesis

Sample 4-FS [%]a mM [g]b M:I:C [mole ratio]c t [h] Mn

[
kg
mol

]
PDI

PFS17 100 9 570:1:1.1 7 50 1.18
PFS18 100 8 250:1:0.8 3.6 15 1.13
PFS19 100 7 270:1:1.1 4 30 1.17
PFS23 100 5 370:1:0.8 5.5 24 1.13
PFS24 100 6 300:1:0.8 5.2 21 1.12
PFS26 100 24 200:1:0.7 7 17 1.10
PFS27 100 25 250:1:0.7 8 33 1.09
PFS28 100 25 300:1:0.7 8 36 1.10
PFS29 100 10 120:1:0.7 8 13 1.07
PFS37 100 25 200:1:0.7 7.3 20 1.07
PFS38 100 10 210:1:0.7 6 19 1.06
P(F)S39 95 13 200:1:0.7 5.2 19 1.08
P(F)S40 90 13 200:1:0.7 5.2 17 1.08
P(F)S41 80 13 200:1:0.7 5.2 18 1.08
P(F)S42 60 16 200:1:0.7 5.5 17 1.09
PFS43 100 20 190:1:0.7 7.7 19 1.08
PFS44 100 17 180:1:0.6 8 15 1.22
PFS45 100 8 150:1:0.6 5 15 1.17
P(F)S46 20 16 200:1:0.6 5.5 18 1.15
PS47 0 30 210:1:0.6 6 17 1.15
PFS48 100 8 120:1:0.5 4 11 1.13
P(F)S49 30 15 150:1:0.5 4.5 14 1.12
PS50 0 20 150:1:0.5 5 13 1.12

PBrS1 – 1 100:1:0.5 3.5 12 1.43
PBrS2 – 1 100:1:0.5 3.5 13 1.09
PBrS3 – 19 100:1:0.5 3.5 11 1.07

PClS1 – 1 110:1:0.5 3.5 13 1.09
PClS2 – 1 110:1:0.5 3.5 12 1.08
PClS3 – 10 110:1:0.5 3.5 11 1.06

a 4-Fluorostyrene fraction of the initial monomer loading.
b Weight of initial monomer (M) loading.
c HEBIB was used as initiator (I) and equimolar concentration of

CuBr:Cu:PMDETA as catalyst (C).

Table 3.5: Polymerization conditions and molecular weight of P(F)S-OH containing
varying amounts of fluorinated monomer and PXS-OH.

During the course of the different polymerizations the catalyst loading was gradually
reduced from a HEBIB:catalyst molar ratio of 1:1.1 to 1:0.5. This significantly re-
duced the necessary costly purification steps to remove the copper complexes after
polymerization. To make this synthesis route towards double-gyroid-forming copoly-
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mers economically viable the catalyst loading would need to be further reduced to the
ppm level. Although possible, this was not attempted in this study.

High monomer conversions were intentional in order to minimize the waste of expensive
monomers, although this led to a steep viscosity increase of the reaction mixture and
even solidification. To examine if this change in viscosity and the reaction conditions
supported a living chain growth, samples were drawn from the reaction solution of
PFS23 at different stages of the polymerization and analyzed by means of SEC. The
SEC traces of five consecutive samples are shown in Figure 3.18A. A high molecular
weight shoulder is observed as the monomer consumption proceeded, this was most
likely due to coupling reactions. However, similar shoulders were also present in all
earlier performed test reactions, regardless of the employed polymerization conditions,
and the shoulder formation has been reported in the literature.[116] A constant, linear
average molar mass gain of 72 kg mol−1 min−1 is a good indicator for a well controlled
living polymerization, see Figure 3.18B. A similar polymerization rate of 45.5 and
39.1 kg mol−1 min−1 was found for P(F)S49 and PS50, respectively. Further, an increase
in polydispersity was not observed even when a molecular weight of 24 kg mol−1 was
reached, which is close to the theoretical maximum of 25 kg mol−1, calculated based on
the initial monomer to initiator loading. When the reaction solidifies the living polymer
ends are less likely to meet, thereby preventing coupling reactions to occur during
prolonged reaction times. Calculating the chain growth rate by analyzing samples
taken during the polymerization of the macroinitiators allows to abort the reaction
when a desired molecular weight is reached. As determined in Chapter 4, PXS-OH
with a molecular weight between 10 to 20 kg mol−1 are suitable macroinitiators for
double-gyroid-forming copolymers.
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Figure 3.18: A, SEC traces of samples taken at different reaction times from the
reaction solution of PFS23. B, Evolution of molecular weight and poly-
dispersity of PFS23 during the polymerization.
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3 Diblock copolymer synthesis

3.3.3 Synthesis of poly(4-X-styrene)-b-poly(d,l-lactic acid) via

ROP initiated by PXS-OH

Considering the results obtained from the ROP test reactions in Section 3.3.1.2, the
lactide block of poly(4-X-styrene)-b-poly(d,l-lactic acid) (PXS-b-PLA) was polymer-
ized according to the general synthesis procedure described in Section 3.2.6 under the
following conditions: Equimolar amounts of DBU and thiourea were chosen as catalyst
and chloroform as solvent. The molar ratio of lactide:catalyst was 50:1 and the com-
bined mass concentration of the monomer and macroinitiator in chloroform was 10%.
The stirring mixtures were allowed to react at room temperate for at least 80 min.

In addition to the expected PXS-b-PLA peak also a low molecular peak was also present
in the SEC curves of the first batches of the prepared copolymers. This peak indicated
the unwanted synthesis of PLA homopolymer initiated by water molecules. After re-
peating the drying procedures and replacing some reagents, the contamination with
homopolymer was eliminated. While DBU on its own without the thiourea co-catalyst
is capable to catalyze the polymerization of PLA homopolymer, it was found, that the
copolymerization initiated by PXS-OH was hardly supported and only a smaller than
expected increase in molecular weight was detected by SEC after a reaction time of
80 min. Further, when omitting the neutralization of the superbase with an equimolar
amount of benzoic acid before precipitating the reaction solution in methanol resulted
in copolymers which did not adopt well-ordered morphologies during microphase sep-
aration.

Once all reagents were anhydrous and the initial issues with the copolymerization were
resolved, the next challenge was to identify the exact weight ratio of lactide monomer
to PXS-OH macroinitiator that results in double-gyroid-forming diblock copolymers.
More precisely, apart from a few exceptions, copolymers with a PLA volume fraction
smaller than 50% were synthesized targeting double-gyroids with a styrenic matrix
phase. NMR and SEC data for a selection of the around 230 synthesized diblock
copolymers is presented in Table 3.6, while the complete list is presented in Table B.1.

Initially, small-scale polymerization with typically less than 50 mg of macroinitiator
were performed (PXS-b-PLA1 to PXS-b-PLA115). Preparing such small-scale reactions
with accurate reagent weight ratios by weighing each reagent individually is nearly
impossible. Instead, mixtures with different ratios of the macroinitiator and lactide
were prepared by volume using a pipette. For that purpose, larger amounts of each
reagent were dissolved in chloroform. Although a precise micropipette was used, the
PLA volume fraction of total copolymer determined by NMR fNMR

PLA randomly deviated
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from the theoretical value f theo
PLA, see Table 3.6. Starting with sample PXS-b-PLA116

larger amounts of the precursor materials, at least 500 mg of macroinitiator, were used.
The scale located in the glove box was accurate enough to prepare accurate monomer
to initiator ratios and thus, predissolving the reagents was omitted. For these samples
fNMR

PLA was consistently lower than f theo
PLA by around 1%, which corresponds to a monomer

conversion of about 98 to 99%.

As presented in Figure 3.19A the addition of the PLA block to the PXS-OH only re-
sulted in the expected shift to higher molecular weights without having any visible effect
on the shape or width of the SEC trace. In fact, the copolymer polydispersity was typ-
ically lower than the PDI of the macroinitiators. Closely examining the NMR chemical
shift of the PLA CH group synthesized by organocatalyst and comparing it to MHI41
PLA block prepared by trimethylaluminium-catalyzed coordination-insertion ROP re-
veals pronounced differences, see Figure 3.19B. Although a racemic monomer mixture
was used in both cases, different stereosequences of the poly(lactic acid), namely hetero-
tactic and stereoblock PLA, can be caused by the particular catalyst used.[114,117] It was
feared that the resulting differences in polymer properties, such as different glass tran-
sition temperatures and chain crystallization, would negatively affect the microphase
separation behavior.[118] Fortunately, the organocatalytically synthesized PXS-b-PLA
also equilibrated in the double-gyroid nanostructure as indicated in Table 3.6.
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Figure 3.19: A, SEC traces of PFS18 and PFS18-b-PLA76. After addition of the
PLA block the peak is shifted to higher molecular weights. B, Dif-
ferences in the 1H NMR spectral range associated with to PLA’s CH
proton for MHI41 and PFS18-b-PLA76 in CDCl3. For comparison, the
area under the curves was normalized.

As discussed in Section 3.2.2 the molecular composition of the synthesized copolymers
was determined by 1H NMR. The relevant spectral range from 5.1 to 7.2 ppm for
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3 Diblock copolymer synthesis

PFS18-b-PLA76, P(F)S49-b-PLA204, and PS50-b-PLA216 is presented in Figure 3.20,
while the full range spectra are available in the Appendix A. Further, assuming the
densities ρPLA=1.18 g cm−3, ρPFS=1.17 g cm−3, and ρPS=1.05 g cm−3 the corresponding
PLA volume fractions were calculated.[119,120] These were density values were also used
for the calculation of the theoretical volume fractions. Note that the value for ρPLA

was determined for a temperature of 180 ◦C and is considerably lower than the value
of 1.25 g cm−3 at room temperature.
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Figure 3.20: Regions of the NMR spectra used to determine the composition of the
copolymers. The corresponding protons are indicated with yellow cir-
cles. The area under the peaks arising from the PLA’s CH proton was
normalized to unity. The area under the peaks associated with the pro-
tons of the phenyl groups is 3.39, 4.78, and 5.39 for PFS18-b-PLA76,
P(F)S49-b-PLA204, and PS50-b-PLA216, respectively.

Importantly, once the double-gyroid-forming monomer to macroinitiator ratio had been
determined for a specific composition of the styrenic block, it was fairly unproblematic
to synthesize the desired double-gyroid-forming diblock copolymers on a gram scale,
see Tables 3.6 and B.1.

Sample
mPXS f theo

PLA fNMR
PLA MSEC

n MNMR
n Nd PDI Structuree

[mg]a [%]b [%]b
[

kg
mol

]
c

[
kg
mol

]
c

MHI41f – – 40.0 36 – 380 1.21 DG
MHI41g – – 39.2 28 – – 1.35 DG

PFS17-b-PLA17 25 40.0 – 61 – – 1.46 C
PFS17-b-PLA18 25 40.0 – 72 – – 1.26 C
PFS19-b-PLA27 50 42.0 – 55 – – 1.17 C

continued
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Sample
mPXS f theo

PLA fNMR
PLA MSEC

n MNMR
n Nd PDI Structuree

[mg]a [%]b [%]b
[

kg
mol

]
c

[
kg
mol

]
c

PFS18-b-PLA32 25 42.5 – 32 – – 1.18 DG, C
PFS18-b-PLA33 25 45.0 – 29 – – 1.19 DG, H
PFS19-b-PLA34 25 32.5 – 36 – – 1.30 –
PFS19-b-PLA39 25 45.0 – 49 – – 1.27 C, L , H
PFS18-b-PLA47 50 41.0 – 32 – – 1.12 DG
PFS19-b-PLA50 50 41.0 – 56 – – 1.17 C, W
PFS17-b-PLA53 50 41.0 – 83 – – 1.19 C, W
PFS19-b-PLA55 50 41.0 – 58 – – 1.18 C, L
PFS17-b-PLA56 50 41.0 – 82 – – 1.18 –
PFS18-b-PLA76 50 43.5 41.0 32 26 269 1.09 DG, C, L
PFS19-b-PLA79 50 47.5 – 58 – – 1.13 C
PFS19-b-PLA80 50 50.0 – 55 – – 1.14 C
PFS18-b-PLA82 50 45.0 46.0 – 28 301 – DG, C, H
PFS23-b-PLA87 40 40.5 38.7 44 39 408 1.08 C, H
PFS23-b-PLA91 40 46.5 – 49 – – 1.18 C, H
PFS23-b-PLA94 40 51.0 48.9 53 47 517 1.18 L
PFS18-b-PLA97 35 41.3 38.7 – 25 256 – DG, C
PFS23-b-PLA103 35 40.5 38.7 47 39 408 1.17 C, W
PFS26-b-PLA116 500 43.0 42.3 33 30 314 1.08 C, L
PFS26-b-PLA118 500 38.0 36.9 – 27 278 – DG
PFS26-b-PLA119 500 39.0 37.9 – 27 285 – DG
PFS26-b-PLA127 500 38.0 36.4 31 27 275 1.07 C
PFS27-b-PLA130 500 39.0 36.9 – 52 541 – C
PFS26-b-PLA132 500 38.3 37.4 – 27 281 – DG
PFS26-b-PLA133 500 38.5 37.1 – 27 280 – DG
PFS26-b-PLA136 500 39.0 – 28 – – 1.12 DG, C
PFS37-b-PLA148 500 38.5 37.3 35 32 330 1.07 C
P(F)S39-b-PLA150 500 38.5 37.6 – 31 318 DG, W
P(F)S49-b-PLA192 500 38.3 37.9 28 23 256 1.10 DG
P(F)S49-b-PLA204 500 38.3 – 28 – – 1.10 DG
PS50-b-PLA214 1000 37.5 37.1 26 22 244 1.09 DG

a Amount of macroinitiator PXS-OH used.
b Theoretical and experimentally determined volume fraction of PLA.
c Total molecular weight determined by NMR and poly(styrene) calibrated SEC.
d Total degree of polymerization calculated using the NMR data.
e Morphologies observed in microphase separated films thermally annealed under var-

ious conditions.
f As determined by Marc Hillmyer.
g As determined in this study.

Table 3.6: Composition, molecular weight, and PDI of selected PXS-b-PLAs deter-
mined by means of SEC and NMR.
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3 Diblock copolymer synthesis

3.4 Concluding remarks

In summary, almost 80 distinct ATRP polymerizations of 4-X-styrene monomers and
over 215 copolymerization via lactide ROP were conducted. A set of optimized poly-
merization parameters were successfully identified that allowed the highly reproducible
synthesis of well-defined diblock copolymers on a gram scale that adopt the double-
gyroid nanomorphology during microphase separation as will be discussed in the follow-
ing chapter. To reduce the synthesis cost and make the polymers more environmentally
sustainable, the fraction of expensive fluorinated styrene monomer was gradually de-
creased.

However, to draw a final conclusion as to whether the presented synthesis route can
deliver economically viable polymeric materials for templated-assisted manufacturing
of nanomaterials, the following question has to be experimentally clarified: Can the
involved ATRP and ROP be scaled up to yield larger batches of double-gyroid-forming
material of at least 1 to 100 kg? This would however require reduction of the amount of
copper catalyst for the ATRP to the ppm range. One kilogram of polymeric material
would be sufficient to coat an area of 100 m2 with a 10µm thick template film.

Further, I propose to attempt the synthesis of DG-forming poly(benzyl methacrylate)-
b-poly(styrene)-b-poly(lactic acid) or poly(trimethylsilyl methacrylate)-b-poly(styrene)-
b-poly(lactic acid) using HEBIB as initiator in the following order: First, ATRP of
styrene; second, ATRP of the substituted methacrylate; and finally, ROP of lactide.
Selective and successive degradation of the methacrylate and lactide blocks would en-
able to separately address and replicate the two double-gyroid networks.
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4 Voided double-gyroid thin film templates

Parts of this chapter were previously published.[71]

The aim of this part of the study was to establish a fabrication route for organic,
mesoporous thin film templates of sufficiently large area and homogenous micrometer
thickness using the synthesized PXS-b-PLA diblock copolymers. The pores of such
templates should be connected and continuous from the air/template interface down
to the substrate, enabling the replication with functional materials. As discussed pre-
viously, for various reasons the most favorable copolymer nanomorphology as starting
material for mesoporous templates is the double-gyroid. Hence, is was tested which of
the numerous prepared copolymers adopts the double-gyroid morphology.

Preparation of the samples included the following steps, surface modification of the
substrate, polymer film deposition, thermal annealing, and selective degradation of the
PLA phase, as illustrated in Figure 4.1. The PLA removal does not alter the copoly-
mers morphology and is comparatively easy, whereas the substrate choice, the surface
modification, and thermal annealing protocol decisively influence the copolymer self-
assembly behavior as will be discussed in the context of polymer phase separation.[28, 121]

The vast possible parameter space of the latter two preparation steps, combined with
the numerous copolymers, presented a real challenge.
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Figure 4.1: Preparation of mesoporous thin film polymer templates on suitable sub-
strates. 1. Substrate surface modification tailoring a neutral surface.
2. Copolymer film deposition and phase transition to the double-gyroid
morphology during thermal annealing. 3. Selective degradation of PLA
yields the mesoporous template.
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4.1 Introduction to block copolymer self-assembly

A remarkable property of polymer melts is their ability to self-assemble, driven by
thermodynamic incompatibilities of the different monomers. A brief introduction to
the thermodynamic theory of macrophase separation in homopolymer blends and mi-
crophase separation in diblock copolymer melts is given. In particular, the effect of
controllable parameters, including the monomer interactions, the block composition,
the degree of polymerization, the polydispersity and the purity, on the formation of
intermaterial dividing surfaces will be discussed.

4.1.1 Macrophase separation of homopolymer blends

Most homopolymer blends tend to segregate or macrophase separate on lowering the
temperature T , although mixtures of the corresponding monomers form a single ho-
mogeneous phase. The Flory-Huggins mean field theory provides a framework which
explains this discrepancy by taking the molecular size of polymers, i. e. degree of poly-
merization N , into account.[122]

Considering a binary blend composed of homopolymer A and B with volume fraction
fA and fB = 1−fA and assuming monomers of equal molecular size, the Flory-Huggins
lattice model delivers an expression for the Gibbs free energy of mixing

∆Gmix = ∆Hmix − T∆Smix (4.1)

∆Gmix

kBT
= χfAfB

︸ ︷︷ ︸

enthalpic term

+ fAN
−1
A ln fA + fBN

−1
B ln fB

︸ ︷︷ ︸

entropic term

, (4.2)

where kB is the Boltzmann constant and χ the Flory-Huggins interaction parameter.[122]

For ∆Gmix > 0 the melt phase separates spontaneously, while it favors a homogenous
phase for ∆Gmix < 0. Depending on the value of χ, the enthalpic contribution, which
is assumed to arise only from nearest-neighbor monomer interactions, can be either
positive (opposes mixing) or negative (promotes mixing). In contrast, the entropic term
is always negative and thus favors homogeneous mixing. By scaling the entropy term by
a factor of N−1 the model accounts for the fact that the monomers are covalently bonded
in groups of N , preventing the independent dispersion on lattice sides. Therefore, blend
phase behavior is controlled by the product χN , the segregation strength, capturing
the two opposing enthalpic and entropic contributions.[123]

In addition, the model delivers an expression for the dimensionless interaction parame-
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4 Voided double-gyroid thin film templates

ter χ, which describes the free-energy cost per monomer of contacts between monomer
A and B

χ =
Z

kBT

(

ǫAB − 1

2
(ǫAA + ǫBB)

)

, (4.3)

where Z is the number of nearest-neighbor contacts, and ǫ is the interaction energy
per monomer.[123] However, in practice χ may have a more complex dependence on the
temperature. Usually it is found to vary linearly with the inverse temperature

χ = a+
b

T
, (4.4)

where the quantity a can be thought of as an entropic component accounting for
non-combinatorial entropy changes, while b is the positive or negative enthalpic part
expressing an upper or lower critical solution temperatures, respectively. For ex-
ample, experimentally determined parameters for poly(styrene)/poly(lactic acid) are
χ = 98.1T−1 − 0.112 and χ = 96.6T−1 − 0.091.[124]

A phase diagram of the blend showing regions of stability, metastability, and instability,
separated by the binodal and spinodal curve, can be derived from the temperature de-
pendence of ∆Gmix by applying the common tangent approach. Here only a symmetric
polymer blend (N=NA=NB and f = fA = fB) is considered, for a more detailed dis-
cussion the reader is referred to the literature.[125] Differentiating Equation (4.2) twice
with respect to f and equating to zero gives a critical value of χN = 2. Thus, for values
χN <2 all volume fraction compositions are stable, while for values χN ≥ 2 mixtures
of certain compositions will undergo phase separation.[125] For unconnected monomers
the entropic terms often overwhelms the enthalpic term and the blend forms a single
homogeneous phase. In mixtures of polymers with high N already very weak repulsive
monomer interactions lead to a free energy of mixing that favors phase separation.

4.1.2 Microphase separation of diblock copolymers

As in the case of macrophase separation, the two competing terms of enthalpic and
entropic nature govern the thermodynamics of block copolymers. Similar to binary
polymer bends the phase behavior of diblock copolymer melts is primarily controlled
by the segregation strength χN and the volume fractions fA and fB = 1 − fA of the
two blocks. Being covalently bonded, repulsive blocks are prevented from separating
on a macroscopic level. Hence, the segregation into A- and B-rich domains occurs
on the nanoscale, therefor termed microphase separation. This self-assembly process
gives rise to the formation of a variety of highly ordered morphologies. Which struc-
ture diblock copolymers adopt at equilibrium is highly dependent on the composition,
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while the dimensions of the microdomain structure depend on the copolymer degree of
polymerization N , as schematically shown in Figure 1.2.

4.1.2.1 Phase diagrams of diblock copolymers

Symmetric diblock copolymers (fA ≃ fB) arrange into a lamellar morphology, with
alternating layers of the constituent blocks. Asymmetric diblock copolymers (fA 6=
fB) self-assemble into morphologies where the minority component is enclosed by the
majority or matrix phase. Between the lamellar phase and the hexagonally packed
cylinders the bicontinuous Fddd and tricontinuous double-gyroid phase is observed,
as previously discussed in Chapter 2. A further increase in asymmetry leads to the
formation of body-centered cubic and close-packed spheres.

At sufficiently high temperatures (small χ) the entropic terms exceed the energetic
interactions, and the chains are mixed homogeneously. In this case the free energy per
chain can be approximated by the A-B contact energy[123]

GDIS

kBT
≈ χfAfBN. (4.5)

As the temperature is reduced (large χ) the repulsive enthalpic term grows and the
system tends to minimize the unfavorable interface between the incompatible blocks via
formation of intermaterial dividing surfaces (IMDS). For any given segregation strength
and copolymer composition the melt adopts the IMDS that minimizes the free energy.
During the IMDS formation the polymer chains have to be significantly stretched at the
linkage between the blocks. Compared to homopolymer blends, where the chains have
random coil conformation, the enthalpic forces now have to counterbalance additional
entropic forces arising form the extended chain conformation. Considering a simple
model where a chain of N monomers of size a are extended to a distance R, the
entropic force law is assumed to be approximately Hookian and hence, can be expressed
as Fstretch = 3kBTR

2/(2Na2).[123] Further, the free energy for a symmetric diblock
(fA = fB), which will microphase separate into an alternating lamellar morphology, is
given by[123]

GLAM

kBT
=

3(λ/2)2

2Na2
+

γA

kBT
=

3(λ/2)2

2Na2
+

Na
√

χ/6

λ/2
. (4.6)

The first term in Equation (4.6) is the entropic stretching penalty derived under the
assumption that the chains are uniformly stretched to a length of one-half of the lamel-
lar domain period λ. The second term represents the repulsive energetic interactions
confined to the (sharp) A-B interface. It is given by the product of the contact area
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4 Voided double-gyroid thin film templates

per chain derived under volume filling constraint, A = Na3/(λ/2), and the interfa-
cial tension determined according to classical theory of polymer-polymer interactions,
γ = (kBT/a

2)
√

χ/6. Differentiation of Equation (4.6) with respect to λ and equating
to zero yields an expression for the equilibrium lamellar period[123]

λ0 ≈ 1.03 · aχ1/6N2/3 ∼ N2/3. (4.7)

The corresponding free energy of the lamellar phase can be used to estimate a criti-
cal value (χN)ODT where the transition from a single homogeneous melt to heteroge-
neous ordered microdomains occurs, which is known as the order-disorder transition
(ODT). For a lamellae-forming, symmetric copolymer (fA = fB) equating GLAM(λ0) to
GDIS ≈ kBTχN/4, compare Equation (4.5) for the symmetric case, delivers a critical
value of (χN)ODT ≈ 10.5. This value is close to the one derived by more sophisti-
cated self-consistent field theories.[126,127] For χN > 10.5, which corresponds to either
high molecular weight copolymers or strong incompatibility in combination with low
temperatures, symmetric diblock copolymers are predicted to microphase separate into
ordered lamellar with period λ0. Respectively, for χN < 10.5 a single homogeneous
phase, i. e. a disordered phase, is expected.

� �

Figure 4.2: Early diblock copolymer phase diagrams: disordered, DIS; lamellar, L;
double-gyroid, Ia3d; hexagonally packed cylinders, H; body-centered cu-
bic spheres, Im3m; and close-packed spheres, CPS. A, Calculated phase
diagram using self-consistent mean field theory. (Modified from Matsen
et al .[127]) B, Experimentally determined phase diagram for PS-b-PI di-
block copolymers revealing the existence of the metastable hexagonally
perforated lamellar (HPL) phase. (Modified from Khandpur et al .[128])

Depending on how distinct the interfaces between the segregated domains are and how
pure the composition in the separated domains is, the extent of the block segregation is
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divided into three regimes: weak (χN ∼10), intermediate (χN ∼10−100) and strong
(χN ≥ 100) segregation limit. For each regime, mean field and analytical theories have
been developed. The weak and strong segregation limit theories for block copolymer
melts have been unified by Matsen et al..[126,127] Their approach involves the numerical
solution of self-consistent field equations. By comparing the free energies for different
phases, the theoretical phase diagram displayed in Figure 4.2A is obtained.

The theoretically calculated phase diagrams of the mid 1990s agree remarkably well
with the experimentally observed phase behavior of diblock copolymers. Figure 4.2B
shows the almost symmetric phase diagram of PS-b-PI measured by Khandpur et al.

in 1995.[128] At that time it was still believed, that the semi-continuous hexagonally
perforated lamellar phase, a combination of the lamellar and cylindrical phase, is a
stable equilibrium phase. Later experimental and theoretical studies showed, that
the HPL is a metastable structure or long-lived transition, but not an equilibrium
structure.[129] Similarly, the Fddd was believed to exists as a metastable structure.[130]
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Figure 4.3: A, Calculated phase diagram using self-consistent mean field theory pre-
dicting the existence of the Fddd morphology in diblock copolymers.
(Modified from Tyler et al .[131]) B, Experimentally determined phase
diagram for PS-b-PI diblock copolymers showing the boundaries of the
Fddd phase. (Modified from Kim et al .[31]) C, TEM image of helical
cylinder phase observed in poly(styrene)-b-poly(l-lactic acid) and inset
showing a simulation. (Modified from Ho et al .[132])

In 2005, Tyler et al. were the first to predict the existence of the orthorhombic Fddd

as an equilibrium structure in the phase diagram of diblock copolymers. Using self-
consistent field theory, the calculated phase diagram is shown in Figure 4.3A.[131,133]

Two years later, Takenaka et al. were the first to deliver the experimental proof for
the existence of the Fddd microdomain structure, discovered in a PS-b-PI diblock
copolymer melt.[36] Thereafter, Kim et al. determined the Fddd phase boundaries in
PS-b-PI melts, as illustrated in Figure 4.3B.[31, 66] Although it was believed that the
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4 Voided double-gyroid thin film templates

latest phase diagram of diblock copolymer was complete, Ho et al. in 2009 reported
the discovery of a helical cylinder phase in poly(styrene)-b-poly(l-lactic acid) melts,
see Figure 4.3C.[132]

4.1.2.2 Phase diagrams of polydisperse diblock copolymers

So far, the discussion on copolymer melt behavior was limited to monodisperse blocks,
neglecting the fact that most polymers are polydisperse. The polydispersity index is a
measure for the width of the molecular weight distribution PDI = Mw/Mn. A PDI

for the entire copolymer as well as for both blocks PDIA and PDIB can be defined. In
a recent publication on the effects of polydispersity on block copolymer self-assembly
Lynd et al. summarize the ongoing research.[134] In Figure 4.4 the main results from
Cooke et al. and Matsen are displayed.[135,136] Applying self-consistent field theory they
predict that changes in the molecular weight distributions of the A and B block alter
the entropic and enthalpic free energy balances and thus, the locations of the phase
boundaries. In addition, they find the emergence of significant two-phase coexistence
regions at the expense of the gyroid phase window. Furthermore, they find evidence
that polydispersity relieves packing frustration, which reduces the tendency for long-
range order.
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Figure 4.4: Theoretical diblock copolymer phase diagrams for different levels of poly-
dispersity. A, An increase of the overall PDI with identical block PDIs
results in a shift towards lower χN values while the phase diagram stays
symmetrical. (Modified from Cooke et al .[135]) B, An asymmetrical in-
crease of PDIA with PDIA > PDIB shifts the phase boundaries towards
decreasing χN and increasing fA values, and creates biphasic regions 2-Φ.
Note that the phase space of the pure gyroid morphology is even narrower
for asymmetric block polydispersities. (Modified from Matsen et al .[136])

Several experimental studies on the effects of the PDI on diblock copolymer self-
assembly have appeared in the literature. Bendejaq et al. synthesized several poly(sty-
rene)-b-poly(acrylic acid) copolymers with broad molecular weight distributions and
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found that these systems produced well-ordered structures.[137] Blends of a homopoly-
mer hA and a diblock copolymer A-B can also be considered as a pure copolymer
system with large polydispersity. These systems were extensively studied, for more
details on this topic the reader is referred to my diploma thesis.[7]

Furthermore, Lynd and Hillmyer prepared several sets of poly(ethylene-alt-propylene)-
b-poly(d,l-lactic acid) with controlled molecular weights, compositions, and polydis-
persity indices to prove the discussed theoretical predictions.[138] In particular, they
were interested in the influence of changes in the molecular weight distribution of one
or both of the two blocks on the domain sizes and morphological boundaries. They
found, that the domain spacing increased with increasing polydispersity. Furthermore,
they demonstrated that increasing the polydispersity of the lactide block of otherwise
identical polymers can result in a morphology change. More specifically, an increase
in the polydispersity of the majority poly(lactic acid) segment of a diblock copolymer
gives rise to phase transitions to structures with smaller mean interfacial curvature, see
Section 2.1. Conversely, when the poly(lactic acid) block is the minority component,
a polydispersity increase results in a morphology change possessing a larger mean in-
terfacial curvature. The molecular weight properties of three diblock copolymers that
show this specific behavior are displayed in Table 4.1. All polymers have similar overall
molecular weights and volume ratios, but adopt different microdomain morphologies
resulting from the polydispersity increase of the minority poly(lactic acid) block.

Table 4.1: Diblock copolymers used in the study by Lynd et al.. An increased PDI of
the minority block (fPLA < 0.5) can cause transitions to morphologies with
increased mean interfacial curvature (e. g. lamella → gyroid → cylinder).
(Modified from Lynd et al .[138])

4.1.2.3 Temperature-induced phase transitions

Amongst others the overall degree of polymerization, the block composition, the block
volume ratio, and the polydispersities determine the phase behavior of diblock copoly-
mers. After polymerization these parameters are fixed and can only be changed indi-
rectly, e. g. by adding homopolymers, preparing mixtures of copolymers, or by solvent
annealing with selective solvents.[139,140] Although it is possible to induce a phase
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4 Voided double-gyroid thin film templates

transition by these indirect manipulations they are experimentally challenging and
preparation of large area films of good quality is ambitious. However, since the interac-
tion parameter χ is highly temperature dependent it is possible to induce morphology
transitions through thermal annealing, which corresponds to an almost vertical path in
the phase diagram. Given an inverse temperature dependence, an increase in temper-
ature will result in a shift towards smaller χN values in the phase diagram. Typically,
a morphology transition is only achievable when the annealing temperature exceeds
the copolymer’s glass transition temperature, the experimentally determined values of
which vary between 104 ◦C for PS/PFS and 57 ◦C for PLA.

The advantage of this technique is that large area thin films of homogenous thickness
can be spin or blade coated before the desired morphology is induced by thermal an-
nealing while obtaining a good film quality. Due to fast solvent evaporation during
spin coating, the polymer films are trapped in a non-equilibrium state possessing a
non-equilibrium phase morphology or a phase morphology close to thermodynamics
equilibrium, but without long-range order. To erase any effects of this quenched state
on the temperature-induced phase transition, the temperature is typically increased
until the copolymers form a disordered phase. Kinetics of morphological transitions
in microphase separated diblock copolymers were also studied by computer simula-
tions.[130,141–143]

��

Figure 4.5: Order-order transition from cylinders to double-gyroid and vice versa.
A, The minimum energy path connecting the two ordered phases is
computed using the recently developed string method within the self-
consistent field theory. (Copied from Cheng et al .[143]) B, Schematic
illustration of nucleation and growth. (Copied from Matsen et al .[141])

However, inducing phase transitions to a desired phase by thermal annealing also faces
some limitations. Most polymers only show a limited temperature stability and start to
degrade or depolymerize at elevated temperatures.[144–146] Especially, for high molecular
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weight polymers phase transition occurring at low χN values are not feasible since
they require very high annealing temperatures. Another limitation is the extended
annealing time required for high molecular weight copolymers to reach equilibrium.
For homopolymer melts the de Gennes’ self-diffusion model predicts a reptation time
of τ ≈ N3.[125] Assuming that this relation also holds for diblock copolymer it can
be rewritten using Equation (4.7) as τ ≈ λ4.5

0 . When attempting to double the unit
cell dimension a morphological transition will require a more than 20-fold increase in
annealing time. Furthermore, some studies indicate that due to localization caused
by the presence of interfaces in microphase separated copolymer melts the reptating
chains are significantly retarded, which would require even longer annealing times.[147]

4.1.2.4 Microphase separation in thin films

So far, only bulk behavior was considered, neglecting any energetic contributions aris-
ing from interfaces. Especially, in thin films the interactions between the constituent
blocks with both the free surface and the substrate generally lead to a different phase
behavior. When the substrate’s surface chemistry favors the preferential wetting by
one of the blocks, cylinders or lamellae orientated parallel to the substrate are typi-
cally formed. This can either lead to the formation of a wetting layer not thicker than
the end-to-end length of the copolymer or even affect the morphology adopted in the
bulk of the thin film. Relatively few studies investigated the thin films behavior of
block copolymers that adopt gyroid-like morphologies in the bulk.[148] Two theoreti-
cal studies employing computer simulations suggest, that thin film effects frequently,
although not always, destabilize the gyroid morphology.[149,150] Thin films of PS-b-PI
diblock copolymers, and PS-b-PI/hPS blends solvent cast onto silicon adopted the gy-
roid morphology,[129,151–153] but when cast onto transparent conductive fluorine-doped
tin oxide, the PS-b-PI systems did not form wetting PS layer.[6, 7] Epps et al. exam-
ined the behavior of PI-PS-PEO in thin films with thicknesses of less than twice the
bulk domain periodicity. While the triblock copolymers adopt a gyroid-like morphol-
ogy in bulk samples, very thin films formed no gyroid-like structures.[154] The only
reported voided double-gyroid thin films with continuous pores extending across both
film interfaces, were reported by Crossland et al. using PFS-b-PLA.[1–5] This can only
be achieved when the substrate presents a neutral surface for all copolymer blocks
taking additional energetic contributions from a possible surface topography into ac-
count. However, tuning the substrates surface energy by chemical or physical surface
modification proves to be challenging.
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4 Voided double-gyroid thin film templates

4.1.2.5 Concluding remarks

A number of parameters determine whether or not the morphology of interest is adopted
by a microphase separating copolymer melt. Of these, most important are the inter-
action parameter, the volume ratio of the blocks, the degree of polymerization, the
individual block molecular weight distributions, the overall polydispersity, the interac-
tions with the interfaces, and last but not least, the temperature. Only the latter two
parameters are experimentally accessible and can be altered after the synthesis of the
copolymer (disregarding polymer blends). Control over the self-assembly at the film
interfaces becomes essential when the polymer films are intended to be used as tem-
plates. Meuler et al. recently published a comprehensive review on how these various
parameters affect the formation of gyroid-like morphologies in polymeric materials.[76]

4.2 Experimental methods

4.2.1 Materials

Besides the synthesized copolymers, the chemicals and materials listed in Table 4.2
were used as received unless stated otherwise.

Chemical Purity [%]a Abbreviation

Bis(trimethylsilyl)amine 97 (SA) HMDS
Chloroplatinic acid 99.9 (SA) –
Cyclohexane, anhydrous 99.5 (SA) –
Fluorine-doped tin oxide coated glass, 15 Ω/� – (S) FTO
Hydrogen peroxide 30 (SA) –
Methanol, laboratory reagent grade – (FS) –
Methyltrichlorosilane 97 (SA) MTS
Octyltrichlorosilane 97 (SA) OTS
Propylene glycol monomethyl ether acetate 99 (SA) PGMEA
Sodium hydroxide – (SA) –
SU-8 2000.5 – (MC) –
Sulfuric acid, laboratory reagent grade 95 (FS) –
Sulfuric acid 99.999 (SA) –
Toluene, anhydrous 99.8 (SA) –
Water, deionized 18 MΩ – DI water

a Suppliers are given in brackets: Fisher Scientific, FS; MicroChem, MC;
Sigma Aldrich, SA; Solaronix, S.

Table 4.2: Chemicals and materials used for the template preparation.
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4.2.2 Substrate surface modification

The here presented surface treatment procedure was the outcome of a tedious opti-
mization process that will be discussed in Section 4.3.6. FTO-coated glass substrates
were cleaned for 15 min at 80 ◦C in a strong piranha solution, containing three parts
laboratory reagent grade sulfuric acid and one part hydrogen peroxide. The substrates
were heated in the sulfuric acid before adding the hydrogen peroxide. Thereafter, the
substrates were rinsed thoroughly and sonicated for 3 min using DI water, and dried
on a hotplate at 100 ◦C. A fresh 4.3mM octyltrichlorosilane solution was prepared in
a flame dried glass beaker by adding OTS to anhydrous cyclohexane. Directly before
immersion into the silanization solution the substrates were quenched to room temper-
ature by placing them on a cool metal plate using dry metal tweezers.[155] After around
10 s the substrates were taken from the solution and immediately dried under a strong
nitrogen stream. This treatment gave rise to a water contact angle of 59 ± 5◦. The
time between piranha cleaning and silanization was kept as short as possible to prevent
reabsorption of airborne hydrocarbons.

The cleaned and silanized substrates were selectively patterned by photolithography
using an electrically insulating photoresist.[156] A thin SU-8 2000.5 photoresist layer was
spun at 6000 rpm, soft-baked, exposed using a MJB4 mask aligner (60−80mJ cm−2),
post-baked, and developed in PGMEA for 30 s.[156] The applied soft and post-bake
procedure was as follows: 1min at 65 ◦C, 1min at 92 ◦C, and 1min at 65 ◦C.

4.2.3 Thin film deposition

The synthesized diblock copolymers were dried in a vacuum oven at 60 ◦C overnight.
Then 10%wt stock solutions were prepared in anhydrous toluene and filtered with
0.45 µm Teflon (PTFE) filters. Micrometer thick copolymer films were spun, drop-
or blade-coated, typically using 3.5 µl of copolymer solution per square centimeter.
Films prepared by spin coating were spun at 200 to 700 rpm for 45 s.

4.2.4 Thermal annealing

The optimization process that led to the here presented DG-yielding thermal annealing
procedure will be discussed in Section 4.3.4. To enable precise control over the tem-
perature with fast heating rates for the thermal annealing process a ‘mini-oven’ was
designed for use inside a conventional vacuum oven. With the lid closed the mini-oven
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4 Voided double-gyroid thin film templates

guarantees a homogeneous temperature throughout the whole film under an inert gas
atmosphere as well as under vacuum.

Both ovens were preheated to 90 ◦C. The conventional oven was kept at this tem-
perature, while the mini-oven was used to control the annealing temperature. After
placing the samples inside the oven the annealing chamber was alternatingly evacuated
and refilled with nitrogen for several times in order to prevent polymer degradation
through oxidation. The optimized ‘standard annealing’ protocol was as follows: The
mini-oven was heated up to 150 ◦C at a ramp rate of 2.5 ◦Cmin−1 under vacuum giving
the polymer films sufficient time to dry. On reaching 150 ◦C the oven was refilled with
nitrogen and kept under a constant flow of nitrogen for the remaining annealing time.
To prepare double-gyroid-structured films for the subsequent usage as templates, an
annealing time of 20 min at 173 ◦C or 10 min at 205 ◦C depending on the copolymer’s
molecular weight was chosen. Finally, the samples were quenched to room temperature
by placing them on a cool metal plate.

Figure 4.6: Homemade oven with lid set up inside a conventional vacuum oven for
precise control over the heating rate and annealing temperature.

4.2.5 Selective PLA degradation

For the selective removal of the poly(lactic acid) phase the samples were immersed
in a 0.1 M aqueous sodium hydroxide solution containing 50%vol methanol for several
hours.[124,157] The resulting mesoporous polystyrene templates were soaked and washed
in methanol for several minutes to remove the base and then carefully dried with a
nitrogen stream.
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4.2.6 Scanning electron microscopy

Scanning electron micrographs (SEMs) of the voided polymer templates were taken
on a LEO ULTRA 55 SEM with a Schottky-emitter (ZrO/W cathode) and an in-lens
detector. The acceleration voltage was typically set in a range of 3 to 10 keV. In order to
prevent the electrically insulating poly(styrene) samples from charging up, they were
mounted onto SEM stubs with conduction carbon tape and were coated with a few
nanometer thick platinum or gold layer using a sputter coater. Cross-sections were
prepared by simply breaking the films after PLA degradation.

4.3 Results and discussion

The substrate surface treatment and thermal annealing protocol used to obtain double-
gyroid-structured MHI41 films with a porous film/substrate interface were found to be
unsuitable for the diblock copolymers synthesized in this study.[3] An inappropriate
surface treatment and thermal annealing can individually prevent the double-gyroid
from being the thermodynamically stable morphology. This complicated the search for
the right polymerization conditions and made the development of the here presented
synthesis and fabrication protocol for the double-gyroid templates a tedious iterative
process.

To make matters even worse, the vacuum ovens used before installing the mini-oven
were falsely calibrated and had a temperature offset of 10 and 15 ◦C. Combined, these
circumstances made initial experiments poorly reproducible. Nonetheless, almost five
dozen of the synthesized diblock copolymers were identified to form double-gyroids.
They are listed in Table 4.3. The complete list of all studied copolymers together
with their theoretical PLA volume fraction f theo

PLA and the adopted micromorphology
for selected thermal annealing conditions are given in Table B.1. In the following a
few, elective experiments that led to the determination of the appropriate experimental
conditions, chosen from a large number of unsuccessful experiments, are presented. The
SEM images presented here are reprinted in larger size in Appendix C.
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Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
mol

]
a [mg]b [%]c [

◦C
h ]d

PFS18-b-PLA32 e 15 25 42.50 DG170
19 , W-

-

PFS18-b-PLA33 e 15 25 45.00 ⋆DG170
19

PFS18-b-PLA47 e 15 50 41.00 X170
19 , [DG,C]19020 , DG170

20

PFS18-b-PLA48 15 50 43.00 [X,‖C]17019 , [⋆DG,HPL,⊥C]16520

PFS18-b-PLA75 15 50 41.00 ⊥C190
20 , [ DG,⊥C]17017

PFS18-b-PLA76 ef 15 50 43.50
[⋆DG,HPL,⊥C,X]16517 ,

⊥C190
20 , HPL100

39 , C200
0.25, X170

17

PFS18-b-PLA81 15 50 41.00 HPL-
-, [⋆DG,HPL,⊥C]19020 , ⋆DG170

2

PFS18-b-PLA82 f 15 50 45.00 HPL150
48 , [⋆DG,HPL,⊥C,X]19020

PFS18-b-PLA96 15 35 40.00 DG160
39

PFS18-b-PLA97 f 15 35 41.25 DG160
39

PFS18-b-PLA98 15 35 42.50 DG160
39

PFS26-b-PLA118 f 17 500 38.00 W120
24 , ⊥C190

24 , DG170
1 , DG160

1

PFS26-b-PLA119 f 17 500 39.00 C120
24 , ⊥C190

24 , DG180
0.66

PFS26-b-PLA120 17 500 40.00 C190
24 , HPL160

1 , [DG,C]2100.25

PFS26-b-PLA127 ef 17 500 38.00 DG180
0.66

PFS26-b-PLA132 f 17 500 38.25 DG190
0.33, W170

0.75

PFS26-b-PLA133 f 17 500 38.50 DG190
0.33, W170

0.75

PFS26-b-PLA134 17 750 38.00 DG180
0.75, W170

0.75, DG200
0.25

PFS26-b-PLA135 17 750 38.50 DG180
0.75, [W,DG]1700.75

PFS26-b-PLA136 e 17 750 39.00 DG180
0.75, W170

0.75, DG190
0.33, DG200

0.25

PFS18-b-PLA144 15 500 38.50 DG190
0.33, DG183

0.33

P(F)S39-b-PLA150 f 19 500 38.50 W183
0.33, W195

0.16, DG210
0.1

P(F)S40-b-PLA151 17 500 38.50 W183
0.33, DG195

0.16, DG210
0.1 , DG195

0.16

PFS26-b-PLA118 17 500 38.00 DG183
0.33, DG175

0.25

P(F)S39-b-PLA155 19 500 38.00 W181
0.16, DG210

0.1

P(F)S40-b-PLA156 17 500 38.00 DG181
0.16, DG210

0.1

P(F)S41-b-PLA157 18 500 38.00 W181
0.16, DG210

0.1

P(F)S39-b-PLA160 19 500 37.50 DG195
0.16, DG210

0.1

P(F)S40-b-PLA161 17 500 37.50 DG210
0.1

P(F)S41-b-PLA162 18 500 37.50 DG210
0.1

PFS18-b-PLA163 15 500 38.30 DG181
0.33,

‖C205
0.16

P(F)S39-b-PLA165 19 1000 38.00 W181
0.33, [DG,C]2050.16, C235

0.05

P(F)S40-b-PLA166 17 1000 38.00 W181
0.33, DG205

0.16, X235
0.05

P(F)S41-b-PLA167 18 1000 38.00 W181
0.33, DG205

0.16, X235
0.05 , X205

0.55

P(F)S42-b-PLA168 17 500 38.00 W181
0.33, DG205

0.16, X235
0.05 , X205

0.55

P(F)S42-b-PLA169 17 500 37.50 [DG,W]1810.33, DG205
0.16, X235

0.05 , X205
0.55

PFS44-b-PLA172 15 500 38.00 DG180
0.25,

‖C205
0.16, W170

0.25

PFS44-b-PLA173 15 500 38.50 DG180
0.25, [DG,C]2050.16, W170

0.25

PFS45-b-PLA174 15 500 38.00 DG180
0.25,

⊥C205
0.16, DG170

0.25

PFS45-b-PLA175 15 500 38.50 DG180
0.25,

⊥C205
0.16

continued

65



Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
mol

]
a [mg]b [%]c [

◦C
h ]d

P(F)S46-b-PLA177 18 500 38.00 W180
0.25, DG205

0.16

PFS44-b-PLA183 15 500 39.00 [HPL,DG]1800.25, [DG,C]2050.16

PFS45-b-PLA184 15 1500 38.25 DG180
0.16, DG180

0.25,
⊥C205

0.16

P(F)S46-b-PLA185 18 500 38.50 W180
0.25, [W,DG]2050.16

P(F)S49-b-PLA192 e 14 500 38.25 DG180
0.25,

‖C205
0.16, DG175

0.25

PS50-b-PLA201 13 500 37.25 DG180
0.25,

⊥C205
0.16

PS50-b-PLA202 13 500 39.25 DG180
0.25,

⊥C205
0.16

PS50-b-PLA203 13 500 40.25 [DG,HPL]1800.25,
⊥C205

0.16

P(F)S49-b-PLA204 ef 14 500 38.25 DG180
0.25

P(F)S49-b-PLA205 14 500 38.25 DG180
0.25

PS50-b-PLA206 13 500 37.60 DG180
0.25

P(F)S41-b-PLA207 18 500 39.30 W174
0.33, DG210

0.1

P(F)S49-b-PLA209 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA210 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA211 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA212 14 1000 38.25 DG174
0.33

PS50-b-PLA214 e 13 1000 37.50 DG174
0.33

PS50-b-PLA215 13 1000 38.00 DG174
0.33

PFS26-b-PLA120:126 = 1:1 38.50 C180
0.75, DG170

0.25

PFS26-b-PLA120:PFS29 = 19:1 38.50 C180
0.75, DG170

0.25

a Molecular weight of PXS-OH determined by SEC calibrated with poly(styrene)
standards.

b Amount of macroinitiator PXS-OH used.
c Theoretical volume fraction of PLA assuming ρPLA=1.18 g cm−3.
d Morphologies observed in microphase separated films after thermal annealing:

No structure, X; spheres, S; cylinders, C; cylinders orientated parallel to the
substrate, ‖C; cylinders orientated perpendicular to the substrate, ⊥C; bicontin-
uous worm-like structure, W; lamellae, L; hexagonally perforated lamellae, HPL;
double-gyroid, DG; double-gyroid crystals, ⋆DG. Coexisting morphologies are
given in square brackets. The annealing temperature [ ◦C] is given as superscript
and the annealing time [h] as subscript.

e For SEC data see Table 3.6.
f For NMR data see Table 3.6.

Table 4.3: Microphase separated structure adopted by PXS-b-PLAs for different ther-
mal annealing conditions.
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4 Voided double-gyroid thin film templates

4.3.1 Degradation during thermal annealing

Poly(styrene) is fairly temperature stable in contrast to PLA which starts to thermally
degrade at 180 ◦C even under an inert atmosphere.[145,146,158] The thermal stability
of PLA greatly depends on its purity and end-group. Hydroxyl end-groups as well as
impurities, such as metal catalysts, lactide monomer, protic solvents, and oxygen, were
found to accelerate the thermal degradation.[144,145] Issues with the thermal stability
of PLA also emerged in this study especially during long annealing of the copolymers,
see Figure 4.7. However, the thermal stability across the synthesized copolymers varied
significantly, while some polymers were stable at elevated temperatures for several days,
others seemed to degrade exceptionally readily such as PFS26-b-PLA116.

The observed inconsistencies are most likely do to varying levels of impurities such as
copper salts or monomers. Curiously, degraded films produced bubbles during immer-
sion in the etching solution. The protection of the hydroxyl end-group via conversion
into an acetyl group using acetic anhydride 1.5%vol in chloroform was reported to sig-
nificantly improve the thermal stability.[145,159] A few attempts were undertaken to
acetylate the copolymers shortly before discovering that the DG is adopted by copoly-
mer with a reasonably low molecular weight during brief annealing durations, thereby
avoiding thermal degradation and making the acetylation unnecessary. Nevertheless,
this protection and a possible purification by liquid-liquid extraction of the copolymer
solution in chloroform or DCM with a HCl aqueous solution should be reconsidered
for future attempts to obtain ‘larger’ DG by prolonged high temperature annealing of
high molecular weight polymers.
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Figure 4.7: Thermal decomposition of copolymers containing PLA. A, SEC traces
of PFS26-b-PLA116 tempered at different temperatures under an inert
atmosphere. The PMMA-equivalent molecular weight data was obtained:
a, Mn=48.5, PDI=1.07; b, Mn=36.4, PDI=1.31; c, Mn=12.7, PDI=1.95.
B, Cross-sectional SEM of a degraded PFS18-b-PLA75|180

◦C
16 h film.
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4.3.2 High molecular weight polymers

Although the theoretical phase diagrams suggest the existence of the double-gyroid
phase at high χN values, in this study no such structure was observed for copolymers
consisting of a styrenic block with a molecular weight Mn larger than 19 kg mol−1. As
discussed previously, high molecular weight copolymers require elevated temperatures
to increase their mobility and prolonged annealing times to reach the thermodynamic
equilibrium morphology. Despite meeting these experimental conditions only spheres,
lamellae, hexagonally perforated lamellae, cylinders, and worm-like structures were
observed, see Table B.1 and Figure 4.8. Some of these structures are possibly kinetically
trapped and do not constitute the equilibrium morphologies. However, the worm-like
structures are also bicontinuous and are therefore equally interesting as template for
functional materials. They are subject to ongoing experiments.
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Figure 4.8: Microphase separated morphologies adopted by high molecular weight
copolymers: A, spheres (PFS19-b-PLA35|170

◦C
19 h ); B, cylinders with a

center-to-center distance of 32 nm (PFS23-b-PLA92|190
◦C

20 h ); C, coexisting
cylinders and lamellae (PFS19-b-PLA61|170

◦C
14 h ); D, worm-like structure

(PFS27-b-PLA128|180
◦C

0.75 h ).

Due to the absence of any phase transitions or rearrangement resulting in long-range
order, a further increase in annealing time is expected to be less effective, while pro-

68
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longed annealing at even higher temperatures proved to result in polymer degradation.
Although numerous copolymers with different compositions were synthesized and an-
nealed under varying conditions, it cannot be ruled out that double-gyroids with larger
unit cell dimensions can be obtained from high molecular weight PXS-b-PLA copoly-
mers by thermal annealing. Other annealing techniques, such as slow solution casting,
might have to be employed as demonstrated by Hsueh et al. using PS-b-PLA with an
overall molecular weight of Mn=61 kg mol−1.[21] Thus, in the following discussion these
high molecular weight copolymers will be neglected.

4.3.3 Initial prolonged thermal annealing attempts

In the following only copolymers containing a PXS block with a molecular weight
lower than 20 kg mol−1 are considered. Initially long annealing times of up to 70 h
were tested, as will be reported next. To avoid thermal decomposition and make the
template preparation more economical a protocol for rapid annealing with a reduced
total annealing time of under one hour was established.

The DG-yielding annealing protocol from Crossland et al. optimized for MHI41, namely
180 ◦C for 35 to 70 h under vacuum or a nitrogen atmosphere1, served as starting
point for this study. Initially, the copolymers were spun onto acetone cleaned FTO
substrates and dried for at least 3 h at 100 ◦C under vacuum to remove remaining
solvent, water, and methanol. Thereafter, the films were annealed from two hours up
to two days at temperatures between 100 and 220 ◦C. The discussion will focus on
polymers that formed double-gyroids with large periodic domains, namely PFS18-b-
PLA33,48,76,81,82.

4.3.3.1 Prolonged annealing at 100-150 ◦C

For annealing temperatures from 100 to 150 ◦C and annealing times up to 72 h the
as-spun morphology was persistent and no phase transition was observed. In films
of PFS18-b-PLA76 and PFS18-b-PLA82 hexagonally perforated lamellae aligned per-
pendicularly to the substrate (⊥HPL) were observed, forming layered cylinders, see
Figure 4.9A. Whereas, (‖HPL) orientated parallel to the substrate were found in films
of PFS18-b-PLA48, see Figure 4.9B.

1An annealing temperature of 165-170 ◦C was rather assumed, since the oven used by Crossland

et al. was found to have a faulty calibration.
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Figure 4.9: A, HPL orientated perpendicularly to the substrate (PFS18-b-
PLA76|150

◦C
48 h ). B, HPL aligned parallel to the substrate (PFS18-b-

PLA48|150
◦C

48 h ).

4.3.3.2 Prolonged annealing at ≈165 ◦C
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Figure 4.10: Transition from ⊥HPL to DG in films of PFS18-b-PLA76|160−165 ◦C
17 h .

A, Top view onto round shaped, single-crystalline DG region surrounded
by ⊥HPL. B, Closeup of (A) showing the interface between the ⊥HPL
and DG area. C, Another magnification of (A) showing the free-
surface of the fairly single-crystalline DG extending across the whole
round shaped area. D, Free-surface and cross-sectional view on single-
crystalline DG area.
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At an annealing temperature of ≈165 ◦C locally separated crystallites with double-
gyroid morphology evolved via nucleation and growth in HPL films. The nucleation
seemed to be preferentially initiated by defects in the FTO or impurities in the film.
Round-shaped, fairly single-domain double-gyroid islands emerged in films with ⊥HPL
morphology, see Figure 4.10. In contrast, films with ‖HPL induced the growth of
double-gyroid crystallites forming straight interfaces, see Figure 4.11. Again the double-
gyroid in theses ares were found to be fairly single-crystalline. Another interesting fact
is, that the free-surface of the double-gyroid structured film is very smooth compared
to the HPL regions.
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Figure 4.11: Transition from ‖HPL to double-gyroid in films of PFS18-b-
PLA48|160−165 ◦C

20 h . A, Top view onto double-gyroid crystals surrounded
by ‖HPL which were nucleated by an impurity located in the center.
B, Closeup of the framed area of (A) showing a cross-section of the in-
terface between the double-gyroid and ‖HPL. C, Top view onto a mul-
tiple double-gyroid crystals growing from a nucleation point forming a
sunflower. D, Magnified view of the framed area of (C).

4.3.3.3 Prolonged annealing at ≈170-200 ◦C

At annealing temperatures between 170 and 200 ◦C the morphology transition from
HPL to double-gyroid was not limited to a few nucleation sites and therefore large
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parts of the film were transformed to the double-gyroid morphology. However, before
a complete transformation from HPL to gyroid was reached a second phase transition
occurred, namely double-gyroid to cylinders orientated perpendicular to the substrate
(⊥C). Polymer degradation became an issue and the phase transition the cylinders was
followed by a transformation into a structureless film. In Figure 4.12A an elongated
defect in the substrate induced a transition from HPL to double-gyroid to cylinders
and finally, led to degradation. The three frontiers defined by the interfaces between
the different morphologies progressed with increasing annealing time.

Brief annealing experiments with double-gyroid-forming copolymers, as will be dis-
cussed in Section 4.3.4, suggest that a phase transition from the double-gyroid to a
cylindrical morphology can be induced by an increase in annealing temperature. I
believe however that the morphology change observed during brief annealing is a real
thermodynamic phase transition, whereas the transformation during long annealing at
high temperatures might be induced by weight loss of the PLA block through degra-
dation resulting in a more asymmetric copolymer favoring the cylindrical phase. This
hypothesis is supported by the fact that the films seemed to adopted the cylindrical
phase faster when annealed under vacuum, driven by an enhanced evaporation of the
volatile PLA decomposition products, compared to a nitrogen atmosphere. Further,
the PLA volume fraction of PFS18-b-PLA33,48,76,81,82 seemed to be at least three
percentage points above the one of the copolymers forming the double-gyroid structure
during brief annealing at 174 ◦C, see Section 4.3.4 and Tables 3.6 and B.1. However,
copolymers also containing PFS18, but less PLA, such as PFS18-b-PLA46 and PFS18-
b-PLA30, only exhibited spheres or no structure after the same prolonged annealing
procedure, although these had a PLA volume fraction for which double-gyroids forma-
tion was expected.

Examination of the cross-section of the film displayed in Figure 4.12A revealed, that
the transition from double-gyroid to cylinders originated at the film’s free surface (Fig-
ure 4.12B). From SEM images showing the free-surface of standing cylinders in films of
PFS18-b-PLA76 a center-to-center distance of approximately 23 nm was determined,
which is similar to the value measured for MHI41. With increasing annealing time the
cylinders showed signs of degradation before the films became fully degraded and lost
all structure, compare Figure 4.7B.
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4 Voided double-gyroid thin film templates
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Figure 4.12: SEM images of PFS18-b-PLA76|170
◦C

15 h . A, View onto a film show-
ing HPL, double-gyroid, standing cylinders, and degraded regions.
B, Cross-section of the film showing the interface between double-gyroid
and cylinders. The transition from gyroid to standing cylinders starts a
the free-surface. C, 45◦-View onto a cross-section of standing cylinders.
D, Free-surface of hexagonally arranged cylinders. E, Cross-sectional
view of cylinders perfectly aligned perpendicular to the FTO-coated
substrate. F, After advancing annealing time the nanostructure shows
first signs of polymer degradation.
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4.3.4 Optimized brief thermal annealing

The results from the prolonged annealing attempts were somewhat misleading, since
they suggested that a PLA volume fraction of 41 to 45% yields double-gyroids. Nev-
ertheless, they also demonstrated that prolonged annealing is not a feasible option for
the materials polymerized in this study. After synthesizing more copolymers as well as
testing even more annealing protocols, it was discovered that PFS26-b-PLA118 with a
PLA volume fraction of 38% formed a double-gyroid-structured film after just an hour
of annealing at around 160 ◦C. These findings also supported the hypothesis that the
PLA volume fraction changes during long thermal annealing due to decomposition and
thereby, a phase transition is induced. In contrast, for thermal annealing performed
below 180 ◦C and durations not exceeding an hour, it is believed, that PLA degrada-
tion can be neglected and the observed morphology change is a real thermodynamically
driven phase transition.

Thereafter, the annealing time was further reduced to 20 min, which proved to be suf-
ficient to form completely double-gyroid-structured films using polymers containing a
PXS-OH molecular weight Mn in the range of 11 to 19 kg mol−1. Importantly, copoly-
mers consisting of PFS, P(F)S, and solely PS all were found to form double-gyroids,
but the PClS and PBrS based copolymers tested did not yield any double-gyroids, see
Table B.1.

All copolymer which formed DGs during brief annealing had in common that they form
a worm-like structure during spin-coating. In contrast the earlier discussed polymers
formed the meta-stable HPL phase. The temperature induced phase transition from
the worm-like to double-gyroid morphology started to occur at around 160 ◦C, see
Figure 4.13. The optimal temperature for the studied polymers was found to be between
170 and 180 ◦C, with the higher molecular weight polymers, such as P(F)S39-b-PLA160,
P(F)S40-b-PLA161, and P(F)S41-b-PLA162 requiring temperatures up to 210 ◦C.

The film thickness did not seem to influence the phase transition, enabling the prepa-
ration of templates with thicknesses ranging from 500 nm up to 20 µm. An obvious
difference to the double-gyroids formed during prolonged annealing is the size of the
self-assembled domains. Typically, the briefly annealed double-gyroids presented do-
mains with dimensions in the micrometer range, see Figures 4.13 and 4.16. For most
industrial applications, however, the order of the morphology is less important, while
a short annealing procedure is essential to save cost and enable scalability. As became
obvious during template refilling, the grain boundaries did not have a negative effect
on the pore connectivity nor the pore diameter.
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4 Voided double-gyroid thin film templates

Not only did the double-gyroid template preparation via the brief thermal annealing
prove to be highly robust and reproducible, but so did the PLA copolymerization.
Almost all of the last synthesized copolymers, namely PXS-b-PLA201 to 215, were
successful, yielding up to 2 g of DG-forming material per batch, see Table B.1.
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Figure 4.13: Representative SEM images showing the voided DG films used as
templates for functional materials in this thesis. A, Cross-section
of P(F)S49-b-PLA192|150

◦C
0.33 h with a worm-like structure which was

also present in as-spun films. B, C, Cross-section of P(F)S49-b-
PLA192|174

◦C
0.33 h with DG morphology.

Usually it was possible to tell by eye whether cylinder or DG morphologies were adopted
during thermal annealing. Films with a cylindrical structure exhibited undulating free-
surfaces with a micron-scale wavelength, which resulted in a milky appearance of the
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film due to light scattering. In contrast, DG-structured films had a locally very uniform
film thickness with a smooth free-surface and were as a result highly transparent.

Increasing the annealing temperature for polymers, which showed the onset of a worm-
like to DG transition to around 160 ◦C, led to another phase transition from the DG
phase to cylinders which were aligned perpendicular to the substrate. This presented
a possibility to gain more long-range ordered double-gyroid films, as depicted in Fig-
ure 4.14. Firstly, long-range order was established in films of PFS45-b-PLA184 by
ramping the temperature up from 150 to 205 ◦C in 8 min and tempering for 3 min dur-
ing which the copolymers formed aligned cylinders. Then the samples were cooled to
180 ◦C within 4 min and were annealed a this temperature for a further 10 min, before
quenching to room temperature. During the final annealing duration the DG morphol-
ogy with long-range order was adopted, but domain dimensions as large as in the case
of prolonged annealing were not achieved.
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Figure 4.14: Films of PFS45-b-PLA184 prepared under different annealing condi-
tions. A, PFS45-b-PLA184|174

◦C
0.33 h annealed according to the ‘standard

annealing’ procedure. B, Cylinders orientated perpendicular to the sub-
strate in PFS45-b-PLA184|205

◦C
0.25 h . C, D Phase transition from cylinders

to DG occurring as predicted in Figure 4.5 and ordered DG structure
observed in films of PFS45-b-PLA184 first annealed at 205 ◦C and sub-
sequently, at 180 ◦C, as described in the main text.
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4 Voided double-gyroid thin film templates

In addition to the various copolymers also a mixture of two copolymers, PFS26-b-
PLA120:PFS26-b-PLA126 = 1:1, as well as a binary copolymer-homopolymer blend,
PFS26-b-PLA120:PFS29 = 19:1, produced DG-structured films during the ‘standard
annealing’ protocol at 173 ◦C for 20 min. For industrial application this poses a possi-
bility to compensate for block composition fluctuation that might occur for large-scale
copolymerizations.

4.3.5 Microphase separation behavior at the free-surface

� �

� �

�����	
���
�

���		�	�
����

���

�����	
���
�

���		�	�
����

���

�����	
���
�

���		�	�
����

�����	
���
�

���		�	�
����
����� �����

����������

Figure 4.15: Structural behavior at the free-surface with DG present in the bulk of
the film. A, Rarely observed standing cylinders at the free-surface of
PFS26-b-PLA118|170

◦C
1h . B, Coexistence of the gyroidal double wave pat-

tern and lying cylinders at the free-surface of P(F)S41-b-PLA167|205
◦C

0.16 h .
C, PS50-b-PLA214|173

◦C
0.33 h film covered with a layer of lying cylinders. Ar-

rows are pointing at scattered pores reaching the free-surface. D, PS50-
b-PLA214|173

◦C
0.33 h film after oxygen plasma treatment for 1 min.

The potential use of voided DG films as organic templates for atomic layer or chemical
vapor deposition require porosity at the free-surface. Films of PS50-b-PLA214 were
frequently covered with a layer of lying cylinders with thicknesses typically not ex-
ceeding one unit cell. In contrast, the free-surface of P(F)S49-b-PLA192 showed the
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characteristic DG patterns with the voided PLA network extending across the inter-
face, see Figures 4.16 and 4.17. Since some of the P(F)S containing copolymer also
showed this phase separation behavior at the free-surface interface, I suspect impuri-
ties or a non-ideal copolymer composition rather than different surface tensions to be
responsible for this effect.

�

�

�����

�����

�����

�����

�����

�����

�

�

	




Figure 4.16: SEM images of the DG-structured free-surface of P(F)S49-b-
PLA192|174

◦C
0.33 h films. A, Characteristic double wave pattern of the (211)

plane which was identified as cleavage plane, see Figure 2.5. The simu-
lated pattern is 7.1×7.1 unit cells wide or 296×296 nm. B, Differently
orientated crystalline DG domains showing the (211) plane result in the
formation of grain boundaries. C, (211) plane. D, (111) plane. E, (100)
plane. F, No plane could be assigned to this pattern.
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4 Voided double-gyroid thin film templates

In PS50-b-PLA214 films always a few scattered PLA channels were present at the grain
boundaries formed by domains of aligned lying cylinders piercing through the other-
wise compact free-surface, see Figure 4.15C. These rare channels were sufficient to allow
the infiltration of the underlying DG-structured bulk material of the film with the al-
kaline etching solution. Further, the infiltration with electrolytes for electrochemical
deposition is possible via the few pores. This demonstrates the advantage of a multi-
continuous three-dimensional nanostructure. A 1 min oxygen plasma treatment proved
to be sufficient to fully remove the semi-porous capping layer.
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Figure 4.17: AFM images of the free-surface of P(F)S49-b-PLA192 (standard anneal-
ing) after PLA removal. The images were taken by Dr. Chris Bower on a
MFP-3D Asylum. A, Height and phase image showing a single double-
gyroid domain with the double wave pattern of the (211) plane. An unit
cell size of 43.7±0.2 nm was extracted from this data. B, Corresponding
three-dimensional height images.

The DG unit cell dimension of P(F)S49-b-PLA192 were determined by analyzing the
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SEM images of the double wave patterned free-surface by overlaying a simulated pattern
of the (211) plane. The edge length of the simulated square pattern of Figure 4.16A
is 7.1 unit cells or 296 nm. Thus, the unit cell as determined by SEM is 41.7 ± 2 nm,
but the error was estimated to be at least 2 nm since the SEM specimen drifted during
image acquisition due to charging. A more sophisticated and accurate way to determine
the unit cell dimensions were performed by atomic force microscopy (AFM), measuring
a value of 43.7± 0.2 nm, see Figure 4.17.

4.3.6 Microphase separation behavior at the film/substrate in-

terface

A crucial requirement for the successful replication of the polymer scaffold by electro-
plating is for the mesopores to extend across both film interfaces to enable electrolyte
infiltration. While a possible nonporous layer at the free-surface can be etched subse-
quent to template fabrication, this is not a feasible option for a wetting layer formed
at the template/substrate interface. Thus, prevention of preferential wetting of the
substrate by either of the two polymer chains is essential as well as circumvention of
unfavorable phase morphology formation due to surface replication. Crossland et al.

prepared neutral FTO-coated substrate surfaces for MHI41 by oxygen plasma cleaning.
Unfortunately, this surface treatment proved to be unsuitable for all copolymers syn-
thesized in this study regardless of the PXS block and caused the polymer films to peel
off the substrates during PLA etching. An unlikely but possible explanation for these
findings might be the interactions between the different end-groups of the polymers
and the substrate surface.

Using P(F)S49-b-PLA192, various different FTO surface modifications were tested,
including piranha etch, RCA clean, ultraviolet and plasma etch in combination with
different silanes such as MTS, OTS, and HMDS. Initially, the lack of precise control
over the silanization did not yield satisfying results. Nonetheless, these tests revealed
that treatments tailoring hydrophilic FTO surfaces resulted in the release of film from
the substrate during PLA etching, suggesting the presence of a PLA wetting layer
formed at the substrate surface during film deposition and annealing. In contrast, a
nonporous P(F)S wetting layer was formed on substrates with water contact angles
well above 60◦, see Figure 4.18.

The degree of silanization and thereby the water wettability is controlled by the ex-
posure time, the amount of silane used, and importantly the concentration of water.
Water has a big influence on the mechanism of the silane monolayer formation and
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4 Voided double-gyroid thin film templates

structural properties. In the absence of water submonolayers with only one siloxane
bond binding can be formed. Water promotes the hydrolysis of the remaining SiCl
groups on the initial immobilized silane layer enabling another silanization reaction
yielding enhanced silane density. However excess water leads to uncontrolled silane
polymerization with multilayer formation. Silanization in a water free environment
such as a glove box was too slow, while gas phase deposition in an evacuated desiccator
and from a toluene solution generally resulted in super hydrophobic surfaces.
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Figure 4.18: Phase behavior of P(F)S49-b-PLA192|174
◦C

0.33 h at the film/substrate inter-
face studied by SEM. A, SEM of the free-surface of the used FTO-coated
glass substrates revealing a rough surface topography. B, Nonporous
film/substrate interface of a PLA etched film prepared on super hy-
drophobic FTO. The inverse topography of the FTO and the porous
cross-section are clearly visible. C, Highly porous film/substrate inter-
face of a PLA etched film prepared on a FTO substrate, the surface of
which was modified according to Section 4.2.2. D, Cross-sectional view
of the film shown in (C) revealing that the DG phase starts directly at
the interface with no other phase such as cylinders or HPL present.

After a tedious optimization process, silanization with OTS dissolved in anhydrous
cyclohexane in air was found to provide a neutral surface for P(F)S49-b-PLA192 when
controlling the amount of water dissolved in the silanization solution and absorbed on
the substrate surface. It is believed that this optimized treatment yields a partial cov-
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erage with OTS giving rise to a water contact angle of 59±5◦. The necessary hydroxyl
groups on the FTO-surface were introduced by cleaning the substrates in a piranha
solution. The subsequent complete removal of the piranha solution is essential, other-
wise it leads to degradation of the polymer during thermal annealing. A piranha clean
was preferred to plasma clean, due to issues with redeposition of the etched material
from the plasma chamber onto the substrate. To quantify the degree of porosity at the
film/substrate interface the polymer films were peeled off the substrates using carbon
tape and attached to SEM stubs for imaging, see Section 4.2.2.

Since unsubstituted PS is far less hydrophobic than PFS or P(F)S a change of the
styrenic block composition alters the copolymer’s interfacial and wetting behavior.
Thus, it was not obvious that the substrate surface treatment optimized for P(F)S49-
b-PLA192 would be applicable for PFS or PS containing copolymers. Fortunately, the
surface modification provided a neutral surface for all synthesized DG-forming copoly-
mers. On silane treated rough FTO-coated substrates the DG morphology started
directly at the interface and no other phase such as cylinders or HPL were observed,
see Figure 4.18.

On smooth ITO-coated substrates this surface treatment involving an oxygen plasma
clean instead of piranha etch turned out to be unsuccessful, see Figure 4.19.[160] Cylin-
ders aligned parallel to the substrate surface seemed to be energetically favored. In
contrast, films prepared on fairly smooth gold-coated glass or silicon did not show this
behavior but adopted the DG structure. Further, flexible and temperature resistant
poly(ethylene naphthalate) (PEN) foils are currently tested as substrates in collabora-
tion with Dr. Chris Bower.[161] PEN foils roughened by an oxygen plasma and coated
with a semi-transparent, conducting gold layer were successfully tested as substrates.

While the silanization treatment was performed to achieve a porous film/substrate in-
terface required for electrochemical deposition, an insulating layer between the template
and the conducting FTO coating can be utilized to pattern the deposition. Visible de-
sign patterns were manufactured by further modifying the silanized FTO surface using
standard photo-lithography to create an isolating SU-8 pattern, which locally inhibited
electroplating.[156]
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Figure 4.19: Phase behavior of P(F)S49-b-PLA192|174
◦C

0.33 h on silanized ITO-coated
glass. A, Cross-section revealing that the top part of the film formed
cylinders orientated perpendicular to the substrate which were voided
during PLA etch. In contrast, cylinders aligned parallel to the substrate
were adopted at the bottom part of the film which were not voided
because of lacking etchant infiltration. Compared to Figure 4.15 this
highlights the advantages of a multicontinuous structure like the DG.
B, Top-view onto lying cylinders forming a terrace-like structure.

4.3.7 Bulk phase behavior

The temperature dependent bulk phase behavior was further study by small angle X-ray
scattering (SAXS) at the Diamond synchrotron for bulk samples of P(F)S49-b-PLA192
and PS50-b-PLA214, see Figure 4.20. Temperature annealing was performed according
to the thin film annealing protocol at 150 and 173 ◦C. Further, voided poly(styrene)
scaffolds were studied, which were obtained by selective etching of the PLA phase with
sodium hydroxide according to Section 4.2.5 for 48 h. The peaks observed for samples
annealed at 173 ◦C had scattering wave vector spacing-ratios of

√
6,

√
8,

√
14,

√
16,√

20,
√
22,

√
24,

√
26,

√
30,

√
32,

√
38,

√
40,

√
42,

√
46,

√
48, and

√
50, consistent with

a Ia3d gyroid phase. The cubic unit cell length a is given by

a =
2π

q

√
h2 + k2 + l2, (4.8)

where q is the reciprocal lattice vector.[162] For P(F)S49-b-PLA192 and PS50-b-PLA214
values of 43.7 nm and 43.2 nm were measured, respectively. The determined unit cell
size of P(F)S49-b-PLA19 agrees with the value measured by atomic force microscopy.
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Figure 4.20: SAXS pattern for bulk samples of A, P(F)S49-b-PLA192 and B, PS50-
b-PLA214 annealed at 150 ◦C (a) and 173 ◦C (b). For the voided styrenic
scaffold the scattered intensity for small wave vectors q increased sig-
nificantly due to enhanced contrast (c). Curve a corresponds to a dis-
ordered worm-like morphology as confirmed by SEM. Peaks with scat-
tering wave vector spacing-ratios consistent with a Ia3d gyroid phase
are discernible in case of sample b and c. The peaks of curve c located
in the q range from 13 to 18 Å−1 can be attributed to remaining PLA
etchant, sodium hydroxide.

4.3.8 Surface area measurement

The internal surface area of the double-gyroid structure formed by P(F)S49-b-PLA192
was indirectly measured by hydrogen adsorption using cyclic voltammetry.[3, 163,164]

BET surface area measurements were not performed since larger quantities of the pre-
cious material would have been needed. For this purpose a platinum replica of the
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4 Voided double-gyroid thin film templates

double-gyroid with a known deposition area (0.95 mm2) and thickness (1.15 µm) was
prepared by electroplating on a SU-8 patterned FTO substrate, see Figure 4.21.[156]

The templated electrodeposition of platinum is discussed in detail in Chapter 6.
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Figure 4.21: Electrochemical surface area measurement using hydrogen adsorption.
A, Photograph of black, circularly shaped platinum on a FTO sub-
strate after dissolution of the polymer template. B, Micrograph of the
replicated platinum with an area of 0.95mm2, revealing smooth and
homogenous deposition. C, Cross-sectional SEM image of the plat-
inum double-gyroid with a film thickness of 1.15 µm. D, High-resolution
SEM of the platinum double-gyroid showing the (110) plane. E, Cyclic
voltammogram recorded for a gyroid-structured platinum electrode in
0.1M sulfuric acid with a potential scan rate of 50mV s−1. The red area
denotes the hydrogen absorption charge density of −38.97mCcm−2.

The surface area of the platinum array was determined by measuring the charge asso-
ciated with hydrogen adsorption in a 0.1 M sulfuric acid (99.999%) aqueous solution,
which was deoxygenated by bubbling with nitrogen for a minimum of 10 min. The
samples were cleaned by cycling between −0.3 and 1.36 V vs. Ag/AgCl for at least fifty
cycles before recording the stabilized cyclic voltammogram presented in Figure 4.21E.
The measured hydrogen absorption charge per bulk volume was −338.8Ccm−3. With
a conversion factor of 210 µCcm−2 this translates to an electrochemically accessible
surface area to bulk volume ratio of 161.4 µm−1 or 7.05 · L−1 for the corresponding
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unit cell dimensions of L = 43.7 nm, see Section 4.3.7. For a PLA volume fraction
fNMR

PLA =37.9%, which was determined by NMR (see Table 3.6), the computer simulation
predicts a specific surface area per bulk volume of 4.94 ·L−1 as depicted in Figure 2.4.
The discrepancy between the measured and predicted surface areas is indicative of the
presence of sub-nanometer surface roughness, which contributes to the overall surface
area.

4.3.9 Nanostructured colloids

Combining micro- and macrophase separation allows to prepare nanostructured col-
loids via good-solvent evaporation.[165,166] Although refilling with functional materials
might prove to be challenging, numerous possible applications for these nanoporous
particles have been identified, including drug delivery, filters, and catalysts with high
surface areas. Only preliminary results were obtained during this study, thus a brief
experimental description is given here. Water was very slowly added to a stirring 1%
solution of PFS27-b-PLA128 in tetrahydrofuran (water and THF are miscible). Then
the good-solvent THF which has a higher vapor pressure than water was allowed to
slowly evaporate. Due to the fact that neither of the two copolymer blocks is water
soluble, droplets with a high polymer and THF concentration form which finally form
colloids when all the THF has evaporated. Then, the PLA phase was selectively re-
moved by the addition of NaOH and methanol. The nanostructured particles were then
collected by centrifugation, dispersed on a substrate, and characterized by means of
SEM, see Figure 4.22. Adjusting the polymer concentration and the THF:water ratio
allows to control the formed particle size.
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Figure 4.22: A, Nanostructured styrenic colloids prepared by good-solvent evapora-
tion. B, Magnification of (A) revealing a cylindrical microphase sepa-
rated structure.
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4 Voided double-gyroid thin film templates

The involved solvent might preferentially swell one of the copolymer block and thereby,
influence the thermodynamically stable morphology adopted during microphase sepa-
ration. Thermal annealing might be necessary to achieve the desired morphology. A
possible approach would be to disperse the colloids in an alkane-solvent, which are
‘non-solvents’ for PXS-b-PLA copolymers, and perform an annealing step using an
autoclave.

4.4 Concluding remarks

In summary, a protocol for the reliable, time and energy efficient preparation of fully
porous double-gyroid thin films on various substrates for the further usage as templates
for functional materials was established. This includes a surface modification and a fast
thermal annealing protocol to induce a phase transition to the double-gyroid. Com-
pared to the earlier long annealing protocol of MHI41, which took up to several days, the
new rapid thermal annealing for PXS-b-PLA synthesized by ATRP and organocatalytic
ROP makes the production of voided double-gyroid templates industrially applicable.

Additionally, it was shown that PFS, P(F)S, and PS are all suitable as the styrenic
blocks of PXS-b-PLA, capable of forming DG-structured thin films as long as the PXS
has a molecular weight lower than 20 kg mol−1. Importantly, it was shown that the
styrenic block does not have to contain any fluorinated monomer, which makes the
template production significantly cheaper and environmentally sustainable. Further,
the copolymer synthesis on a 2 g scale was robust and highly repeatable and yielded DG-
forming material. Unfortunately, the copolymers containing ultraviolet cross-linkable
4-bromostyrene and 4-chlorostyrene did not form the desired DG.[77–79] However, only a
few different copolymer compositions were tested and it is highly likely that copolymers
containing these monomers are able to form the DG structure.

The brief thermal annealing resulted in DG films consisting of small ordered self-
assembled domains. Some applications might however require longer ranged order.
A possible way to improve the domain size of the copolymer films might be the appli-
cation an electric field during an initial annealing stage which favors the formation of
an aligned cylindrical phase orientated perpendicular to the substrate.[5] Subsequently,
switching-off the electrical field should then induce a transition to a double-gyroid
morphology with long-range order.
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5 Templating of metal oxides by

electrodeposition

Parts of this chapter were previously published.[71, 167]

The aim of this part of the study was to use the voided DG films, typically prepared
from P(F)S49-b-PLA192|174

◦C
0.33 h and PS50-b-PLA214|173

◦C
0.33 h , for the template-assisted elec-

trodeposition of nanostructured transition metal oxide (MO) or metal hydroxide thin
films. MOs are commonly utilized for their catalytic activity, intercalation and semi-
conductive properties. Nanostructuring these MOs is believed to enhanced their unique
material properties by providing a large active area and simultaneous improving the
access to the bulk material. Subsequent to the deposition of the MO films, the selec-
tive removal of the organic scaffold by dissolution yields the desired mesoporous MO
network, which is characterized by a high surface area to bulk volume ratio, ideal for
many nanotechnology applications, see Figure 5.1.

��

Figure 5.1: Templated electrodeposition of metal oxides. 1. The electrochemical re-
filling process starts at the FTO surface and progresses trough the voided
DG channels. The deposition process is restricted to areas that are not
covered by SU-8, thereby creating a visible design pattern in the electro-
plated V2O5. 2. Removal of the styrenic template yields the free-standing,
mesoporous DG-structured metal oxide network.

A first successful application of a bicontinuous metal-oxide nanostructure based on the
DG morphology, obtained by the templated electrochemical deposition of hydrated
titanium oxide, has been demonstrated in dye-sensitized solar cells.[3] In contrast
to this earlier example, a functional device based on the DG morphology that out-
performs existing technologies has yet to be demonstrated. Here, the effects of a
three-dimensionally ordered nanostructure on the lithium ion intercalation properties
of vanadium pentoxide (V2O5) are studied and tested by means of their electrochromic
and supercapacitor performance.[168] The former study was conducted in collaboration
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with Li Li, and the latter together with Dr. Di Wei. The corresponding figures of
merit, including the electrochromic switching speed, coloration contrast, coloration ef-
ficiency, and the capacitive energy and power density, are determined and evaluated.
Furthermore, the charge storage and chromogenic properties are combined in an elec-
trochromic supercapacitor.

5.1 Introduction to electrochemistry

The field of chemistry concerned with the interrelation of electrical and chemical effects,
especially the study of chemical changes caused by an electric current and the electrical
energy production by chemical reactions, is termed electrochemistry.[169] While elec-
trochemistry encompasses a huge array of different phenomena applied in a variety of
technologies, applications, and characterization techniques, such as the surface area
measurement by hydrogen adsorption discussed in Section 4.3.8, the main emphasis
here will be focused on electrodeposition and devices based on electrochemistry, such
as electrochemical supercapacitors and electrochromic displays.

5.1.1 Electrochemical deposition

5.1.1.1 Fundamentals of electrodeposition

Thin film coatings of various conducting or semiconducting materials, including pure
metals and alloys, ceramic oxides, and conjugated polymers, can be prepared on con-
ducting or semiconducting substrates by the low-cost and extremely versatile technique
of electrodeposition.[170] The deposition setup consists of a potentiostat and an electro-
chemical cell holding a liquid electrolyte containing soluble precursors of the material to
be deposited in which at least two electrodes are immersed. The substrate to be coated
forms the so-called working electrode which is placed opposite and in close proximity
to the charge balancing counter electrode. This two-electrode setup is usually used for
electrodeposition under galvanostatic conditions, that is, by passing a constant current
through the cell. Typically, a third electrode with a stable and well-known electrode po-
tential, such as a calomel or Ag/AgCl reference electrode, is introduced as reference for
the working electrode’s relative potential measurement. This three-electrode setup is
typically employed for potentiostatic deposition where the potentiostat keeps the work-
ing electrode’s potential stable with respect to the reference electrode. The current-
voltage characteristics recorded synchronously by the potentiostat contains valuable
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5 Templating of metal oxides by electrodeposition

information about the deposition mechanism.

In general, electrodeposition is based on the local oxidation or reduction of precursors
at the electrode-electrolyte interface driven by the charge q passing trough the electro-
chemical cell. The redox reaction taking place in close vicinity of the working electrode
produces insoluble species that precipitate and form the electrodeposit. Hence, the
coating grows preferentially from the conducting substrate and the amount of deposit
n, according to Faraday’s first law of electrolysis, is given by

n =
q

zF
, (5.1)

where F is the Faraday constant and z the number of electrons involved in each redox
reaction. This simple relation typically allows a precise control over the deposit’s
thickness making electrodeposition an extremely useful technique for the refilling of
mesoporous thin film templates with a predefined fill fraction. However, the deposition
only proceeds where the electrolyte is able to penetrate the pore structure and reach
the underlying conducting substrate.

In essence, the electric potential E applied to the working electrode acts as thermo-
dynamic driving force for the electrodeposition which only takes place if E is chosen
appropriately with respect to the redox potential Eredox of the involved redox couple,
given by the Nernst equation[170]

Eredox = E0 +
RT

zF
ln

aox

ared

. (5.2)

Here, aox and ared are the activities of the oxidized and reduced form of the species,
respectively, and E0 = −∆G0/zF is the standard electrode potential of the redox
couple A/An+ defined by the Gibbs free energy ∆G0 of the reaction An+ + ne− → A.
Thermodynamically, the electrodeposition only proceeds when the relation E > Eredox

in case of an oxidation and E < Eredox in case of a reduction is fulfilled.[170]

Further, electrochemical kinetic aspects have to be considered, which are described by
the Butler-Volmer equation[169]

j = j0

[

e
αzF

RT
(E−E0) − e−

(1−α)zF
RT

(E−E0)
]

, (5.3)

where j is the current density, j0 the exchange current density, α the symmetry factor
and E − E0 the so-called overpotential. For non-zero overpotentials a current flow is
observed, but for small j0 a successful electrodeposition may require a considerably
high overpotential. The latter is also necessary to overcome a possible potential bar-
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rier hindering the electroactive species to reach the electrode surface and the charge
transfer at the electrode surface itself. In order to keep the applied potential low and
thereby achieve good control over the deposition and avoid undesired side reactions
involving the solvent or dissolved additives, counter electrodes made from high electro-
catalytic active materials requiring a small overpotential, such as inert Pt or a reactive
metal electrode including Fe, Co, or Ni depending on the desired product, are usually
employed.[169]

In addition to the activation overpotential according to Equation (5.3), the concentra-
tion overpotential has to be considered, the contribution of which gains in importance
when deposition is performed in the channels of a mesoporous template. This over-
potential arises from differences in the concentration c of the electroactive species in
close vicinity of the electrode surface compared to the bulk solution. A concentration
gradient dc/dx is formed when the surface reaction is sufficiently fast and is increased
when the flux of electroactive species is hindered by a template. The transport of
charge carriers is given by the Nernst-Planck equation

j = −D
dc

dx
− cD

zF

RT

dΦ

dx
+ cv. (5.4)

Where v is the flow speed, dΦ/dx the potential gradient, and D the diffusion coefficient.

5.1.1.2 Electrochemical synthesis of metal oxides and hydroxides

In the following the deposition of semiconducting MO is discussed, while the electro-
plating of metals and electropolymerization of conjugated polymers are considered in
Chapter 6 and Chapter 7, respectively. A variety of metal oxides are electrochemically
depositable, such as NiO, V2O5, Cu2O, ZnO, and TiO2, but this method is limited
to conducting or semiconducting oxides.[171] Compared to the conceptually simple ca-
thodic deposition of metals by the reduction of the corresponding cations present in the
electrolyte to the elementary metal onto the cathode, MO deposition is more complex.
In fact, cathodic and anodic electrodeposition methods for MOs are employed.[172]

The most traditional approach for the electrodeposition of metal oxides and hydroxides
is based on the cathodic electrogeneration of base.[170] Depending upon the deposition
potential, choice of the anion and the pH of the solution, various reactions take place
at the cathode, such as the reduction of nitrate ions in aqueous solutions. These re-
duction reactions cause a local pH increase in vicinity of the cathode either by the
consumption of protons or by the generation of hydroxide ions as in the case of nitrate
reduction, which subsequently leads to the precipitation of metal hydroxides. The best
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5 Templating of metal oxides by electrodeposition

known application of this technique is the synthesis of nickel hydroxide by the electrore-
duction of aqueous nickel nitrate solutions. Depending on the metal and deposition
conditions, this cathodic technique often yields hydroxides rather than oxides, mak-
ing a post-deposition calcination for the transformation of the hydroxide to the oxide
necessary. Unfortunately, the deposited amorphous hydroxides are often metastable.
Other cathodic electrodeposition methods involve the direct reduction of the oxidation
state of the metal cation and deposition of the oxide onto the electrode.[173]

In contrast, the anodic oxidation technique relies on the metal cation exhibiting a low
oxidation state that is anodically oxidized to a higher oxidation state.[170] Here the pH
of the electrolyte is often critical and has to be chosen such that the lower oxidation
state is stable while the higher oxidation state readily undergoes hydrolysis to yield the
metal oxide or hydroxide. Another anodic method exploits the fact that the desired
metal compound is precipitated on lowering the pH close to the electrode achieved by
reduction of water or other additives.

In fact, some of the mentioned methods should be described as “electrochemically trig-
gered chemical precipitation” rather than as “electrodeposition” because of the involved
reaction mechanisms.[170] Unlike the electroplating of elementary metals, the deposi-
tion of metal oxides and hydroxides is usually not a simple Faradaic reaction, but a
secondary precipitation induced by a primary product of an electrochemical reaction.
Thus, when the concentration of metal cations at the electrode is not sufficient, the
primary product, such as hydroxide ions, might diffuse away from the electrode surface
resulting in deposit yields lower than the theoretical value predicted by Equation (5.1)
or in a porous and poorly connected deposit. In case of a templated electrodeposition,
the sufficient supply of the working electrode with metal precursors might be affected
by the mesoporous templates causing a non-dense deposit that is likely to collapse
during template removal or calcination.

5.1.2 Electrochemical intercalation

Intercalation is the reversible electromigration of mobile guest molecules, atoms or ions
into a guest host or intercalation compound driven by an electric potential between
the working and counter electrode.[174] The structural integrity of the crystalline host
lattice that contains an interconnected system of empty lattice sites of appropriate
size is only slightly perturbed and usually fully restored during guest deintercalation.
The degree of solid state intercalation reactions or the concentration of ionic guest
insertion, which are typically performed at low temperatures, is precisely controlled by
monitoring the charge and the measured cell voltage, highlighting the kinetic control
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that is possible by electrochemistry.[175,176]

The interest in intercalation reactions stems from different motivations. From a prepa-
ration point of view they provide routes for the systematic synthesis of new solids with
kinetic rather than thermodynamic stability that cannot be obtained by other prepa-
ration techniques.[175,177] Furthermore, they permit controlled systemic modifications
of chemical as well as physical properties, including electronic, magnetic and optical
properties. From an application viewpoint, they are of importance in supercapacitors,
rechargeable batteries, non-emissive electrochromic displays, and so forth.[168,178]

Remarkably, a large number of electronically conducting intercalation hosts are acces-
sible today, including numerous transition-metal oxides with framework lattices, such
as vanadium pentoxide and nickel oxide, and organic solids with molecular lattices.
Additionally, a large variety of ionic guest species have been studied, including small
ions like protons or metal ions, especially alkali ions, as well as large molecular ions.
According to their essential lattice structures, intercalation compounds may be divided
into three basic host lattice types with three-, two- and one-dimensionality, indepen-
dent of their chemical composition.[174] In the case of three-dimensional framework
structures, the size of the guest species which can be intercalated is constrained. In
contrast, two-dimensional layered systems, characterized by a strong intralayer covalent
bonding and relatively weak interlayer interactions which allow a fairly free widening
of the interlayer separation, can accommodate guest species of larger sizes and higher
concentration. Layered host lattices also allow for more structural flexibility providing
the ability to adapt to the geometry of the guest species. In general, the incorporation
of guest species is accompanied with structural changes which in case of layered sys-
tems cause modifications of the interlayer spacing, the stacking mode, and formation
of intermediate phases exhibiting staging.[179] However, if intercalation is taken to its
extreme, the layered host structure can completely delaminate, resulting in exfoliation
and loss of the process reversibility.[179]

The fundamental intercalation process can be defined as the bulk reaction of an elec-
tronically conducting host lattice (H) that contains an intracrystalline system of acces-
sible vacancies ([ ]) with mobile guest ions (I) present in the electrolyte phase which
is in contact with the solid driven by an applied electric potential. This transfer of
ions between the electrolyte and the solid is accompanied by a compensating electron
transfer[177]

[ ]x H+ xe− + xI+ ⇄ [I+]xH
x− (5.5)

[ ]x H+ xI− ⇄ [I−]xH
x+ + xe−. (5.6)
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5 Templating of metal oxides by electrodeposition

This double injection of ions and electrons maintains electroneutrality of the system.
The majority of intercalation compounds are known to undergo electron/cation trans-
fer reactions, but NiO, for example, also supports reversible electron/anion transfer
processes. In particular, an increase in the specific surface area is generally expected
to significantly reduce the characteristic diffusion length of intercalation ions, while
simultaneously increasing the number of accessible intercalation sites.[180]

Orthorhombic crystalline vanadium pentoxide is a typical intercalation compound as a
result of its layered structure, see Figure 5.2, which finds widespread use in lithium ion
intercalation applications such as electrochromic cells,[181] high energy density batter-
ies,[182] supercapacitors,[183] and sensors,[184] since it offers the essential advantages of
low cost, abundant availability, easy synthesis, and high intercalation densities.[179,180]

�

�

�

Figure 5.2: Crystal structure of V2O5 consisting of layers of edge- and corner-sharing
VO5 square pyramids with the apical V-O bond distance being much
shorter than the four other distances, corresponding to a double bond.
(Modified from Winter et al .[179])

In 1975, Whittingham was first to report the reversible electrochemical lithium interca-
lation into vanadium pentoxide.[175] V2O5 electrodes are expected to undergo lithium
ion insertion accompanied by several structural modifications, occurring in several con-
secutive stages[185,186]

V2O5 + xLi+ + x e− ↔ LixV2O5. (5.7)

The α-, ε-, and δ-phase exist for x < 0.01, 0.35 < x < 0.7, and x = 1, respectively,
and the transitions are fully reversible. The ε-phase is characterized by an increasing
puckering of the layers, while δ-phase is formed by gliding of one layer out of the
surrounding two.[187] Further lithium intercalation x > 1 results in an irreversible
transformation to the γ-phase which itself can reversibly be cycled in the stoichiometric
range 0 < x < 2 without causing a structural change. Upon further lithiation x = 3,
the irreversibly rock-salt ω-phase is formed. In the bulk, this bronze can be reversibly
cycled as the ω-phase, but a large fraction of the lithium cannot be removed, causing
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a decrease in energy capacity.[188]

The formation of a nanostructure in the intercalation compound not only enables the
expansion and contraction of the host material during guest insertion and extraction,
but also increases the surface to volume ratio. Recently, V2O5 synthesis focussed on the
manufacture of nanostructured or mesoporous scaffolds with the aim to improve their
lithium ion intercalation properties, which are limited by an inherently low diffusion
coefficient (D ≤ 10−12 cm2 s−1) and a moderate electrical conductivity (σ = 10−2–
10−3 S cm−1).[180]

Ion intercalation into nickel oxide is often performed in aqueous media. On immersion
of nickel oxide into an alkaline solution, such as aqueous KOH, a spontaneous chemical
conversion of NiO into a hydrous metal oxide phase Ni(OH)2 proceeds.[189] Hydrous
NiO resembles V2O5 in respect to the two-dimensional layered host structure. The
Ni(II)/Ni(III) couple responsible for the reversible color change on electrochemical
cycling has been identified as the nickel hydroxide/oxy-hydroxide phases[189,190]

Ni(OH)2 ⇄ NiOOH + H+ + e−. (5.8)

5.1.3 Metal oxide electrochromism

Following Deb’s discovery of tungsten oxide electrochromism in 1969, numerous other
transition-metal oxides, such as vanadium pentoxide and nickel oxide, were found to be
electrochromic.[191,192] Electrochromic materials belong the class of chromogenic mate-
rials that change their absorption spectra as response to chemical or physical stimuli,
such as light, temperature, and pH. The reversible, persistent electrochromic change
in color or transparency is based on the change of the metal oxide’s oxidation state or
electron densities during ion intercalation/deintercalation and is controlled by a tem-
porarily applied electrical potential. For this purpose an operation potential of only a
few volts is sufficient to control the direction and magnitude of the transferred charge
and the resulting optical properties. Moreover, little or no input of power is needed to
maintain a specific redox state, which leads to the desired optical memory effect and
low energy consumption.[193,194] Additionally, because of their simple multilayer design,
large surface area electrochromic devices can be cheaply manufactured.[194] Typically,
the conducting metal oxide film forms the chromogenic electrode, which is separated
from the charge balancing counter electrode by an electrolyte. As low-cost, low-power,
and low-voltage technology it is highly attractive for a wide range of potential appli-
cations.
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5 Templating of metal oxides by electrodeposition

While electrochromic MO has been employed in smart windows and display devices,
only very few electrochromic products are commercially available,[195] despite extensive
research for over forty years.[191] This is mainly due to the fact that the employed
conventional flat film devices suffer from limited ion intercalation and therefore from a
poor electrochromic performance such as long switching times, low chromatic contrasts,
and unsatisfying coloration efficiencies.[177] The chromatic contrast ∆T (λ) = Tb − Tc

between the colored and bleached state is limited by finite ion penetration depths, while
the switching time τ is restricted by the long diffusion distances required to achieve a
satisfactory color saturation.[196] As a consequence the conventional devices exhibit an
unsatisfyingly low composite coloration efficiency CCE = ∆OD/q, which is defined
by the charge per area q that was required to induce a gradient in optical density
∆OD = ln(T/T0), where T0 is the initial transmittance. The ideal electrochromic
material would display a large transmittance change with a small amount of charge,
giving rise to a high CCE.[192,194,197] A simple solution to improve the electrochromic
performance is to enhance the intercalation properties by the formation of a network
structure.[198]

Nanomaterials of undoped vanadia employed in electrochromic studies include nano-
wires,[199–201] inverse opals,[198] and mesoporous films.[202] Similar attempts were un-
dertaken for NiO devices.[203–206] Although these recent attempts brought about an
improvement in electrochromic performance, the reported switching times remained 1–
2 orders of magnitude above the desired video rate of 24 frames per second.[198–202] This
is mainly due to the use of sub-optimal MO morphologies in terms of their structural
dimension, connectivity and integrity.

5.1.4 Metal oxide supercapacitors

Supercapacitor charge storage offers a number of desirable properties when compared
with conventional batteries, including charging within seconds, long-term cycling sta-
bility and the ability to deliver up to ten times more power. These features are used
not only in high power demanding applications such as power buffers and power saving
units, but also in energy recovery. Whereas charge storage through non-faradaic means
is fairly straightforward, a variety of distinct chemical options are available for charge
storage through faradaic or redox-type reactions.

There are two types of supercapacitors, differentiated by their charge storage mecha-
nism. In the electrochemical double layer capacitor (EDLC), charge is stored electro-
statically by the reversible and very rapid adsorption and desorption of ions on/from
high-surface-area materials, for example, activated carbon. The charges accumulate
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in the electrical double layer at the electrode/electrolyte interface. A major limita-
tion of traditional EDLCs is their low energy density, which accounts for the increased
interest in the use of redox materials for electrochemical capacitors with energy den-
sities that are higher by more than one order of magnitude. In the second type of
supercapacitor, known as a pseudocapacitor, kinetically facile faradaic reactions occur
at the electrode surface and electrons are transferred to or from the valence bands of
the redox cathode or anode reagent.[207] Capacitive contributions arise from charge-
transfer processes with surface atoms as well as near-surface ion intercalation, referred
to as redox and intercalation pseudocapacitance, respectively. The definition of pseu-
docapacitance requires that both these faradaic processes are kinetically facile and not
diffusion controlled on the time scale of interest.[208] Such surface faradaic reactions
are slower than ionic adsorption/desorption, resulting in slower charge/discharge rates
compared to EDLCs, but faster than in batteries, where faradaic reactions take place
in the bulk of the electrode, rather than at the electrode surface.[209] However, diffusion
controlled ion insertion and double layer formation might also contribute to the total
charge stored in pseudocapacitors.[210]

The specific capacitance C, energy density E, and corresponding power density P are
defined by the following equations[168]

C =
I

m

(
dV

dt

)−1

(5.9)

E =
1

2
CV 2 (5.10)

P =
V 2

4Rm
, (5.11)

where I is the constant discharging current, m is the mass of the total active electrode
material, V is the cell potential, R is the equivalent series resistance, and dV

dt
is the

slope of charge-discharge curve typically obtained from galvanostatic measurements.

Growing interest in electric vehicles allied with the ubiquity of increasingly capable
mobile devices create a seemingly insatiable demand for electrochemical energy stor-
age with higher power and energy densities. These two requirements, unfortunately,
cannot be met by current energy storage devices. While lithium batteries provide high
specific energy densities typically on the order of 100–1000 Whkg−1, they deliver only
limited specific power upon discharge on the order of 0.1 kW kg−1. Supercapacitors
have the ability to deliver significantly more power but currently store less energy. The
typical specific energy and power densities of EDLCs are on the order of 1 Whkg−1

and 1 kW kg−1, respectively. These specific values are not high enough to replace bat-
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teries in many applications. Supercapacitors based on nanostructured transition metal
oxide architectures have been developed to allow both redox and intercalation pseudo-
capacitance. This approach has the potential to simultaneously optimize the energy
and power densities in a single material. One way to increase pseudocapacitance is to
improve the electrochemical intercalation properties by an increase of the electrode sur-
face area. As the structure of electrochemically active materials approaches nanoscale
dimensions, pseudocapacitive effects become increasingly important. The dependence
of pseudocapacitance on the size of anatase TiO2 nanocrystals has been established
quantitatively.[210] The results showed that for particles smaller than 10 nm in diame-
ter, more than half of the total charge is stored via pseudocapacitive processes.

Because of the various advantages mentioned previously, vanadia is also highly impor-
tant as supercapacitor electrode material. V2O5 aerogels can act as high rate, high
capacity hosts for lithium, because they have a very high surface area and the diffu-
sion distance that must be penetrated by lithium is very short.[211] Amorphous V2O5

in a nanoporous alumina template showed a high specific capacitance of 900 F g−1 in
1 M KCl electrolyte.[212] Promising capacitive behavior was observed for hydrous vana-
dium oxide with specific capacitance reaching 737 F g−1 in 12 M LiCl for a potential
window between −0.2 and 0.8 V.[198] Electrospun V2O5 nanofibers as supercapacitor
electrodes showed a promising energy density of 5 Wh kg−1.[213] V2O5 has also been
applied in lithium batteries, with a discharge-charge efficiency up to 97.2% in the
potential range from 2 to 4 V.[214] High performance supercapacitors based on inter-
twined carbon nanotube/V2O5 nanowire composites exhibit specific energy capacity
of 40 Wh kg−1 and a power density of 210 W kg−1.[215] Binder-free flexible superca-
pacitors containing vanadium oxide nanowires and carbon nanotubes showed further
improvement in power density (5.26 kW kg−1) and energy density (46.3 Whkg−1).[216]

High intercalation rates of V2O5 gel/carbon composites in supercapacitors were also
reported with a specific energy density of 20 Wh kg−1.[183] Pseudocapacitors made from
V2O5-coated self-standing carbon-nano-fiber paper achieved a specific capacitance per
mass of vanadia of 1308 F g−1 in a 2 M KCl electrolyte, though this high value decreases
to 214 F g−1 when considering the total mass of the composite electrode.[217] Three-
dimensional bicontinuous ultrafast-charge and discharge bulk battery electrodes made
by electrodeposition through colloidal templates have been reported.[218]

Ideal supercapacitor behavior with large specific capacitance (≈ 350Fkg−1) of amor-
phous V2O5 · nH2O in aqueous solution containing KCl with optimized pH has been
reported.[219] However, the application of water in supercapacitors limits their oper-
ation temperature as well as the electrochemical window. Using room temperature
ionic liquids (RTILs), molten salts with a melting point close to or below room tem-
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perature, avoids these limitations. RTILs are composed of bulky organic cations and
smaller anions that only loosely associate. Their good solvation properties, high con-
ductivity, non-volatility, low toxicity, and good electrochemical stability make RTILs
suitable for many electrochemical applications. Non-flammable RTIL gels have been
used as electrolyte in supercapacitors, enabling flexibility, safe operation, and a large
electrochemical window (i.e. the electrochemical potential range over which the elec-
trolyte is neither reduced nor oxidized at the electrodes).[220] Unlike organic solvents,
the high boiling point of RTILs makes the encapsulation of the device easier and avoids
electrolyte evaporation during testing, thereby further enhancing the cyclability of the
device.

5.1.5 Concluding remarks

It was stressed above, that for certain applications a conceptually ideal intercalation
compound should be a mesoporous fully interconnected network consisting of struts
with a homogeneous diameter and a narrow pore diameter distribution, enabling effec-
tive electrolyte infiltration and good charge transport. Small pore diameters (2–50 nm)
give rise to dense highly porous films which can be made thin enough so that the assem-
bled device has a low electrical resistivity. To enable fast electrochemical and therefore
electrochromic response times below 100 ms, the strut radius in the nanostructured
V2O5 device should be comparable to the lithium diffusion distance x =

√
2Dt ≈ 5 nm.

Further reduction of the structural feature size is probably counterproductive because
of the lowered conductivity, arising quantum effects, and lack of structural stability
of the network. The double-gyroid morphology is a promising candidate to fulfil the
listed requirements.[76]
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5.2 Experimental methods

5.2.1 Materials

The chemicals and materials listed in Table 5.1 were used as received unless stated
otherwise.

Chemical Purity [%]a Abbreviation

Bis(trifluoromethane)sulfonimide lithium – (SA) LiTFSI
Ethanol, laboratory reagent grade 96 (SA) –
Ethylenediaminetetraacetic acid 98 (SA) EDTA
Lithium 99 (SA) –
Lithium perchlorate 95 (SA) –
Nickel chloride 98 (SA) –
Propylene carbonate, anhydrous 99.7 (SA) –
Silver, wire 0.25 mm diameter 99.9 (SA) –
Triethylsulfonium bis(trifluoromethylsulfonyl)imide 99 (SA) [SET3][TFSI]
Vanadium sulfate oxide hydrate 99.9 (AA) –
Water, deionized 18 MΩ – DI water
Zinc nitrate hexahydrate 98 (SA) –

a Suppliers are given in brackets: Alfa Aesar, AA; Sigma Aldrich, SA.

Table 5.1: Chemicals and materials used.

5.2.2 V2O5 electrodeposition and thermal annealing

The electrolyte used for the electrodeposition[201,221] was a 1M aqueous vanadium sul-
fate oxide hydrate solution containing 50%wt ethanol with a pH of 1.6. A standard
three-electrode electrochemical cell with a Pt mesh or stainless steel counter electrode
and Ag/AgCl reference electrode was employed. The FTO substrates to be coated were
immersed into the electrolyte a couple of minutes before starting the electrodeposition
process until a stable open circuit potential was reached, in case of template-coated
FTO this indicated complete electrolyte infiltration into the templates. The low sur-
face tension of ethanol thereby enabled the infiltration of the hydrophobic PXS pores.
Anodic deposition of V2O5 was performed at a constant potential of 1.5V using an
Autolab PGSTAT302N potentiostat. The overall reaction can be summarized as[221]

2VO2+ + 3H2O → 4V2O5 + 6H+ + 2e−. (5.12)
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The gradually increase in film thickness was controlled by monitoring the deposition
time rather than the charge passing through the cell because of the reason mentioned
in Section 5.1.1.2. Subsequently, the vanadium oxide films were rinsed with deionized
water, dried, and in case of templated deposition were freed of the styrenic scaffold by
dissolution in toluene.

The samples were then heated to temperatures between 200 and 400 ◦C at a ramp
rate of 1 ◦Cmin−1 on a hotplate and annealed for two hours in air. An annealing
temperature of 275 ◦C was found to be optimal for the preparation of electrochromic
and supercapacitor electrodes, as will be discussed in Section 5.3.1.2.[222,223]

5.2.3 Electrochromic device and supercapacitor assembly
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Figure 5.3: Electrochromic cell assembly. A, Schematic illustration of the lay-
ered device design based on a DG-structured electrode. B, Functional
electrochromic nano-device with the design pattern in the chromogenic
double-gyroid film showing the crest of the University of Cambridge. The
thickness of the vanadia deposit was measured to be around 1.1 µm.

Transparent electrochromic cells consisting of a FTO/V2O5/LiClO4+PC/FTO layer
sequence and an Ag/AgCl wire as reference electrode were assembled by capping a
V2O5-coated electrode with a plain, piranha cleaned FTO counter electrode using a
precut thermoplastic gasket (Parafilm) as spacer, see Figure 5.3. The cells were fused
by melting the thermoplastic gasket at 150 ◦C for 30 s after insertion of an Ag/AgCl
wire which later served as reference electrode. After assembly, the electrolyte, a 1 M
LiClO4 propylene carbonate solution, was infiltrated using a syringe and the cell was
sealed with epoxy glue. The Ag/AgCl wire was prepared by electrochemically oxidizing
a silver wire in a 3M potassium chloride solution at a current density of 10mAcm−2

for 15 s.
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5 Templating of metal oxides by electrodeposition

Similarly, supercapacitor cells were fabricated by sandwiching a precut gasket between a
pair of laterally offset V2O5 electrodes, obviating the need for a separator and enabling
the observation of color change of both electrodes. Instead of propylene carbonate
the highly conducting (≈ 5.5mScm−1) room temperature ionic liquid [SET3][TFSI]
in combination with the corresponding lithium salt, LiTFSI, was chosen as electrolyte
and the integration of Ag/AgCl reference electrode was omitted. Figure 5.4 shows
the supercapacitor design consisting of FTO/V2O5/LiTFSI+[SET3][TFSI]/V2O5/FTO
layer sequence. Further, a battery-driven stand-alone device, see Figure 5.18, was
assembled.

�

���

�

Figure 5.4: Supercapacitor cell assembly. A, Schematic illustration of the super-
capacitor design based on two laterally offset double-gyroid structured
electrodes. B, Photograph of a fully transparent electrochromic super-
capacitor consisting of an oxidized yellow top electrode, a laterally offset
green/gray bottom electrode in the reduced state.

5.3 Results and discussion

5.3.1 Preparation of metal oxide electrodes by electrodeposi-

tion

5.3.1.1 Zinc oxide and nickel oxide

Three-dimensionally nanostructured transparent conducting ZnO could serve as elec-
trode for several applications such as dye-sensitized solar cells. Thus, the template-
assisted nanopatterning of ZnO via electrodeposition was attempted, following the
recipe of Han and Tao for the deposition of highly transparent and conducting yttrium-
doped ZnO using 0.1 M zinc nitrate electrolyte with varying concentrations of yttrium
nitrate.[224] The reported, nontemplated deposition on bare FTO was reproducibly
yielding micron-sized ZnO crystals. However, the templated deposition using DG scaf-
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folds was unsuccessful because the dominant crystal formation at the interface between
the FTO substrate and template led to the delamination of the latter.

Next, the template-assisted nanostructured deposition of NiO was tried, following the
experimental method of Sonavane et al. for the electrodeposition of nontemplated coat-
ings.[225] For this purpose a 0.5 M aqueous NiCl bath containing 0.1 M KCl was pre-
pared, which was complexed using EDTA and pH-adjusted to 8 by addition of KOH.
Electrodeposition was conducted in a three-electrode cell at a potential of −1.1V vs.
Ag/AgCl for 100 min. The obtained DG-structure NiO film of about 1 µm thickness
is presented in Figure 5.5. This preparation technique has two major disadvantages:
firstly, the very slow deposition rate, and secondly, the transparency of the deposit com-
plicates the anyway difficult preparation route. In Chapter 6, a more elegant approach
for nanostructured NiO deposition is presented that overcomes these issues.

�����

Figure 5.5: DG-structure NiO film prepared by templated electrodeposition and sub-
sequent template removal by dissolution in toluene.

5.3.1.2 Vanadium pentoxide

Initially, electrolytes containing no or only a small fraction of ethanol and less than
1 M VOSO4 were tested. While these electrolytes gave homogeneous coatings on plain
FTO, unsatisfying results were obtained when refilling voided DG templates. The film
thickness of the templated coating varied locally resulting in a rough free surface, see
Figure 5.6A. Further, the deposit was not dense and therefore showed poor stability.
These issues could be resolved by optimizing the vanadia precursor concentration and
the water-ethanol ratio (Section 5.2.2).[202] A suitable potential for the potentiostatic
V2O5 deposition was determined by analyzing cyclic voltammograms (CVs) using bare
and templated-coated FTO substrates as working electrodes, see Figure 5.7. In case
of the templated-coated FTO electrode, the current reaches a plateau at ≈1 V, thus a
deposition potential of 1.5 V was identified as suitable.
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5 Templating of metal oxides by electrodeposition
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Figure 5.6: A, SEM of the free-surface of a templated V2O5 film of poor quality
which was deposited using an electrolyte with a low ethanol and VOSO4

concentration. B, Needle-like V2O5 crystallites formed during thermal
annealing of a DG-structured vanadia film at 400 ◦C destroying the ini-
tially existing nanostructure.

The open circuit potential of fully porous double-gyroid templates on FTO when im-
mersed in electrolyte was 480± 10mV. A deposition rate of approximately 9.2 nm s−1

was observed for the replication of gyroid templates. The deposited film thickness was
measured by SEM imaging of prepared cross-sections. The typical current variation
during deposition is shown in Figure 5.7C. Similarly, nontemplated and inverse opals
(IO) were prepared under the same conditions, except that the required deposition
time for the same deposition thickness was much shorter. The deposition rate in col-
loidal arrays made from poly(styrene) microspheres with a diameter of 400 nm, was
approximately 60 nm s−1.

Using SU-8 patterned FTO substrates to create visible design patterns and small area
electrodes worked exceptionally well, see Figure 5.3.[156] Additionally, limiting the de-
position area with a SU-8 mask allowed an improved control over the templated elec-
trodeposition yielding defect-free deposits of homogeneous thickness, see Figure 5.12.

Interestingly, voided films prepared from polymers such as PS50-b-PLA214|173
◦C

0.33 h which
formed a layer of lying cylinders at the free-surface, see Figure 4.15C, offered the
possibility to fabricate nanostructured vanadia coatings with very smooth free-surfaces.
When using those films as templates the V2O5 electrodeposition was only aborted after
a current increase was observed, indicating the onset of overgrowth after complete
refilling of the template. Since the free-surface of these templates only exhibits a few
pores, the overgrowth tended to be loosely attached and could be rinsed away using
DI water. The free-surface of vanadia deposits prepared in this fashion nicely revealed
which double-gyroid planes are formed underneath the layer of lying cylinders, see
Figure 5.8D. The smooth free-surface might be of interest for optical applications,
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since rough surfaces tend to increase light scattering.
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Figure 5.7: Electrochemical deposition of V2O5 from 1 M VOSO4 electrolyte. A, CV
curves for a DG template on a FTO substrate recorded at a scan rate
of 50mV s−1. The current density of the DG template reaches a plateau
at ≈1 V which is most likely caused by diffusion limitations within the
confining DG channels. B, Corresponding CV for a bare piranha cleaned
and silanized FTO electrode. In contrast to A no current density plateau
is observed. C, Variation of the current density during refilling of a DG
template with V2O5 with a constant potential of 1.5 V applied. A total
charge of 508.8mAcm−2 was passed through the cell during deposition
to yield a 1.1± 0.1 µm thick nanostructured deposit.

Directly after deposition the films were rinsed and immersed into DI water for sev-
eral minutes. Failing to do so or using ethanol instead of water resulted in nonporous
V2O5 free-surfaces as depicted in Figure 5.8. In order to improve the crystallinity of
the hydrous V2O5 and to remove the intercalated water, the films were thermally an-
nealed at temperatures between 200 and 400 ◦C. The DG structural integrity persisted
up to about 300 ◦C. Annealing temperatures above this value led to the formation
of crystallites larger than the gyroid strut size and therefore the destruction of the
nanomorphology, see Figure 5.6B. Based on these results, 275 ◦C was chosen as anneal-
ing temperature for the preparation of nanostructured V2O5 electrodes. The highly
periodic DG V2O5 replica formed upon removal of the styrenic template by dissolution
was fully preserved during this annealing step, see Figures 5.8 and 5.9.
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5 Templating of metal oxides by electrodeposition
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Figure 5.8: SEM images of the DG-structured V2O5 electrodes after annealing at
275 ◦C. A, Highly porous film/substrate interface showing the topogra-
phy of the FTO substrate revealing the existence of a worm-like region
between the FTO substrate and the ordered DG-structured bulk. B, Fail-
ing to rinse the samples after V2O5 electrodeposition led to a nonporous
free-surface, evident in this cross-section. C, Typical free-surface of a
partially refilled DG template. D, Vanadia free-surface obtained by fully
replicating a PS50-b-PLA214|173

◦C
0.33 h template, showing the inverse double

wave pattern of the (211) plane. E, Magnified view of D. F, For com-
parison, the free-surface of a voided P(F)S49-b-PLA192|173

◦C
0.33 h is shown,

which also shows the double wave pattern (reprinted from Figure 4.15).
Simulations of the (211) plane for the majority and minority DG phase
with an unit cell dimension of 42 nm are displayed as insets.
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Figure 5.9: Cross-sectional SEM images of templated V2O5 electrodes highlighting
the differences in structural dimensions. A, Mesoporous DG-structured
deposit. B, Macroporous IO structure. Note the different scale bars.

The green color of the as-deposited vanadium oxide was maintained during tempera-
ture annealing at 275 ◦C and indicated the presence of V2O5. The stoichiometry and
crystallinity of the thin MO films was confirmed by X-ray diffraction, see Figure 5.10.
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Figure 5.10: X-ray diffraction patterns of a bare FTO substrate (a), a DG-structured
(b) and nontemplated (c) vanadium pentoxide film annealed at 275 ◦C
for 2 h. Cu Kα radiation was used and the patterns were matched with
the corresponding tetragonal SnO2 (PDF number: 046-1088) and or-
thorhombic V2O5 (PDF number: 089-0611).

Given that the density of electrodeposited nontemplated vanadia is ≈ 2.87 g cm−3, the
average density of double-gyroid structured vanadia with a volume fraction of 37.9%
is ≈ 1.09 g cm−3, illustrating the porous nature of the DG structure.[180] Thus, the
specific surface area of DG-structured V2O5 is ≈ 1.48m2 g−1. Furthermore, the mass
m of vanadia electrodes was calculated using these densities, the electrode area and
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5 Templating of metal oxides by electrodeposition

thickness. The V2O5 film thickness was determined by cross-sectional SEM or with a
surface profilometer.

5.3.2 Electrochemical characterization of V2O5 electrodes

The electrochemical Li insertion/extraction behavior of the V2O5 electrodes in 1 M
LiClO4 propylene carbonate solution was investigated by cyclic voltammetry using a
three-electrode electrochemical cell. The V2O5 samples formed the working electrode
and three types of V2O5 structures were studied: a DG-structured, an IO-structured,
and an unstructured compact layer electrode. The experiments were conducted with
two different pairs of counter and reference electrodes. Firstly, the CVs for a DG and an
IO electrode were recorded using a FTO substrate as counter electrode and an Ag/AgCl
reference electrode, see Figure 5.11A. Secondly, lithium foils were used as both the
counter and reference electrodes under a protective argon atmosphere to measure the
CVs for a DG and a nontemplated V2O5 deposit, displayed in Figure 5.11B. The current
density discrepancy between the two measurements arises from different scan rate used.
All CVs show the two well-resolved sets of redox peaks occurring during lithium ion
intercalation and extraction according to Equation (5.7).[181] The redox peaks of the
double-gyroid electrodes are higher and sharper than those of the IO and nontemplated
ones. This indicates enhanced lithium ion intercalation and consequently, improved
electrochemical properties for devices based on the nanostructured DG electrodes.

In the following, the CVs of Figure 5.11B are discussed in more detail. For the DG-
structured V2O5 electrodes (Figure 5.11Bb), only a fraction of the V5+ ions are reduced
to V4+ ions in the first reduction peak at about 3.4 V. This reduction changes the color
of the material from yellow to green. The remaining V5+ ions are reduced to V4+

in the second peak at 3.2 V. The reverse reactions give rise to the two corresponding
oxidation peaks in the reverse scan. Two phases of LixV2O5 are typically formed in
this electrochemical reaction. The binary phase diagram of V2O5 - LixV2O5 indicates
that the peaks at 3.2 V and 3.4 V correspond to the phase transformation from α-V2O5

to ε-V2O5 and from ε-V2O5 to δ-V2O5, respectively.[187] For the DG-structured V2O5

the color changes from green/gray to yellow when the voltage is above 3.5 V.

The two sample types differ in the location and separation distance of the CV peaks. For
the same experimental conditions, the anodic voltage peaks lie at ≈ 3.4V and ≈ 3.2V
for DG-structured V2O5, more than 200 mV higher than the nontemplated layer with
≈ 3.2V and ≈ 3.0V, respectively. The average voltage difference between the cathodic
and the corresponding anodic double-peak of the redox reactions in Figure 5.11B de-
creases from 150 mV for the nontemplated layer to 38 mV for the DG material. A
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further reversible redox process is observed in the 2-2.8 V potential range, where a sec-
ond lithiation step takes place. This deep lithiation occurring at 2 V changes the color
from green to blue and may cause structural change. These structural changes have
no detrimental effect on the reversible lithium insertion at capacities corresponding to
the uptake of 2 Li atoms per V2O5 in the 2-4 V potential range.[186]
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Figure 5.11: Cyclic voltammograms V2O5 electrode in 1M LiClO4 propylene carbon-
ate solution. A, CVs of IO (a) and DG (b) electrodes recorded at a scan
rate of 20mV s−1 using a FTO counter electrode and an Ag/AgCl ref-
erence electrode. Kim et al. attribute the additional peaks between 0
and 0.25 V to lower oxidation states of vanadium (V4+).[226] B, CVs of
nontemplated layer (a) and DG (b) electrodes recorded at a scan rate of
1 mV s−1 using lithium foils as both the counter and reference electrodes.

5.3.3 Electrochromic displays based on V2O5 electrodes

To investigate the role of the structure size, electrochromic devices were prepared from
templated V2O5 electrodes with double-gyroid as well as inverse opal (IO) morpholo-
gies.[198] The IO electrodes were prepared from colloidal arrays of microspheres with a
diameter of 400 nm. The electrochromic color change was quantified by time-resolved
optical measurements on V2O5 electrodes with a small active area of 0.95 mm2. Impor-
tantly for the determination of the figures of merit, these electrodes were characterized
by a homogenous thickness and a well-defined area which was accurately measurable
using a calibrated microscope. However, compared to large area displays, these cells
showed enhanced switching kinetics.

Cycling the DG device from Figure 5.3B between −1V and +1V gave rise to a color
change from blue-gray to green-yellow as shown in Figure 5.12C. Transmission spectra
were recorded with a spectrometer attached to a microscope using an optical fiber
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5 Templating of metal oxides by electrodeposition

with a core diameter of 50 µm. The integration time was set to 25 ms. Figure 5.13
and Table 5.2 summarize the obtained data for DG-structured electrodes of 0.73 µm
and 1.1 µm thickness, termed 0.73 µmDG and 1.1 µmDG respectively, and compares their
performance to 1.2 µmIO and 1.8 µmIO electrodes, correspondingly. Thereby, DG are
juxtaposed with IO that show approximately the same transmission values at λ=430 nm
for the colored oxidized state.

�����������
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Figure 5.12: A, Photograph of a typical cell used for the electrochromic test with
a well-defined round V2O5 area of 0.95 mm2. B, Micrograph of the
electrochromic spot of (C) showing a homogenous appearance. C, Pho-
tographs of electrochromic area in the bluish gray reduced (−1V) and
the yellow-green oxidized state (1 V) of the device displayed in Fig-
ure 5.3B.

Figure 5.13A shows the optical transmittance spectra after application of a ±1V poten-
tial to the devices for 2 s. The cathodic potential (−1V) causes lithium intercalation
into V2O5 according to Equation (5.7) and bleaching of the electrode. In the DG-
structured samples, this gives rise to a fairly homogeneous transmission of ∼ 50%
across the entire spectral range. Charge extraction under an anodic potential of +1V

causes a very high transmission above 500 nm with substantial absorption in the 400–
500 nm range, causing the yellow-green coloration. While the color contrast of the
DG devices benefits from a pronounced variation across the entire wavelength spec-
trum, the color change in the IO structure stems only from the 400–500 nm range.
For visible wavelength, the 1.1 µmDG device shows a maximal transmission variation of
∆T = 49.8% at λ=430 nm where the 1.8 µmIO only reaches a value of ∆T = 14.1%.
Slightly higher values were obtained for the other two samples, see Figure 5.13C. The
transmittance at λ=430 nm is about 10% higher for the thin electrodes compared to
the one-third thicker V2O5 deposits. Curiously, for the colored state the 0.73 µmDG elec-
trode exhibits a lower transmittance in the wavelength range from 600–900 nm than
the thicker 1.1 µmDG sample.
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Figure 5.13: A, Optical transmittance spectra. B, Time-dependent transmittance
variation for the visible spectrum. C, Switching curves at λ=430 nm.
D, Optical density |∆OD| at 430 nm vs. charge density. For 0.73 µmDG
(a), 1.2 µmIO (b), 1.1 µmDG (c), and 1.8 µmIO (d) electrodes.
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5 Templating of metal oxides by electrodeposition

A second important aspect of electrochromism is the temporal response under alter-
nating 2 s potential steps (±1V). The devices based on DG electrodes showed sharp
and distinct transitions between the colored/oxidized and bleached/reduced state, see
Figure 5.13B. This switching behavior was analyzed in more detail by monitoring the
transmittance at 430 nm (Figure 5.13C). The characteristic response time τ was deter-
mined by fitting the exponential function T (t) = T0+∆T ·e−t/τ to the switching curves.
The DG devices showed short switching times below 82.5 ± 2.9ms for the bleaching
step and 86.7 ± 2.3ms for the reverse process. In contrast, the IOs showed a much
slower temporal response with switching times above 88 and 205 ms for a considerably
smaller change in transmittance.

A further important requirement of electrochromic materials is cycle stability and sta-
bility of the structural integrity of the nanostructured material. Both investigated
structures exhibited good long-term cycle stability with less than 20% drop in col-
oration contrast after hundreds of switching cycles. The V2O5 nanostructure remained
intact during extended cycling, as confirmed by SEM.

Finally, the charge per area q that was required to induce a gradient in optical den-
sity ∆OD = ln(T/T0) was measured, where T0 is the initial transmittance. In (Fig-
ure 5.13D) the optical density |∆OD| at 430 nm is plotted against charge density |q|
during ion intercalation (orange) and extraction (blue). Significantly higher changes
in optical density were observed for the gyroid device compared to the inverse opal for
equal amounts of charge density passed through the cells. As discussed in Section 5.1.3,
the ratio of these two quantities defines the composite coloration efficiency CCE. The
ideal electrochromic material would display a large transmittance change with a small
amount of charge, giving rise to a high CCE.[192,194,197] For the 1.1 µmDG device CCE

values of −33.9 and −35.8 cm2 C−1 were required to achieve a 95% switch at 430 nm, for
ion insertion and extraction, respectively. This corresponds to respective CCE values
of −24.0 and −15.6 cm2 C−1 of the 1.8 µmIO electrode. Even higher CCE values were
obtained for the thinner electrodes. These excellent CCE values are a direct conse-
quence of the highly interconnected gyroid morphology, which combines a very high
specific surface area providing good ion access with high electric conductivities.

In summary, the manufacture of a V2O5 in a 3D periodic highly interconnected gyroid-
structure on the 10 nm length scale leads to a significant electrochromic performance
enhancement. The structured devices surpass previous inorganic electrochromic mate-
rials in all relevant parameters: the switching speed, coloration contrast, and composite
coloration efficiency. Compared to planar or microstructured V2O5, devices with the
10 nm gyroid morphology combine a high coloration contrast with a high coloration
efficiency. In particular, the 85 ms switching speed lies within a factor of two of video
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rate and is substantially faster than the switching rates of around 1 s that are typically
reported for this type of materials.

Sample
d Tc ∆T τc τb CCEc CCEb

[µm]a [%] [%] [ms] [ms] [cm2C−1]b [cm2C−1]b

0.73 µmDG 0.73 16.2 52.7 71.2 53.5 −38.5 −52.5
1.2 µmIO 1.2 20.4 21.5 205.9 88.7 −28.4 −38.0
1.1 µmDG 1.1 6.1 49.8 86.7 82.5 −35.8 −33.9
1.8 µmIO 1.8 5.1 14.1 234.5 122.0 −15.6 −24.0

a V2O5 film thickness.
b Composite coloration efficiency for a 95% switch.

Table 5.2: Electrochromic performance at λ=430 nm for DG and IO devices with
different V2O5 film thicknesses.

5.3.4 Electrochromic supercapacitors based on V2O5 electrodes

Electrochemical testing was performed using supercapacitor cells shown in Figure 5.4.
The electrochemical properties of such supercapacitors with templated and nontem-
plated electrodes were studied by cyclic voltammetry at a sweep rate of 50 mV s−1 for
voltage sweeps between −1 and 1 V and from −0.5 to 0.5 V. In the potential range from
−0.5 to 0.5V, both V2O5 materials exhibit nearly rectangular CV traces, indicating
good capacitive characteristics for the devices. In the −1 to 1 V potential range, super-
capacitors with lithium salt containing electrolyte (Figure 5.14Aa,Ba) showed pseudo-
capacitive redox peaks. The capacitive current density of the DG V2O5 (Figure 5.14Ba)
is much higher compared to the significantly thicker and denser nontemplated V2O5

film (Figure 5.14Aa).

The contribution of faradaic and double-layer capacitances in the response of DG-
structured V2O5 can be estimated by comparing the CV curves of devices that use
RTIL electrolyte with and without lithium salt, shown in Figure 5.14B. Since V2O5

does not react with either of the ions of pure RTIL, the lithium-free experiment tests
the EDLC response. With lithium salt added, the significant increase in capacitive
current and the appearance of peak pairs indicates that redox reactions are taking place.
These faradaic processes are kinetically facile and thus considered pseudocapacitive, but
phase transitions may occur. Although it is difficult to distinguish between redox and
intercalation pseudocapacitance, the latter is likely to be present in DG bicontinuous
materials.
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5 Templating of metal oxides by electrodeposition
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Figure 5.14: Cyclic voltammograms of supercapacitors made with nontemplated lay-
ers (A) and DG-structured (B) electrode films, where (a) is the CV
cycled with [SET3][TFSI] electrolyte containing lithium salt and (b) is
the CV using Li-free RTIL as electrolyte, displaying an electric double
layer response. The cycled potential ranges are −0.5 to +0.5V (inner
curves) and −1 to +1V (outer curves) with a scan rate of 50 mV s−1.
Note the widely different ordinate scales.

The specific capacitance of a Li-free EDLC-based DG nanostructure is 25.8 F g−1, about
one order of magnitude larger compared to a nontemplated layer based device of only
∼ 3Fg−1. When adding lithium salt, the specific capacitance for the DG-structured
V2O5 pseudocapacitor raises significantly. Figure 5.15B shows the cycle stability of
the two V2O5-based systems containing lithium salt. The gyroid structured materials
had an initial specific capacitance of 422 F g−1, which equilibrated to the steady state
of 155 F g−1 after 10 switching cycles at a high current density of >10 Ag−1. The
nontemplated layer material showed a much more gradual variation, dropping from
an initial 20 F g−1 to 14 F g−1. The charge storage ability of supercapacitors is directly
linked to the geometric confinement of ions in extremely small pores and the availability
of a large surface area. The much higher specific surface area of the DG-structured
V2O5 compared to the nontemplated material therefore partly explains the substantial
improvement in capacitive current.

The overall performance of our V2O5-based supercapacitors is summarized in the
Ragone plot describing the relation between energy density and power density (Fig-
ure 5.15A).[215] The highest obtained energy density of nontemplated vanadia super-
capacitors is 1 Wh kg−1 at a power density of 50 W kg−1, which drops to one-half at a
power density of 0.4 kW kg−1. Such low values arise from the limited ion diffusion into
the thick nontemplated V2O5 electrode, resulting also in a lack of responsiveness of the
device. The maximization of the response time in nontemplated layer devices limits
the thickness of most pseudocapacitive electrodes to sub-micrometer values.[208,227,228]
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Devices made from DG V2O5, on the other hand exhibit energy densities as high as
52 Whkg−1 at power densities above 1 kW kg−1. Even at power densities as high as
16.7 kW kg−1, the best performing device still had an energy density of 13.9 Whkg−1,
placing them among the top performing V2O5 devices.[215] The energy density of a
supercapacitor is governed by the overall capacitance and the operating voltage. The
use of organic electrolytes can increase the operating voltage compared to aqueous elec-
trolytes.[213] RTILs are very promising solvent-free electrolytes that greatly broaden
the electrochemical window during device operation, thus enabling high-voltage super-
capacitors with enhanced energy densities. Combined with the introduction of inter-
connected porosity in DG V2O5, this significantly enhances the device electrochemical
properties, stemming from a combination of electrolyte access, short Li+ penetration
lengths, good electronic transport, and large surface area of nanostructure enabling Li+

insertion/extraction.[208] This leads to the observed conjunction of high specific energy
and power densities of DG V2O5 supercapacitors, with energy densities approaching
the lower end of lithium batteries.
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Figure 5.15: A, Ragone plot of electrochemical energy storage devices including
the double-gyroid (•) and nontemplated layer V2O5 (�) supercapaci-
tors. B, Variation of specific capacitance with cycle number for a fixed
±4V potential window calculated using charge-discharge curves. The
double-gyroid structured pseudocapacitor gave very high initial specific
capacitance of 442 F g−1 which stabilized at 155 F g−1 after 10 cycles at
high current density >10Ag−1. In contrast, the specific capacitance of
the nontemplated V2O5 layer drops from an initial 20 F g−1 to about
14 F g−1. These graphs were prepared by Dr. Di Wei.

Nontemplated V2O5 devices have an electrochromic switching time of several minutes
and the color change is therefore not sufficiently rapid for observation when charging
and discharging the device. The improvement of ion intercalation in the DG V2O5 su-
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5 Templating of metal oxides by electrodeposition

percapacitor gives rise to rapid color changes and high chromatic contrast (Figure 5.4B
and Figure 5.16). This, the intrinsic electrochromic response, allows the visualization
of the device charge state, since the degree of color saturation indicates the energy
storage level of the device. In situ UV-Vis-NIR measurements of the transmissivity of
DG V2O5 films were carried out during chronopotentiometry with a current density of
±2mAcm−2 and a 20 s polarity switching interval (Figure 5.17). The anode attained
the fully oxidized state, revealing a vivid yellow color, after 20 s when the potential
reached 3.5 V, while the cathode exhibited the green/gray reduced state. The optical
transmission spectra of the reduced and oxidized states are shown in Figure 5.17A. The
oxidized state showed a strong absorption peak around 425 nm, while the electrode was
mainly transparent at wavelengths above 580 nm. The long wavelength transmittance
dropped sharply during Li+ intercalation, while rising at shorter wavelengths. The
dynamic optical behavior and the potentiometric response are shown in Figure 5.17B.
The coloration change during oxidation commenced at a potential of −1V and reached
the fully oxidized state at +3.5V, while the coloration response started at +1V and
ended at −3.5V during reduction.

� � �

���

Figure 5.16: Photographs of an electrochromic supercapacitor cell displaying color
change upon charge and discharge using a potentiostat. The letters ‘NO’
form the double-gyroid structured top electrode and ‘KIA’ the bottom
electrode. Both V2O5 electrodes have identical area. A, Discharged
green state at 0 V. B, C, Charged state at ±3.5V for reverse polarity
with green/gray reduced and yellow oxidized electrodes. This cell is still
fully functional after one year.

As discussed previously, Li+ intercalation into V2O5 is intrinsically slow with a max-
imum diffusion length of approximately 5 nm for a diffusion time of 100 ms, which
corresponds to the radius of the DG struts.[229] The DG-structured device therefore
responds much faster than the nontemplated layer, while showing more symmetric
charge-discharge curves and a much higher energy capacity, overcoming the charac-
teristic slow ion insertion/extraction by diffusion of Li+ through the V2O5 bulk. DG-
structured V2O5 electrodes enable the reversible lithium ion insertion/extraction from
RTIL solution in the 0–4 V potential range, corresponding to the insertion of 2 Li ions
per V2O5 unit.
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Figure 5.17: A, Optical transmittance spectra of the fully oxidized and reduced elec-
trodes of the transparent supercapacitor device shown in Figure 5.4B.
B, Transmittance variation during chronopotentiometry with alternat-
ing current polarity (+2mAcm−2 for the initial 20 s and −2mAcm−2

for the remaining time). The red line is the potentiometric response.

Furthermore, a battery-driven stand-alone device, see Figure 5.18, equipped with two
buttons for charging and discharging, was built. Since batteries are used rather than
a potentiostat the potential and current are not dynamically adjusted, resulting in a
stepwise charging/discharging on closing the circuit by pressing the push button. The
color change starts at the center of the cell where the distance between the opposing
V2O5 electrodes is minimal and gradually progresses outwards. Concerning the stability
of DG-structured electrodes, this device is still fully functional after more than a year
of sporadic testing.

A commonly observed problem in nanostructured supercapacitors is their initial loss
of capacitance during cycling, mainly caused by compaction of the material resulting
in a reduced surface area exposed to electrolyte.[227] A performance reduction in V2O5

nanowire electrodes may be attributed to a similar mechanism.[215] Some volume ex-
pansion occurs upon Li+ insertion in almost all cathode materials, usually causing an
increase in the width of the van der Waals gaps in layered metal oxide systems. In thin
films, expansion in the plane of the film is not possible because of substrate pinning,
limiting expansion in the direction of the surface normal. With the iso-oriented nature
of these materials, in-plane expansion is not required to accommodate the strain of Li+

insertion because all expansion occurs normal to the substrate. This markedly reduces
the stress associated with Li+ insertion. Although this should be an advantage for
all iso-oriented bulk films, it is important to recall that ions enter the van der Waals
gaps from the sides of the film. Nanoscale porosity therefore enables the electrolyte to
access the interior of the film and exposes the vertical edges of the layers to facile Li+

insertion. Moreover, previous experiments on structured metal oxide composites have
shown that the pore architecture can flex like a nanoscale truss in response to a me-
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5 Templating of metal oxides by electrodeposition

chanical load, further facilitating this volume expansion.[230] This unique combination
of factors is probably responsible for the fast intercalation pseudocapacitance observed
in these materials.
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Figure 5.18: Battery-driven stand-alone electrochromic supercapacitor device.
A, Device underside showing the wiring connecting the battery holder,
the push buttons, and the clamps holding the supercapacitor cell.
B, Upside with clamps holding the supercapacitor cell from Figure 5.16.
C–I, Pressing the left push button triggers a pole change of the super-
capacitor cell. Likewise, pressing the right button reverses the process.

In summary, the results presented here illustrate the benefits of applying a DG-structured
V2O5 in a combined electrochromic and electrochemical energy storage device. The im-
provement in energy density without compromising power density suggests that this
supercapacitor approach may be attractive for a wide range of device applications. This
work also validates the nanocomposite approach for the design and fabrication of new
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types of high energy and high power electrochemical devices. In addition, the improved
charge insertion kinetics in the DG structure enables an electrode color change during
energy transients. DG-structured V2O5 is a promising candidate for high energy and
high power density supercapacitors with effective color change during short-time charge
and discharge cycles.

5.4 Concluding remarks

The previously prepared voided block copolymer templates that had self-assembled
into the double-gyroid morphology were successfully used for the three-dimensional
nanopatterning of metal oxides, such as NiO and V2O5 via electrodeposition. It was
demonstrated that the highly ordered structure with 11.0 nm wide struts and a high
specific surface to bulk volume ratio is ideal for fast and efficient lithium ion intercala-
tion/extraction and faradaic surface reactions, which are essential for high-performance
electrochromic displays and electrochemical energy storage devices. The nanostructur-
ing approach, as well as the fabrication of transparent supercapacitors based on an elec-
trode material which intrinsically indicated the charge state by electrochemical color-
change properties, are concepts that can be readily extended to other electrochromic
intercalation compounds. However, electrodeposition of metal oxides in mesoporous
templates can be sophisticated because of the fundamental deposition process involved
and the poor stability of the hydrated oxides. Thus, an alternative simplified prepara-
tion route which greatly extends the catalogue of double-gyroid patternable materials is
presented next. For future DG template refilling experiments yet another electrochem-
ical method, namely the electrophoretic deposition of charged nanoparticles, might be
of interest.
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6 Electrodeposition of metals

After encountering a variety of difficulties during the templated electrodeposition of
metal oxides and hydroxides, the aim of this part of the study was to come up with
a fabrication route to DG-structured metal ceramics that avoids these shortcomings.
Contradictory to intuition a two-step synthesis route involving a post-nanostructuring
metal oxidation or chalcogenation can often be more versatile and economical than
the direct synthesis of the desired metal oxide or chalcogenide nanostructure. Further,
platinum electroplating seemed to be a suitable system for testing the theoretically
predicted preferential growth directions within a gyroidal template.

Typically, electroplating metals and metal alloys is less sophisticated than the cor-
responding metal oxide or chalcogenide electrodeposition. Further, dense and highly
stable deposits are usually obtained. The two-step synthesis approach is more ver-
satile, in a sense that after identifying a synthesis route to a nanostructured metal,
various ceramics can be produced by thermal oxidation under an appropriate atmo-
sphere. In fact more porous and sophisticated structures, such as hollow nano-spheres,
nano-tubes, and nano-peapods, can be synthesized based on the nanoscale Kirkendall
effect (NKE) occurring during thermal oxidation.[205,231–233]

The NKE has been reported for numerous metals following its discovery in 2004, but
most studies focused on the mentioned low-dimensional morphologies.[231] Whereas,
the transformation of metals patterned in a three-dimensional, highly interconnected,
periodic nanomorphology into a self-supporting nanotubular metal oxide or chalco-
genide array attracted far less attention. Here, this two-step nanofabrication strategy
yielding a three-dimensionally structured, nanotubular metal oxide array is tested on
DG-structured Ni and Co prepared by electroplating into PS50-b-PLA214|173

◦C
0.33 h tem-

plates, as schematically depicted in Figure 6.1.[21]

� �

Figure 6.1: Two-step preparation of metal ceramics based on metal electroplating and
subsequent thermal oxidation. Driven by the nanoscale Kirkendall effect
the ceramic adopts a nanotubular DG morphology.
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6.1 Introduction to metal electroplating and oxida-

tion/chalcogenation

6.1.1 Electroplating of metals

Numerous metal and alloy coatings can be prepared by electrodeposition and are suit-
able for nano-plating technologies, including Ag, Au, Cd, Co, Cr, Cu, Fe, Ni, Pt, Sn,
Zn, and most alloys of the listed metals.[171] Either a fairly inert counter electrode, such
as a Pt mesh, a carbon rod, or a plate of the metal to be plated are used. In the latter
case, the zero valent metal of the anode is oxidized and dissolved at the same rate as
metal ions are reduced a the working electrode. In this manner, the cations concen-
tration of the electrolyte bath is continuously replenished. In industrial applications
usually a galvanostatic is favored over a potentiostatic deposition technique.

Unlike the metal oxide or hydroxide electrodeposition, metal plating typically only
involves a simple Faradaic reaction with the direct reduction of the metal cations at
the cathode to yield the desired deposit in the metallic, zero valence state,

Mx+ + xe− → M0. (6.1)

This reaction mechanism which proceeds without any intermediate reactions involving
other species generally favors a compact deposit and closely obeys Faraday’s law, see
Equation (5.1), making a precise control over the deposition rate and thickness possible.
Furthermore, the metal deposit is much more stable than the corresponding metal
oxides that might be hydrated and readily redissolve. Since the metal electroplating
is not considered to be a precipitation process, as in the case of various metal oxide
depositions, the inclusion of impurities from the electrolyte are less likely.

Compared to the electrodeposition of the metal oxides, electroplating of the correspond-
ing metal can have several other advantages when attempting the template-assisted
nanopatterning. Metallic nickel plating, for example, is considerably faster than the
deposition of nickel oxide, see Section 5.3.1.1. Metal plating electrolytes which are
optimized to give a very homogenous growth and smooth surfaces with a bright and
shiny finish are commercially available and are ideal for the replication of mesoporous
templates. They come with certain additives that limit the crystal formation dur-
ing electrodeposition. As such the DG-templated zinc deposition is possible, while all
attempts of refilling mesoporous templates with zinc oxide failed because of the pro-
nounced crystal formation of the oxide, see Section 5.3.1.1. Another advantage of metal
electroplating is the ease with which coatings of well-defined alloys can be produced.
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6 Electrodeposition of metals

6.1.2 Post-nanostructuring metal oxidation and chalcogenation

Typically, thermal oxidation in microfabrication is applied to coat flat metal surfaces
with a thin oxide layer, such as a silicon dioxide layer on silicon wafers. Initially,
the outmost layer of metal atoms is readily converted into the corresponding oxide or
chalcogenide. Any further oxidation process is then highly dependent on the inter-
actions of metal atoms and the oxidizing agent with the formed oxidized layer. The
oxidation only proceeds if the oxide is permeable either to the oxidizing agent or the
metal atoms, for example, alumina is a good barrier layer that reduces the rate of
any further aluminium oxidation. In the case of silicon oxidation the oxidizing agents
such as water and oxygen have a higher diffusion constant than the Si atoms through
the SiO2 layer, resulting in a compact, smooth, and well-adhered oxide layer. In con-
trast, an inverted diffusion behavior might lead to a grainy and unstable oxide coating.
However, if the metal atoms have a high mobility and the resulting oxide show a pro-
nounced crystallization behavior, such as Cu/CuO, then the formation of a metal oxide
nanowire carpet on metal surfaces is possible.[234]

While the thermal oxidation of a compact metal surface is usually limited to the growth
of an oxide layer with a thickness of a few of nanometers, bulk metal nanostructures
can be fully converted into the corresponding oxide or chalcogenide. Again the relative
diffusion rate of metal atoms and the oxidation agent in the oxide determine the oxida-
tion kinetics and structure formation. A topographic transformation to a metal oxide
nanostructure is observed when the mobility of the oxidation agent exceeds the one of
the metal atoms. When this is not the case, the so-called nanoscale Kirkendall effect
(NKE) responsible for the formation of sophisticated hollow nanostructures, such as
nanospheres, nanotubes, and nanopeapods, proceeds.[205,231–233]

Originally the Kirkendall effect was discovered by Smigelskas and Kirkendall in 1947
studying the interface movement resulting from non-equilibrium interdiffusion of a ther-
mal diffusion couple in an alloying reaction.[235] It provided the first experimental proof
that atomic diffusion does not occur by the direct interchange of atoms, but through
vacancy exchange balancing the net directional flow of matter. In the context of metal
nanostructure oxidation, the effect describes the fast outward diffusion of metal cations
through the forming metal oxide/chalcogenide layer, balanced not by a considerably
slower inward diffusion of chalcogen anions, but rather by an influx of vacancies.[231]

The generated vacancies are forced to gradually accumulate giving rise to porosity and
finally void formation. Confined by the reduced dimensions of the starting material
the conversion process in most cases yields symmetric, hollow metal oxide/chalcogenide
nanostructures possessing an uniform wall thickness.[205,231–233]
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Besides the fact that post-nanostructuring metal oxidation facilitates the synthesis
of complex hollow morphologies it yields two further advantages. Firstly, synthesis
routes such as the electrochemical replication of three-dimensional nanotemplates are
often more sophisticated for metal oxides/chalcogenides than for the corresponding
metals. Secondly, once a metal nanostructuring route is established the level of syn-
thesis complexity for different oxide/chalcogenides is reduced to an optimization of
the oxidation parameters, as the conversion of cobalt to CoO, CoS, CoSe2, and CoTe
demonstrates.[231,236] Further, the oxidation state of the metal oxide, for example CuO
and Cu2O, can be easily controlled by adjusting the annealing temperature.[237] One
requirement that has to be met by the metal and alloy nanostructure is, that the
temperature necessary for the oxidation does not exceed the melting point, otherwise
the nanostructure is lost. Typically, the formation of a thin oxide layer that readily
forms at low temperatures increases the structural stability and makes the complete
conversion to an oxide at elevated temperatures possible.

Based on the fact that Ni exhibits a much higher self-diffusion coefficient in NiO than
oxygen, Nakamura et al. proposed and experimentally verified the NKE-driven void
formation during thermal Ni oxidation.[232,238,239] However, the transformation of 50 nm
Ni nanoparticles into hollow NiO nanospheres gave rise to an off-centered void position.
Railsback et al. found that reducing the nano-particle diameter to 9 nm promotes the
formation of nearly radially symmetric NiO shells and enables complete oxidation in
the low temperature regime (≤450 ◦C).[240] Oxidation of Ni nanowires yielded bamboo-
like nanotubes with separated voids and irregular diameters.[241] Ren et al. identified
the rapid vacancy diffusion at low temperatures during the initial ramp-up stage to
cause the bamboo-like structure formation during a high temperature stage (650 ◦C)
which was necessary to completely oxidize Ni nanowires with diameters of 80 nm or
larger.[205,206] Moreover, they prepared NiO nanotubes with uniform wall thickness by
replacing the high temperature oxidation step with a wet-chemical etch to remove the
residual Ni metal core.

Conceptually, an ideal three-dimensional metal nanostructure for the NKE-based ox-
idation should be a mesoporous, fully interconnected network possessing an uniform
strut diameter and sufficiently wide pore dimensions, such as the DG nanomorphol-
ogy. Meeting these criteria not only prevents pore clogging during oxidative mass gain
and void formation, but also gives rise to a defined formation of a self-supporting,
high surface area nanotube array. Considering the studies by Railsback and Ren a
Ni strut diameter of around 9 nm should facilitate a complete oxidation and a cen-
tered single void formation with a fairly uniform wall thickness in the low temperature
regime.[205,240]
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6 Electrodeposition of metals

6.1.3 Concluding remarks

The direct reduction of metal cations to the zero valent state at the working elec-
trode may be advantageous for the refilling of mesoporous templates. Thus, a two-step
nanofabrication strategy employing the electroplating of metals into a self-assembled
mesoporous polymer template with DG morphology and the subsequent thermal ox-
idation might be more practical than the templated metal oxide electrodeposition.
Applicable to a vast range of electroplatable metals it poses a versatile route to high
surface area metal oxides/chalcogenides which is especially suitable for various thin film
applications, such as electrochromic devices. Additionally, the NKE can be exploited
to transform a three-dimensional, highly interconnected, periodic nanomorphology into
a self-supporting nanotubular ceramic array.

6.2 Experimental methods

6.2.1 Materials

The chemicals and materials listed in Table 6.1 were used as received.

Chemical Purity [%]a Abbreviation

Chloroplatinic acid 99.9 (SA) –
Cobalt sulfate 98 (AA) –
Methanol, laboratory reagent grade – (FS) –
Nickel plating solution, bright finish – (AA) –
Oxygen 99.999 (BOC) –
Toluene, anhydrous 99.8 (SA) –
Water, deionized 18 MΩ – DI water

a Suppliers are given in brackets: Alfa Aesar, AA; Fisher Scientific,
FS; Sigma Aldrich, SA.

Table 6.1: Chemicals and materials used in this part of the study.

6.2.2 Electroplating of metals

A standard three-electrode cell equipped with an Ag/AgCl reference electrode and a
platinum mesh or stainless steel counter electrode was used for the metal electroplating.
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Before immersing the polystyrene templates into the plating solution they were dipped
into methanol to enable the infiltration of the hydrophobic mesopores by the aqueous
electrolyte. Subsequently, the samples were rinsed with deionized water, dried, and
electively freed from the styrenic template by dissolution in toluene for several minutes.

Platinum metal was deposited potentiostatically at room temperature at a potential of
−0.03V. The electrolyte used was a 50mM hexachloroplatinic acid aqueous solution.

Cobalt was plated from an electrolyte containing 0.5 M cobalt sulfate as Co2+ source
in a 0.5 M boric acid solution. Plating was performed under potentiostatic control at
a constant voltage of −1.0V at room temperature.[242]

Cathodic templated and nontemplated nickel deposition was performed at a constant
potential of −1.05V at 50 ◦C using a commercial nickel plating solution (bright finish).

6.2.3 Post-nanostructuring thermal oxidation

Nickel films were thermally oxidized in a preheated furnace at 450 ◦C for 10 h under an
oxygen atmosphere, while cobalt nanostructures were annealed at 600 ◦C for 6 h.[243]

6.2.4 Electrochromic device assembly

To investigate the electrochromic performance, transparent devices were assembled
similarly to Section 5.2.3 by capping the prepared NiO films with a FTO counter
electrode using a precut thermoplastic gasket as spacer, infiltration with 1 M KOH(aq)

electrolyte, insertion of an Ag/AgCl wire as reference electrode, and finally sealing the
device with epoxy glue.

6.3 Results and discussion

6.3.1 Double-gyroid-structured metals

6.3.1.1 Testing the shortest path in a gyroidal maze

The aim was to experimentally verify the theoretical results obtained from computer
simulations on the propagation of a spherical growth front in a DG maze, which were
presented in Section 2.4. For this purpose DG templates were prepared on untreated
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6 Electrodeposition of metals

FTO-coated substrates that were only cleaned in an ultrasonic bath with acetone,
isopropanol, and water. Omitting the surface modification step resulted in an almost
complete wetting of the surface by the styrenic block. The nucleation and growth of
metal was thereby limited to a few isolated pores connecting the voided DG channels
with the conduction FTO layer. Templates with small and large DG domains were
prepared according to the standard annealing protocol using P(F)S49-b-PLA192|174

◦C
0.33 h

and the protocol described in Figure 4.14 from PFS45-b-PLA184, respectively.
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Figure 6.2: Platinum electroplated into different DG templates. A, Collapsed cylin-
ders, surrounded by self-supporting DG. This nicely demonstrates why
the multicontinuous DG is considered to be the superior nanostruc-
ture. Importantly, the compact, nontemplated overgrowth is spherical.
B, Replicating a P(F)S49-b-PLA192|174

◦C
0.33 h template with small domains

results in an approximately spherical nanostructured Pt deposit with a
large number of randomly orientated small-area facets. C, D, Using tem-
plates of PFS45-b-PLA184 with fairly large single domains resulted in
faceted, crystal-like deposits.

Platinum was chosen as the metal to be electroplated, since a nontemplated deposit
shows a compact and spherical growth, an assumption required by the theoretical com-
puter model, see Figure 6.2A. From this it was inferred, that electroplated platinum
is highly polycrystalline, but this still has to be confirmed by electron diffraction. In
contrast, metals such as tin and copper readily crystallize during electrodeposition and
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form faceted crystals. As predicted by the computer model, the spherical growth front
of highly polycrystalline platinum in the voided, ‘single-crystalline’ gyroidal maze re-
sults in faceted, crystal-like deposits, as presented in Figure 6.2C, D. This delivers an
experimental proof that the template’s symmetry can be passed onto an amorphous
or highly polycrystalline replica by adopting a crystal-like shape that reflects the tem-
plate’s symmetry. An additional control experiment was conducted using a highly
polycrystalline template with small domains. Due to the lack of long-range order the
replica are not expected to show a pronounced crystal-like appearance. Indeed, more
spherical platinum deposits with a high number of small facets were observed when
refilling these templates, see Figure 6.2B.
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Figure 6.3: SEM images of crystal-shaped platinum deposits juxtaposed to computer
simulations. The dashed red frame marks the area of interest.

Figure 6.3 shows crystal-shaped platinum deposits juxtaposed to the computer simula-
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6 Electrodeposition of metals

tions. Note that the computer simulation were calculated for a minority phase volume
fraction of 12%, while depending on the assumed polymer densities, the copolymer
PLA volume fraction lies between 36 and 39%. As discussed previously, for these high
volume fractions the computer model predicts that the <110> directions form vertices
and thus, increase the number of faces surrounding the <100> vertices by a factor of
two to a total of 8 facets.

Two plausible reasons might explain why the simulations obtained for smaller PLA
volume fractions provide a good fit to the experimental results. Firstly, as argued in
Section 2.4, due to the shallowness of the angles between the four faces adjoining at a
<110> vertex they may appear as one larger face instead of four individual faces when
imaged with an electron microscope. Secondly, the double-gyroid platinum replica ap-
pears to be more sparse than expected for a network volume fraction of 36 to 39%.
Comparing the porosity of simulated double-gyroid networks for different volume frac-
tions to the SEM images suggests a volume fraction well below 30%. This discrepancy
will be studied in more detail.

Nevertheless, aligning the SEM electron beam with the direction of a vertex surrounded
by six faces reveals that as predicted this vertex coincides with the <111> direction.
Similarly, vertices surrounded by four faces are consistent with the <100> direction.

6.3.1.2 Electroplating of continuous metallic films

Whereas templates with a low porosity at the film/substrate interface were intentionally
used above to limit the number of nucleation sites, here fully porous templates were
used which facilitated a homogenous and dense nucleation across the working electrode.
This was achieved by modifying the FTO surface chemistry by piranha etching and the
deposition of an imperfect OTS monolayer, which tailored a neutral surface for both
copolymer blocks. Due to a high nucleation density the crystal formation based on the
preferential growth directions in the gyroidal template was suppressed, but since PS50-
b-PLA214|173

◦C
0.33 h scaffolds consist of many domains, some facets were formed at the

free-surface. Overall, the deposited metal film thickness was very homogeneous across
the deposition area and the free-surface was fairly smooth, see Figure 6.4. This was
true for all test metals. Importantly, the silane which should act as an insulating barrier
layer, does not prevent the deposition, most probably due to defects and pinholes in the
imperfect monolayer. In fact the silane seems to promote the adhesion of the metallic
deposit to the substrate.

For the study on the oxidation of double-gyroid metal films and the subsequent use
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of NiO films in electrochromic devices, templated and nontemplated metallic films of
different thickness were prepared. An uniform Ni deposition thickness, which is im-
portant when using the oxidized electrodes in electrochromic cells was achieved by
limiting the plating area to 1 mm2 using a SU-8 mask.[156] The nickel deposition rate
was found to be 0.288mgC−1, which corresponds to 32.4 nm and 85.4 nm per mC mm−2

for a nontemplated and templated film, respectively. This value is close to the theo-
retical upper limit set by Faraday’s law and translates into a good current efficiency.
Micron-thick nickel films were plated within minutes while the deposition of compara-
ble nickel oxide coatings took 100 min, see Section 5.3.1.1. In contrast to the bright,
mirror-like finish of nontemplated Ni or Co deposits, gyroid-structured metallic films
are highly light absorbing resulting in a pitch black appearance, see Figure 6.5A. This
vividly demonstrates the profound impact structural manipulation on the nanometer
scale has on material properties. Magneto-optical Kerr effect measurements on double-
gyroid-structured Ni and Co films, which were performed by members of the Thin Film
Magnetism Group at the Cavendish Laboratory, showed an unique behavior, that is
not observed for nontemplated films. However, since the author was not involved in
the measurements no results are presented here.

� �

������

Figure 6.4: Cross-sectional SEM images of templated nickel films. A, Partially re-
filled template. B, Free-standing nickel array imaged after template re-
moval revealing a strut diameter of 11.0± 0.3 nm.

6.3.2 Thermal oxidation of double-gyroid-structured metals

Ni films were thermally oxidized in a preheated furnace at 450 ◦C for 10 h under an
oxygen atmosphere resulting in a brownish, semi-transparent appearance (Figure 6.5A,
B). X-ray diffraction (XRD) revealed that this treatment was sufficient to thoroughly
oxidize a 70 nm thick nontemplated film as well as templated Ni of arbitrary thick-
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6 Electrodeposition of metals

ness, while a 210 nm thick nontemplated deposit was only partially converted to NiO
(Figure 6.5C). In the latter sample, both nickel reflection peaks were still present.
Comparing the 200 peak width of the templated and nontemplated samples reveals
that the DG NiO is more polycrystalline. In case of the nanopatterned nickel with a
strut diameter of only 11.0 ± 0.3 nm, a significantly shorter annealing duration would
probably have been sufficient to achieve complete oxidation.
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Figure 6.5: A, Photograph of an as-deposited nontemplated Ni film showing a bright
mirror-like finish (a), while the as-deposited DG Ni film is pitch black (b)
that turns semi-transparent when oxidized (c). B, As-deposited (a) and
thermally oxidized (b) templated nickel pattern. C, XRD pattern (Cu
Kα radiation) for an as-deposited DG (a), a thermally annealed 520 nm
thick DG (b), and two thermally annealed nontemplated films with a
thickness of 210 nm and 70 nm (c and d) on FTO-coated glass. The
observed indexed peaks are matched with the corresponding tetragonal
SnO2 (PDF number: 046-1088), cubic Ni (PDF number: 004-0850), and
cubic NiO (PDF number: 047-1049). While the thinner nontemplated
nickel deposit was fully oxidized, the nickel peaks are still present for the
thicker film.

SEM images of a nanotubular nickel oxide DG obtained after thermal annealing based
on the Kirkendall effect is shown in Figure 6.6. The extent of void formation driven by
the Kirkendall effect can be controlled by the elective dissolution of the template before
thermal annealing. Thermal annealing performed on template-freed samples led to an
unhindered expansion of the Ni struts which is based on the NKE with pronounced
nanotube formation (Figure 6.6B). In contrast, the expansion of the oxidizing Ni struts
as well as the extent of nanotube void formation is constrained (Figure 6.6C). The
following discussion focuses on nanotubular NiO with pronounced void formation. The
nanotubular array can be considered as a core-shell double-gyroid which was discussed
in Section 2.6.
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Figure 6.6: SEM images of thermally oxidized NiO with a hollow DG morphology
based on the Kirkendall mechanism. A, Cross-section of a NiO nanotube
array obtained by thermal annealing subsequent to template dissolution.
B, Free-surface of the film shown in (A) with pronounced nanotube for-
mation. C, Free-surface of a templated nickel film which was oxidized
with the styrenic template present. The template confines the oxidizing
Ni struts and thereby, the nanotube void formation.
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Figure 6.7: A, TEM revealing the nanotubular character and polycrystallinity of
the double-gyroid-structured NiO. B, Magnified view of (A) resolving
nanocrystals with dimensions of 5 to 10 nm. C, Corresponding selected
area electron diffraction pattern of polycrystalline NiO.

Transmission electron micrographs (TEMs) confirmed the porosity of the NiO nano-
tubes and further revealed their substructure to be nanocrystalline with crystallite sizes
ranging from 5 to 10 nm, see Figure 6.7. The oxidation of nanopatterned cobalt films
worked equally well.[243] The gyroid structure was nicely preserved during oxidation.
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6 Electrodeposition of metals

The XRD data present in Figure 6.8 suggests a complete conversion to Co3O4. Nanos-
tructured cobalt oxide is a battery electrode material, but due to time constrains this
was not tested in this study.
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Figure 6.8: XRD patterns of a bare FTO substrate (a), a DG-structured metallic (b)
and thermally oxidized (c) cobalt film annealed at 600 ◦C for 6 h. Cu Kα

radiation was used and the patterns were matched with the corresponding
tetragonal SnO2 (PDF number: 046-1088), cubic Co (PDF number: 015-
0806), and cubic Co3O4 (PDF number: 042-1467).

6.3.3 Electrochromic displays based on NiO electrodes

As naturally abundant and low-cost semiconductor, NiO is widely used in electrochromic
windows,[244] batteries,[245] supercapacitors,[246] and sensors.[247] While all these ap-
plications benefit from an interconnected, three-dimensional NiO nanostructure that
combines a high specific surface area with a good electric conductivity, the perfor-
mance enhancement becomes vividly evident as an increased coloration contrast and
improved switching behavior when applied in electrochromic devices. NiO nanomater-
ials recently employed in electrochromic studies include nanocomposites,[248] inverse
opals,[249] macroporous[250] and mesoporous films.[225,251,252]

To investigate the effect of the nanostructure on the electrochromic performance of
NiO, transparent devices were assembled from nontemplated and DG-structured films
with a FTO counter electrode and a 1 M KOH(aq) electrolyte, see Figure 6.9A. The
active electrode material used was limited in area to 0.95 mm2. During the nickel
electroplating process limiting the deposition area improve the control and quality of
the deposit.

In alkaline solution the reversible optical absorption change caused by an electron-
transfer reaction accompanied by a compensating transfer of mobile H+ cations be-
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tween the hydrated NiO and electrolyte can be summarized by the following reaction
scheme[189,190]

Ni(OH)2 ⇄ NiOOH + H+ + e−. (6.2)

The NiO samples exhibited anodic coloration at +0.55V and cathodic bleaching at
−0.55V, see Figure 6.9B. These potentials were chosen in consideration of the gas
evolution onset at higher potential, as evident in the cyclic voltammograms as strong
increase in the current, as displayed in Figure 6.10D, E. The optimal DG NiO film
thickness regarding the optical transmission contrast at λ = 630 nm was determined
by analyzing six samples after 750 switching cycles (Figure 6.9C). The corresponding
transmission spectra were recorded with a spectrometer attached to a microscope with
the integration time set to 25 ms, displayed in Figure 6.9D. An approximately 600 nm
thick film showed a maximum coloration contrast of ∆T = Tb−Tc = 81.5%. However,
for the following detailed electrochromic characterization a thinner, 460 nm thick DG
electrode was chosen, since it showed a similar coloration contrast combined with a
superior coloration efficiency.

Figure 6.10A shows the spectral response of the DG in comparison with a 70 nm thick
nontemplated film. The color contrast of the DG benefits from a pronounced and
uniform variation across the entire visible wavelength spectrum with ∆T = 79.6% at
λ = 630 nm where the nontemplated sample only reaches a value of ∆T = 6.3%. At
λ = 580 nm, a maximum coloration contrast of ∆T = 82.2% was measured for the DG
device, in comparison to ∆T = 7.7% for a 70 nm thick nontemplated film.

A second important aspect of electrochromism is the temporal response under alter-
nating potentials (±0.55V). The DG showed sharp and distinct transitions between
the colored/oxidized and bleached/reduced state across the entire visible spectrum
(Figure 6.10B). This time-resolved switching behavior was analyzed in more detail at
λ = 630 nm (Figure 6.10C). The DG device showed short characteristic response times
of 53 ms for the bleaching step and 63 ms for the reverse process, determined by fit-
ting exponential functions to the switching curves. These short response times which
are close to video rate (24 frames per second) are enabled by the short ion diffusion
distance through the only ≈ 5 nm thick NiO nanotube wall.
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6 Electrodeposition of metals
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Figure 6.9: A, Schematic illustrating the employed device design based on a DG NiO
nanotube array. B, Transparent electrochromic device consisting of a
FTO/NiO/KOH(aq)/FTO layer sequence and an Ag/AgCl wire as refer-
ence electrode. The design pattern in the chromogenic DG film is the crest
of the University of Cambridge, showing the colored oxidized (NiOOH)
and the bleached reduced (Ni(OH)2) state. C, Dependence of the optical
transmission at λ = 630 nm on the film thickness of templated NiO in
the colored (Tc at +0.55V) and bleached (Tb at −0.55V) state tested
with 1 M KOH(aq). A ≈ 600 nm thick film showed a maximum coloration
contrast of ∆T = Tb−Tc = 81.5%. D, Corresponding transmission spec-
tra for templated NiO electrodes with the following film thicknesses: a,
215 nm, b, 300 nm, c, 416 nm, d, 460 nm, e, 600 nm, and f, 1100 nm.
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Figure 6.10: Electrochromic performance of a 460 nm thick DG-nanopatterned NiO
film in 1 M KOH(aq) electrolyte after 750 full switching cycles. A, Op-
tical transmittance spectra of the colored (+0.55 V) and bleached
(−0.55V) state. B, Transmittance variation upon alternating 2 s poten-
tial steps (±0.55V) recorded with a 25 ms integration time visualizing
a consistently fast switching response over the entire visible spectrum.
C, Corresponding switching behavior at λ = 630 nm. The DG device
showed a maximum coloration contrast of ∆T = 79.6% and fitting the
data with T (t) = T0 ±∆T · e−t/τ gave characteristic switching times τ
of 63 and 53 ms for the coloring and bleaching process, respectively. D,
CVs recorded at a scan rate of 50mV s−1. After an initial activation pe-
riod the two redox peaks become more pronounced with increasing cycle
number. The current increase at high potentials is caused by the onset
of gas evolution. E, Optical transmittance response at λ = 630 nm as
function of the applied cell potential and corresponding CV recorded for
the 750th switching cycle at a 50mV s−1 scan rate. F, Optical density
|∆OD| at λ = 630 nm versus the charge density |q| calculated from the
data presented in E. The linear regression suggests an average coloration
efficiency of −40 cm2 C−1.
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6 Electrodeposition of metals

The composite coloration efficiency CCE = ∆OD/q is defined by the charge per area
q that is required to excite a gradient in optical density ∆OD = ln(T/T0), where T0

is the initial transmittance (Figure 6.10F). The ideal electrochromic material should
maximize its CCE, corresponding to a large transmittance change induced by a small
amount of charge.[192,194,197] For the DG NiO morphology an average coloration effi-
ciency at λ = 630 nm of −47 and −40 cm2 C−1 were achieved for the 10th and 750th

switching cycle, respectively (Figure 6.10F). These values are consistent with those
reported for NiO prepared by electrodeposition, chemical bath and chemical vapor de-
position.[?, 249,253] These excellent CCE values in combination with a high ∆OD = 2.1

are a direct consequence of the highly interconnected gyroid morphology, which com-
bines a very high specific surface area providing good ion access with a high electric
conductivity.

Cycle stability and stability of the structural integrity of the nanostructured material
are further important requirements of electrochromic materials. The CV curves pre-
sented in Figure 6.10D, E indicate that the nanotubular NiO structures exhibits good
long-term cycle stability, giving rise to a pair of well pronounced redox peaks. Further,
SEM images of the NiO electrode after electrochromic testing including 1000 switching
cycles confirmed an intact nanotubular nanostructure.

Electrochromic window applications may require a more adjustable transmittance con-
trol which can be achieved by applying a cell potential between −0.55 and +0.55V, as
shown in Figure 6.10E. As expected a steep change in transmittance occurs at the two
redox peak potentials giving rise to hysteresis. However, the transmittance change in
the range from 60 to 90 % is more gradual with hardly any current passing through the
cell.

Compared to planar NiO, devices with the nanotubular gyroid morphology combine
a high coloration contrast with a high coloration efficiency. In particular, the 63 ms
switching speed lies within a factor of 1.5 of video rate and is substantially faster than
the switching rates of around 1 s that are typically reported for this type of materials.
Importantly, the template forming copolymer used in this part of the study consists only
of cheap, and environmentally sustainable monomers, making large scale applications
feasible.

137



6.4 Concluding remarks

In summary, gyroid templated metal electroplating was used for testing the preferential
growth directions in gyroidal templates with long-range order and to prepare samples
for the thermal oxidation of three-dimensionally nanopatterned metals. In particular,
it was shown that the nanoscale Kirkendall effect can be utilized to prepare sophisti-
cated hollow metal oxide nanotube arrays. NiO prepared in this fashion was found to
significantly enhance the electrochromic performance in all relevant parameters: the
switching speed, coloration contrast, and composite coloration efficiency.

The enhanced material properties of the nanotubular double-gyroid morphology can
be extended to other electroplatable transition-metals which exhibit the Kirkendall
mechanism and is therefore promising for batteries, supercapacitors, and sensors. So
far, only oxygen was tested as oxidizing agent. In order to prepare metal sulfides by
thermal oxidation, hydrogen sulfide could be used as a sulfur source.[254] For solar
cell applications, stibnite or CuInS2 with double-gyroid morphology might be highly
interesting.[255–258] The electrodeposition of antimony, the thermal oxidation to Sb2O3,
as well as the sulfidation of the oxide to Sb2S3 have been reported.[259–261] Further,
electroplating and oxidation of nanopatterned tin, copper, or indium alloys could find
widespread applications as transparent a conducting electrode material.[237,262–266]
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7 Electropolymerization of conjugated

polymers

This chapter investigates the nanostructuration of intrinsically conducting polymers
via templated electropolymerization using polymeric scaffolds with a double-gyroid
morphology, see Figure 7.1. Conjugated polymers combine some of the functional
properties of inorganic semiconductors and/or metals with the favorable material prop-
erties of insolating polymers, such as flexibility and processability. The nanopatterned
conjugated polymers demonstrated in this chapter include poly(pyrrole), poly(3,4-
ethylenedioxythiophene), poly(thiophene), and poly(3-methylthiophene) denoted as
PPy, PEDOT, PT, and P3MT, respectively. The performances of these polymers in
a variety of applications are expected to be greatly enhanced by the well-ordered and
highly porous nanostructure which exhibits a very large surface area.[267–272]

So far, only the DG-structured poly(pyrrole) films were tested in functional devices.
Applied in chemical gas sensors, these films showed a sensitive response to the presence
of solvent vapors, but their performance was not significantly improved compared to
their nontemplated counterparts. This topic will therefore only be briefly discussed
here and the reader is referred to the excellent thesis of Alexandre Nicolas, who
worked on this topic as part of his MPhil project under my supervision.[273] Although
the other templated films have only been partly characterized, regarding their chemical,
electronic, and optical properties in the doped and undoped state, we believe that they
bear the potential to gain importance as active electrodes material in batteries, super-
capacitors, and photovoltaic devices.[274–277] The latter devices may be prepared by
infiltrating dedoped, mesoporous PT or P3MT films with [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM).[278–281] First encouraging results were very recently obtained by
Harry Beeson and Micheal Price, who characterized these double-gyroid-structured
thiophenic polymer films regarding their application in bulk heterojunction solar cells
under my supervision.

The experimental implementation proved to be challenging, not least because of the
fact, that both the template and the replicated material are organic and therefore
subject to dissolution and swelling on exposure to organic solvents. Several different
orthogonal solvents had to be identified for the consecutive fabrication steps, includ-
ing suitable solvents for the deposition bath, the template dissolution, the dedoping
of the mesoporous deposit, and where applicable the refilling of the latter with other
functional materials. Although a number of solvents are considered ‘non-solvents’ for

139



(substituted) poly(styrene) and for conjugated polymers, which are typically known
to be insoluble in most common solvents, nanostructures of all these polymers were
found to be highly susceptible to swelling by some of these ‘non-solvents’. Typically,
the polymeric double-gyroid films showed fair structural stability when exposed to me-
chanical stresses, but the swelling by organic liquids (including ‘non-solvents’) resulted
in pore clogging, collapse of the nanostructure, and/or cracking. However, with the
help of solubility parameters, suitable solvents were identified and successfully applied
during the multiple fabrication steps.
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Figure 7.1: Schematic illustrating the template-assisted nanopatterning of conjugated
polymers via electrodeposition.

7.1 Introduction to conjugated polymers, electropoly-

merization, and solubility parameters

7.1.1 Conjugated polymers

As high-efficiency organic conductors, conjugated polymers have attracted much at-
tention since the discovery of conducting poly(acetylene) by Shirakawa et al. in 1977,
but reports concerning the electrical properties of polymers date back at least to the
1960s.[282,283] The difference in electric properties between insulating and intrinsically
conducting polymers arises from the different hybridization of the carbon atoms form-
ing the polymer backbone.

The carbon atoms of insulating conventional polymer backbones are sp3 hybridized
and therefore form σ-bonds. The electronic structure consists of only σ-bands with
a large electron energy band gap which renders these polymers electrically insulating
and generally transparent to the visible light spectrum.[284] In contrast, conjugated
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7 Electropolymerization of conjugated polymers

molecules consist of adjoining sp2 (or sp) hybridized carbon atoms with alternating
single and multiple bonds. Each carbon atom resides in one p-orbital and three σ-
bonds. The π-overlap of neighboring p-orbitals generates π-states which are delocalized
along the polymer chain. The resulting relatively narrow π-band gap, which is defined
by a highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), is associated with low-energy electronic excitations and semiconductor
behavior. The delocalized π-electron system is further responsible for the ease with
which the polymer chain can be oxidized or reduced. Provided that the system is
(electro)chemically doped, it exhibits high carrier mobilities that result in high electrical
conductivities. However, the charge carrying species are not free electrons or holes, but
quasi-particles.[284]

Despite the similarity in the terminology, doping of conjugated polymers is fundamen-
tally different from that occurring in inorganic semiconductors. The former is based
on an oxidation (for p-doping) or a reduction (for n-doping) of the polymer which is
accompanied by a charge-balancing incorporation of ions into the polymeric material.
Doping leads to new electronic states, so-called polarons, within the otherwise forbid-
den electron energy gap.[284] Low doping levels give rise to singly charged polarons,
while at higher concentrations, they may pair up and form spinless, doubly charged
entities called bipolarons. Polarons and bipolarons were identified as the intrachain
charge carriers responsible for the one-dimensional conductivity observed along one
polymer chain. Additionally, they are also considered as the main contributors to in-
terchain charge transfer between neighboring chains based on interchain hopping which
is believed to be supported by the incorporated ions present in doped polymeric mate-
rials.[285]

Due to their (semi)conducting properties which are highly dependent on doping and
other chemical/physical factors, conjugated polymers have been applied in various de-
vices, such as organic photovoltaic cells, electrochromic displays, chemical sensors,
supercapacitors, batteries, and light emitting diodes. Here, the discussion will mainly
focus on the use of DG-structured PPy in chemical sensors, since the utilization of PE-
DOT and PT derivatives in batteries and solar cells, respectively, is subject to ongoing
research.

7.1.2 Chemical sensors

A variety of intrinsically conducting polymers possessing sensing capacities have al-
ready been applied in several types of sensors.[286] Several transduction signals are
known and are of optical, potentiometric, amperometric, or conductimetric nature. Of
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special interest are chemical sensors which can detect low levels of harmful or toxic gases
and/or vapors. The basic sensor architecture based on electrical responses consists of
a thin uniform polymer film lying on top of a pair of coplanar electrodes supported
by an insulating substrate.[287] A number of theories have been proposed that aim to
explain the mechanisms responsible for triggering the transient response of the active
polymeric electrode material on contact or swelling with the analyte molecules. Firstly,
the polaron interchain hopping and therefore the conductivity or resistivity of the poly-
meric material is believed to be affected by an increasing distance between neighboring
chains resulting from swelling by the molecules to be detected. Secondly, swelling
by the latter may also induce a change in the polymer’s dielectric constant. Finally,
in some cases, the analyte is expected to induce secondary doping and/or a change
in morphology/cristallinity which will typically result in a conductivity or resistivity
change.[288–290]

Bartlett et al. presented three basic models to explain the time-dependent transient
resistivity response R(t) of PPy sensors to alcohol vapors.[288–290] Two of the models
assume a diffusion controlled penetration of the analyte molecules into the polymer film.
More specifically, they consider bounded planar as well as bounded spherical diffusion.
For bounded diffusion in a plane sheet with thickness l and a diffusion coefficient D

they find[289]

R(t) = R∞ − (R∞ −R0)
∞∑

n=0

8

(2n+ 1)2π2
e−D(2n+1)2π2t/4l2 , (7.1)

where R0 is the initial film resistance and R∞ is the steady-state value in presence of
a solvent sensor. The corresponding expression for diffusion into a sphere of radius a

is[289]

R(t) = R∞ − (R∞ −R0)
∞∑

n=0

6

n2π2
e−Dn2π2t/a2 . (7.2)

For the third model they assume sorption of the vapor molecules on free sites either
within the polymer film or on its surface. Considering a fixed number of sites and
negligible interactions between sites they find[289]

R(t) = R∞ − (R∞ −R0)e
−kt, (7.3)

where k is an overall kinetic constant. Besides a short response time t, the fractional
change in resistance or sensitivity S is a second important figure of merit for sensors,
which is given by

S =
R∞ −R0

R0

. (7.4)
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7 Electropolymerization of conjugated polymers

All of these models predict that nanostructuring the conjugated polymer films should
enhance the sensing performance, including a short response time and high sensitiv-
ity. Rajesh et al. presented a general review on the progress in the development of
nanostructured conducting polymers/nanocomposites for sensor applications. The dis-
cussion is limited to a few publications on PPy and PEDOT sensors.[291] In 1995,
Martin reported the template-assisted patterning of electrosynthesized PPy using alu-
mina membranes.[292] Similarly, glucose biosensor based on Pt-coated PPy nanotube
arrays were fabricated.[293] By coating single-walled carbon nanotubes with PPy us-
ing chemical polymerization, An et al. prepared sensors with enhanced sensitivity.[294]

Most recently it was shown that PEDOT nanofibers outperform their structureless
counterparts with higher sensitivity and a lower detection limit when applied in glu-
cose biosensors.[295]

7.1.3 Electropolymerization

In 1862, Letheby discussed the production of a blue substance by the electrolysis of
sulfate of aniline, nowadays considered as the first reported electrochemical synthe-
sis of a conjugated polymer, in his case poly(aniline).[296] Since then a great number
of different monomers were synthesized that form conducting polymers. The synthe-
sis method of choice for preparing these polymers involves the anodic oxidation of a
suitable monomer M into a cation radical

HMH− e− → HMH+•, (7.5)

where hydrogen atoms (H) in the positions of the further polymer chain bond formation
are explicitly indicated.[286] Typically, the polymerization process is initiated by the
dimerization of two radical species, which proceeds through the formation of a σ-bond
between two sp3 carbon atoms and the loss of two protons

HMH+• +HMH+• → HMHHMH2+ → H(M)2H+ 2H+. (7.6)

The reaction mechanism of the proceeding electropolymerization process is still not
fully understood, but the various proposed mechanisms can be summarized as

H(M)nH
+• +H(M)mH

+• − 2e− → H(M)(n+m)H+ 2H+. (7.7)

The values of n and m are subject to a controversial discussion. The classic vision of
chain propagation growth assumes stepwise monomer (n = 1) addition to the growing
chain (m > 1). This theory is challenged by the so-called oligomer approach which
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proposes that dimers (n = 2) or oligomers (n > 2) are formed as intermediates before
being added to the growing polymer (m > 2). Two reasons make the chain propaga-
tion based on the successive coupling of monomeric cations with the chain extremely
unlikely. Firstly, the rate constant of radical cation dimerization is extremely high, and
secondly, the rate-determining step seems to be the elimination of protons from the in-
termediate σ-dimer.[297] Regardless of the underlying electrosynthesis mechanism, the
complete reaction equation is given by

(k + 2)HMH+• − (2k + 2 + x)e− → H(M)(k+2)H
x+ + (2k + 2)H+. (7.8)

As the monomer oxidation potential is always higher than the charging of oligomeric
intermediates or the resulting polymer, polymerization and primary doping occur simul-
taneously. This electrochemical doping or oxidation requires an additional x electrons,
as indicated in Equation (7.8).[297] In general, the resulting doping level is such that
every third to fourth monomeric subunit is charged. As mentioned previously, the
charging process is accompanied by a charge-balancing ion incorporation. However,
several applications require the deposited polymers to be semi-conducting rather than
metallically conducting and they are therefore dedoped either electrochemically or with
the help of strong reducing agents, such as hydrazine.

Since the low molecular weight intermediates, such as dimers and short oligomers, are
typically soluble in the electrolyte they do not immediately contribute to the weight
gain at the working electrode when formed. Nevertheless, the solubility diminishes dras-
tically with increasing chain length which finally leads to precipitation of the oligomers
over a certain polymerization threshold. For most conjugated polymers this threshold
in common solvents is typically quite low. After precipitation onto the electrode, pos-
sible reactions involving individual chains can lead to higher degrees of polymerization
or interchain cross-linking.

The oxidation potentials of PPy and EDOT are reasonably low. Thus, the electropoly-
merization can be performed using less electrochemically stable solvents such as water
without risking unwanted side-reactions. On the other hand, the electropolymerization
of thiophene and its derivatives cannot typically be performed in pure aqueous media,
since their high oxidation potential exceeds the voltages necessary for the electroly-
sis of water. Although the oxidation potential of thiophenes is reduced when using
oligomers as monomeric precursors, such as 2,2’-bithiophene instead of thiophene, the
electrosynthesis nonetheless is performed in organic media rather than water, because
of low monomer solubility in the latter, and because of the fact that the cation radical
is extremely reactive towards nucleophilic species.[298,299] This combined with the fact
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7 Electropolymerization of conjugated polymers

that the styrenic polymer template is dissolved by most of the organic solvents com-
monly used for the electrosynthesis of PT, including acetonitrile and boron trifluoride
diethyl etherate, complicates the search for an appropriate electrolyte solvent.[300]

7.1.4 Polymer solubility and solubility parameters

Unlike non-polymeric materials, polymers do not dissolve instantaneously due to chain
entanglement and dissolution proceeds in two steps, solvent diffusion into the polymeric
material and subsequently chain disentanglement.[301] Furthermore, certain solvents
tend to swell particular polymers but do not posses the necessary solubility strength
to achieve complete chain disentanglement and dissolution. Swelling of the polymeric
material by the molecules of these poor or ‘non-solvents’ often induces osmotic stress
cracking or plasticization. The latter generally leads to structural changes on the
nanoscale due to an increased plasticity which is generally accompanied by a decrease
of the glass transition temperature.[302]

In many industrial applications polymer processing plays a key role and therefore the-
ories predicting the interaction of solvent molecules with polymer chains have been
developed that aid in the selection of suitable solvents.

As in the case of polymer-polymer blends, the dissolution of a polymer in a solvent
is governed by the free energy of mixing, see Equation (4.1). The positive entropic
contribution associated with the dissolution of a high molecular weight polymer in a
solvent is higher than the one arising from the formation of a homogenous polymer
melt. Nevertheless, this contribution is still very small compared to the enthalpy term
that therefore determines the sign of the free energy change. Various models based
on solubility parameters describing the interaction of polymers with solvents were de-
veloped to provide an estimate for the enthalpy of mixing. To date, Hansen’s model
delivers the most accurate predictions concerning solubility using three solubility pa-
rameters δD, δP, and δH, which describe the energy contributions from dispersion forces
between induced dipoles, from interaction forces between permanent dipoles, and from
hydrogen-bonding between molecules, respectively.[303] Hansen further defined the fol-
lowing norm that allows predictions concerning the miscibility of two substances A and
B

RAB =
√

4(δD,A − δD,B)2 + (δP,A − δP,B)2 + (δH,A − δH,B)2. (7.9)

If RAB lies below a certain threshold R0, the substances are predicted to be miscible, i. e.
the polymer is predicted to be soluble in the solvent. On the other hand, the solvent
will neither dissolve nor swell the solute in case of RAB ≫ R0. Furthermore, the
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Hansen solubility parameters can be used for estimating the Flory-Huggins interaction
parameter of two polymers

χ = α
R2

AB

RT
, (7.10)

where α ≈ 4 is a scaling constant, R the gas constant, and T the temperature.[304] The
Hansen solubility parameters for selected polymers and solvents are listed in Table 7.1,
while the calculated RAB are given inTable 7.3.

Solvent/polymer
δD δP δH R0 Reference

[MPa0.5] [MPa0.5] [MPa0.5] [MPa0.5]

PS 21.3 5.75 4.3 12.7 [303]

PFS 19.4 3.4 3.6 – a

PPy 18.9 12.9 10.4 – a

PT 20.2 4.7 9.6 – a

P3MT 18.9 3.3 11.2 – a

P3HT 17.9 3.2 0.91 3.3 [305]

P3HT 17.4 1.1 0.5 – a

PEDOT 21.2 7.4 8.1 – a

PCBM 19.3 7.3 8.02 6.8 [305]

Acetone 15.5 10.4 7.0 – [303]

Acetonitrile 15.3 13.0 6.1 – [303]

Benzene 18.4 0.0 2.0 – [303]

Cyclohexane 16.8 0.0 0.2 – [303]

Diethyl ether 14.5 2.9 5.1 – [303]

Ethanol 15.8 8.8 19.4 – [303]

Ethanolamine 17.2 15.6 21.3 – [303]

Ethylene carbonate 19.4 21.7 5.1 – [303]

Formamide 17.2 26.2 19.0 – [303]

Hexane 14.9 0.0 0.0 – [303]

Isopropanol 15.8 6.1 16.4 – [303]

Methanol 15.1 12.3 22.3 – [303]

Toluene 18.0 1.4 2.0 – [303]

Water 15.6 16.0 42.3 – [303]

Xylene 17.8 1.0 3.1 – [303]

Chlorobenzene 19.0 4.3 2.0 – [303]

[BMIM][BF4] 23.0 19.0 10.0 – [303]

a Estimate calculated using the HSPiP software.

Table 7.1: Experimentally determined and theoretically calculated Hansen solubility
parameters for selected polymers and solvents.
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7 Electropolymerization of conjugated polymers

7.2 Experimental methods

7.2.1 Materials

The chemicals and materials listed in Table 7.2 were used as received unless stated
otherwise.

Chemical Purity [%]a Abbreviation

1-Butyl-3-methylimidazolium
98 (SA) [BMIM][TFSI]

bis(trifluoromethylsulfonyl)imide
1-Ethyl-3-methylimidazolium tetrafluoroborate 98 (SA) [EMIM][BF4]
2,2’-Bithiophene 97 (SA) –
3,4-Ethylenedioxythiophene 97 (SA) EDOT
3-Methylthiophene 98 (SA) –
Diethyl ether – (SA) –
Hexane – (FS) –
Hydrazine hydrate 50-60 (SA) –
Lithium perchlorate 95 (SA) –
Methanol, laboratory reagent grade – (FS) –
p-Toluenesulfonic acid monohydrate 98 (SA) –
Pyrrole 98 (SA) –
Sodium chloride 99.5 (SA) –
Thiophene 99 (SA) –
Toluene, anhydrous 99.8 (SA) –
Water, deionized 18 MΩ – DI water
Xylene – (FS) –

a Suppliers are given in brackets: Fisher Scientific, FS; Sigma Aldrich, SA.

Table 7.2: Chemicals and materials used in this part of the study.

7.2.2 Electropolymerization

Voided templates prepared on FTO-coated glass using either P(F)S49-b-PLA192|174
◦C

0.33 h

or PS50-b-PLA214|173
◦C

0.33 h were successfully employed in the template-assisted nanopat-
terning of conjugated polymers.
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7.2.2.1 Poly(bithiophene) and poly(3-methylthiophene)

The electropolymerization of thiophene-derivatives was conducted in a glove box using a
two-electrode setup equipped with a Cu-mesh as counter electrode. The electrolyte used
was the ionic liquid [BMIM][TFSI], which was deoxygenated by bubbling with nitrogen
for 40 min and dried overnight with molecular sieves prior to use, containing 0.2 M
of either 2,2’-bithiophene or 3-methylthiophene.[306] Electrosynthesis was conducted
under potentiostatic conditions at 3.2-3.4 V and 3.6-3.7 V for bi- and methylthiophene,
respectively. Thereafter, the films were successively rinsed in [EMIM][BF4] and DI
water, dried, and freed from their templated by dissolution in pure diethyl ether or a
2:1 mixture of diethyl ether and hexane.

7.2.2.2 Poly(3,4-ethylenedioxythiophene)

PEDOT was electrosynthesized according to Du and Wang using an aqueous solution
containing 0.02 M EDOT and 0.1 M LiClO4.[307] The monomer was dissolved with the
help of an ultrasonic bath. A standard three-electrode setup with a Pt-mesh counter
electrode and an Ag/AgCl reference electrode was employed. The styrenic templates
were rinsed with methanol before immersing the wet samples into the aqueous elec-
trolyte. Electropolymerization was conducted under potentiostatic condition at 0.9 V.
The vividly blue samples were rinsed with DI water and dried with a nitrogen stream.
Diethyl ether was found to be a suitable solvent for the selective removal of the tem-
plate.

7.2.2.3 Poly(pyrrole)

The same three-electrode electrochemical cell as in the case of PEDOT was used for the
poly(pyrrole) electrosynthesis using an aqueous solution containing 0.1 M p-toluenesul-
fonic acid monohydrate and 0.1 M sodium chloride.[308] Unlike EDOT, pyrrole sponta-
neously oligomerizes in the presence of oxygen. Hence, the electrolyte was deoxygenated
by bubbling with nitrogen prior to the addition of 0.5 M pyrrole and kept under a protec-
tive atmosphere during polymerization. Typically the polymerization was performed at
room temperature, but some films were also synthesized at a low temperature (5-10 ◦C).
The hydrophobic templates were once again rinsed with methanol before placing them
opposite the counter electrode into the deposition bath. The electropolymerization
was performed potentiostatically at 0.65 V and the deposit thickness was controlled
by monitoring the charged passing through the cell. Before selectively dissolving the
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7 Electropolymerization of conjugated polymers

redundant styrenic template with xylene the samples were rinsed with DI water and
dried.

7.2.3 Preparation of gas sensors based on poly(pyrrole) films

The resistance gas sensor design consisted of two coplanar chromium contacts which
were evaporated onto an insulating glass substrate and a PPy film was placed on top
of them, bridging the gap, see Figure 7.2. This architecture allows to monitor the
resistivity change of the sensing material, which connects the two separated electrodes,
as a response to gases or solvent vapors.

A first batch of sensors was assembled in the following way. First an as-deposited PPy
film prepared on one of the usually used FTO-coated substrates was coated with a
thick layer of high molecular weight poly(styrene) dissolved in xylene. After drying the
sample on a hotplate at 50 ◦C the combined film was carefully peeling off and transferred
onto a chromium-patterned substrates. Finally the poly(styrene) was dissolved by
washing in xylene for several hours.

A second, more sophisticated type of devices was fabricated in the following way. First
a temporary gold layer, which closed the nonconducting gap between the two chromium
electrodes, was evaporated. Subsequently a voided double-gyroid-structured template
was prepared on this continuously metal-coated substrate and refilled with PPy. Then
the redundant template was dissolved with xylene. Finally the superficial gold layer
was etched with a wet gold etchant, which reestablished the gap between the chromium
electrodes.

� �

Figure 7.2: A, Double-gyroid gas sensor design consisting of two coplanar metal elec-
trodes on an insulating substrate. B, Interdigitated metal electrodes
evaporated onto a microscope slide.
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7.2.4 Gas sensors testing rig

For the testing of the gas sensors a setup built by Dr. Richard White and Dr. Sven
Hüttner was used, which consisted of a solvent bubbling unit, a potentiostat-galvanostat
for recording the transient resistance response, and a vacuum chamber which fitted with
a special sensors chip holder. The resistance response was determined by applying a
fixed potential across the two evaporated electrodes, typically 0.1 V, and measuring
the time dependent electric current while introducing solvent vapors into the chamber.
The solvent bubbling unit was built with two digital mass flow controllers regulating
the influx of dry nitrogen and solvent vapor-saturated nitrogen into the chamber and
a temperature bath to adjust the solvent’s vapor pressure.

7.3 Results and discussion

7.3.1 Identifying suitable solvents

As mentioned above, suitable orthogonal solvents had to be identified for the different,
successive fabrication steps of functional devices based on nanostructured conjugated
polymer films.

Firstly, electrolyte solvents for the electropolymerization had to be chosen that do
not destabilize the styrenic polymer templates. Note that polymeric nanostructures
are highly susceptible to plasticization and the slightest swelling of the template by
solvent molecules has to be excluded. Simultaneously, the monomers and salts added
for better electrolyte conductivity have to be soluble. Importantly, the solvent must be
electrochemically stable at the particular deposition potential and be neutral towards
the radicals formed during electrosynthesis.

For the electrosynthesis of PEDOT and PPy, water was the preferred electrolyte sol-
vent. Although some reports suggest that under special experimental conditions the
aqueous electropolymerization of poly(thiophene) derivatives is possible, all attempts
conducted in this study failed, including deposition at low pH values and using bithio-
phene which exhibits a lower oxidation potential than thiophene as the monomeric
species.[309,310] Typically, boron trifluoride diethyl etherate and (fairly) anhydrous
acetonitrile were used instead.[300] Although both solvents were successfully used to
prepare poly(thiophene) inverse opals via the templated synthesis using poly(styrene)
microsphere arrays, they tended to destroy the styrenic DG-structured scaffold.[268–270]
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7 Electropolymerization of conjugated polymers

The double-gyroid templates were found to be stable in a number of polar protic
solvents, but these do not support the electrosynthesis of poly(thiophene), since the
intermediate radical is extremely reactive towards nucleophilic species. Further, non-
polar solvents such as hexane and various fluorinated solvents were compatible with
the styrenic templates, but unfortunately common ionic salts, which are usually added
to increase the electrical conductivity of the electrolyte are not soluble in these.

Finally, room temperature ionic liquids were identified to be suitable. Especially the
commercially available [EMIM][BF4] and [BMIM][TFSI] seemed adequate due to their
relatively low viscosity at room temperature. Advantageously, [BMIM][TFSI] wetted
the hydrophobic mesopores of the styrenic template, making the addition of surfac-
tants to lower the surface tension redundant. On the other hand, [EMIM][BF4] did not
infiltrate the pores readily, but dipping the templates into [BMIM][TFSI] prior to im-
mersion into [EMIM][BF4] circumvented this issue. In many applications the extremely
low vapor pressure of ionic liquids is advantageous, but in this particular case it makes
the removal of the electrolyte after electrosynthesis more sophisticated. Especially, be-
cause [BMIM][TFSI], which was preferentially used for electropolymerization is neither
soluble in water nor the solvents used for template removal. Primary alcohols were
found to be miscible with [BMIM][TFSI], but the conjugated polymer films tended to
crack on immersion into the alcohols. This is most probably osmotic stress-cracking
due to swelling of the conjugated polymer by the primary alcohol molecules, extent of
which could be reduced by using alcohols with larger alkyl groups. A solution to this
problem was to dip the electropolymerized samples into [EMIM][BF4], which is mis-
cible with both [BMIM][TFSI] and water. The films were then rinsed in the latter to
remove the water soluble ionic liquid and subsequently dried on a hotplate. It is worth
mentioning, that in some cases the films cracked during washing in water. Curiously,
immersion of the samples into [EMIM][BF4] led to a color change, most likely induced
by an ion exchange or (un)doping of the conjugated polymer.

Secondly, appropriate orthogonal solvents for the selective template dissolution had to
be found. Because of the same reason mentioned above, these solvents are not allow
to even slightly swell the nanostructured conjugated polymers, otherwise the desired
structural features are inevitable lost. Diethyl ether and xylene were identified as ideal
solvents for PEDOT and PPy, respectively. Chlorobenzene was reported to have no
effect on the nanostructure of electrodeposited P3MT, but in this study the opposite
was found.[279] Instead, pure diethyl ether or a 2:1 mixture of diethyl ether and hexane
were used.

Lastly, solvents for dedoping and refilling of the mesoporous conjugated polymer films
with a second soluble functional material are of interest. For example, undoped, semi-
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conducting poly(thiophene) derivatives can be applied in bulk heterojunction solar cells
in combination with n-type PCBM. Cyclohexane was found to partially dissolve PCBM
while only swelling PT and P3MT nanostructures. According to the Hansen solubility
parameters acetone and nitromethane are other promising candidates, but they were
not yet tested.

With one exception, the solubility predictions based on the Hansen solubility param-
eters were fairly consistent with the experimental findings of this study. The results
together with the calculated RAB values for several solvents are listed in Table 7.3. Note
that the Hansen sphere radius R0 = 12.7 of poly(styrene) is expected to be considerably
larger than that of conjugated polymers.

PS PPy PT P3MT PEDOT PCBM

Acetone 13 • 8 11 11 12 8 •
Acetonitrile 14 • 8 13 13 13 10
Benzene 8 • 15 10 10 11 10
Cyclohexane 11 ⋆ 17 13 12 ⋆ 14 12 ◦
Diethyl ether 14 • 14 12 ⋆ 11 ⋆ 14 ⋆ 11
Ethanol 19 ⋆ 12 14 ⋆ 12 ⋆ 16 ⋆ 13
Ethanolamine 21 ⋆ 12 17 16 17 16
Ethylene carbonate 16 ◦ 10 18 19 15 15
Formamide 26 ⋆ 16 24 24 23 22
Hexane 15 ⋆ 18 15 ⋆ 14 ⋆ 17 14
Isopropanol 16 ⋆ 11 11 9 14 11
Methanol 23 ⋆ 14 18 ⋆ 16 ⋆ 19 ⋆ 17
Toluene 8 • 14 ◦ 9 ◦ 10 ◦ 11 ◦ 9
Water 41 ⋆ 33 ⋆ 36 ⋆ 34 ⋆ 37 ⋆ 36
Xylene 9 • 14 ⋆ 9 9 11 ◦ 9
Chlorobenzene 5 • 12 8 ◦ 9 ◦ 8 7 ⋆
[BMIM][BF4] 15 ⋆ 10 15 18 12 14
[BMIM][TFSI] ⋆ ⋆ ⋆

⋆ Good solvent, dissolves the polymer film completely.
◦ Poor solvent, does not fully dissolve the polymer film, but destroys the

nanostructure.
• Non-solvent, does not seem to swell the polymer film at all, since the

polymer nanostructure stays intact.

Table 7.3: Calculated values of RAB for selected polymers and solvents.
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7 Electropolymerization of conjugated polymers

7.3.2 DG-structured poly(bithiophene) and poly(3-methylthio-

phene)

As mentioned above, all attempts of electropolymerizing thiophene, bithiophene, and
methylthiophene from aqueous solutions failed in this study. Performing the synthesis
in an anhydrous and oxygen-free environment using [BMIM][TFSI] as electrolyte, finally
gave the desired results. Sometimes it was necessary to apply an overpotential of a few
hundred millivolts for about 1 s in order to nucleate and initiate the polymerization.
No obvious morphological differences between DG-structured PT and P3MT films were
observable when imaging with an electron microscope.

� �
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Figure 7.3: SEM images of a DG-structured PBT after template removal.
A, Chlorobenzene used for template dissolution results in a loss of the
structure, leaving only a few recognizable pores. Diethyl ether or a hex-
ane/diethyl ether mixture were used as selective template solvents for
the remaining SEMs. B, Cross-sectional view onto a film prepared by
overfilling a PS50-b-PLA214|173

◦C
0.33 h template. The template’s semi-porous

free-surface allowed the partial removal of the overgrowth before template
dissolution resulting in a smooth free-surface. C, Cross-section revealing a
well-defined DG nanomorphology in the bulk, while the free-surface looks
more disordered. D, Magnification of a highly ordered cross-section.

Figure 7.3A shows the profound impact a so-called ‘non-solvent’ for PT, such as
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chlorobenzene, can have on the nanostructure. Although chlorobenzene does not dis-
solve the polymer film, no obvious mesoporous nanostructure is left after template
removal. This is most probably due to diffusion of solvent molecules into the conju-
gated polymer which destabilize the about 11 nm thick gyroidal network struts and
eventually leads to the structural collapse. Using diethyl ether as solvent for the tem-
plate dissolution instead resulted in mesoporous and highly ordered films. However, the
free-surface did not show the same degree of order and porosity as the bulk of the film,
see Figure 7.3C. This behavior at the free-surface was more pronounced in the case of
PEDOT and PPy, and will be discussed in more detail in the following to sections.
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Figure 7.4: Absorption spectra of doped and dedoped DG-structured P3MT films
on FTO-coated glass. Negative absorbance values are most likely due
to a higher reflectance of the bare FTO substrate used for calibration
compared to the dull polymer films. A, Chemical dedoping for 1 min in
an aqueous hydrazine solution (50-60%). Since the films are handled in
air after reduction they might be subject to oxidation before recording
the ‘dedoped’ spectrum. B, Electrochemical dedoping performed in an
aqueous 0.1 M LiClO4 solution. Compared to (A) these spectra were
measured in-situ. The data was recorded by Harry Benison and Michael
Price.

As discussed previously, when electropolymerizing conjugated polymers they are in-
evitably doped during the synthesis process by incorporation of [TFSI]− ions. There-
fore, dedoping the films becomes necessary before potential luminescent or photovoltaic
applications can be realized. Chemical dedoping with hydrazine as reducing agent
and electrochemical dedoping were tested. Altering the polymer’s oxidation state in
this way is typically accompanied by a chromogenic response, see Section 5.1.3. As-
deposited PT films are brown/black and P3MT deposits are a dark blue, while both
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are brown/red in their dedoped state. Measuring the optical absorbance or transmit-
tance spectra of a polymer film before and after (de)doping is a noninvasive way to
obtain valuable information about the doping state, see Figure 7.4. The mesoporous
nature of the double-gyroid-structured conjugated polymer allows to effectively dedope
micrometer thick films, since the incorporated anions are located within 6 nm of the
polymer/solvent interface. Importantly, the mesoporous gyroidal nanostructure was
still preserved after dedoping, as confirmed by SEM, regardless which technique was
used. Using these undoped films in conjunction with PCBM in photovoltaic devices is
subject to ongoing work.

7.3.3 DG-structured poly(3,4-ethylenedioxythiophene)

The fabrication of double-gyroid-structured blue PEDOT deposits on FTO-coated glass
was highly reproducible. As discussed in Section 7.1.3 the dimers and oligomers which
are intermediately formed during electrosynthesis only become insoluble and precipitate
once they reached a certain degree of polymerization. Further, oligomeric radicals may
not react with a second of their species because of a low monomer concentration in
close vicinity of the electrode due to diffusion limitations through the mesoporous
template. This gives us reason to believe that oligomeric species may diffuse away
from the electrode and then absorb to the walls of the narrow styrenic templated. This
in turn means that the conjugated polymer growth proceeds successively, initially an
intermediate nanotubular deposit is formed by coating the voided template channels,
before the latter are fully filled and finally a network of nanowires is established. Since
the nanotubular growth front does not show the same stability as the network of solid
nanowires, they tend to collapse on template dissolution and thus, agglomerate as a
semiporous layer covering the polymer film surface, see Figure 7.5.

For certain applications a highly porous free-surface might be of importance, thus the
possibility to etch the semiporous layer using a plasma etcher (Diener MRC 100) was
tested. Figure 7.5B and C show the successful results obtained after a 10 s and 20 s air
plasma treatment ignited at a pressure of 0.4 mbar and with the generator power set
to 20%.
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Figure 7.5: SEM images of DG-structured PEDOT after selective template removal
with diethyl ether. A, Cross-section showing a highly porous and well-
ordered structure in the bulk of the film. However, the free-surface does
not show the same high degree of porosity. B, C, Free-surfaces after a
10 s and 20 s air plasma treatment, respectively, resulting in an improved
interfacial porosity.

7.3.4 DG-structured poly(pyrrole)

Similarly successful was the preparation of pitch black double-gyroid-structured PPy
films from aqueous solutions. Typically a current density of about 1 mA cm−2 was ob-
served at an applied potential of 0.65 V vs. Ag/AgCl. Recorded CVs were consistent
with the ones presented in the literature.[311] Additionally, for comparison, nontem-
plated films which also showed some structural features were prepared for the further
use as active material in gas sensors, see Figure 7.6. The relationship between the
total charge density consumed during electropolymerization and the thickness of the
film, which was measured by SEM imaging, was investigated. A total charge density
of 1 C cm−2 was found to give rise to an average thickness of about 4 µm and 10 µm for
nontemplated and double-gyroid-structured films, respectively.
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7 Electropolymerization of conjugated polymers

� �

��� �����

Figure 7.6: A, SEM of the free-surface of a nontemplated PPy film exhibiting some
structural features. B, Magnified view of (A).

Similarly to PEDOT, thick PPy films (1.5µm) tended to form an about 10 nm thick
semiporous layer covering the free film surface, while thin films (350 nm) did not ex-
hibit this unwanted feature, compare Figures 7.7 and 7.8. The same plasma etching
conditions as used in Section 7.3.3 proved to be effective to remove this layer. The etch
rate determined for nontemplated PPy films under these conditions was on the order
of 0.1 µm min−1.
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Figure 7.7: SEM images of a 350 nm thin DG-structured PPy film after selective
template removal with xylene. A, Cross-sectional view of a thin film
with the native free-surface being highly porous. B, Top-view onto the
corresponding free-surface (no plasma treatment).

The sheet resistance of both nontemplated and double-gyroid-structured films was de-
termined by measuring the current through a 1 cm long film section for a known applied
potential difference, omitting any geometric factors. Moreover, possible contact resis-
tance arising from the contact points between the film and the probes was neglected.
The measured values are therefore only an upper estimate for the resistance. Regard-
less of the film structure, freshly prepared samples exhibited a sheet resistance on the
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order of 50-100 Ω/�. This translates to a low electrical resistivity of 0.01 Ω cm. When
stored in ambient air the resistance of the films increased with time.
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Figure 7.8: SEM images of a 1.5 µm thick DG-structured PPy deposit after selective
template removal with xylene. A, Cross-section revealing a highly porous
and well-ordered structure in the bulk of the film and a semiporous free-
surface. B, Top-view onto the semiporous free-surface. C, Corresponding
free-surface after a 20 s air plasma treatment.

7.3.5 Testing the chemical sensors based on poly(pyrrole)

Both gas sensors based on nontemplated and nanostructured PPy films were found
to respond to a variety of solvent vapors, including methanol, ethanol, isopropanol,
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7 Electropolymerization of conjugated polymers

acetone, and also to humidity with a resistance increase. Initial tests were performed
in ambient air leading to the observation of the following phenomenon, the sensors
responded to water vapor with an immediate resistance increase, while exposure to
organic solvents led to an initial small decrease in resistance before showing the expected
increase. When repeating the same experiments in a dry environment this abnormality
did not occur. These findings suggest, that water and analyte molecules are competing
for the available sensing sites and hence, all following measurements were conducted
under a dry nitrogen atmosphere.
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Figure 7.9: Resistance response of nontemplated and DG-structured PPy gas sensors
to different alcohol vapors and purging with dry nitrogen. Nitrogen was
used as carrier gas. Equation (7.3), describing the sorption model, was
used to calculate the blue fitting curves. A, Nontemplated film, 11%
methanol vapor. B, Nontemplated film, 4% ethanol vapor. C, DG-
structured film, 1% ethanol vapor. D, DG-structured film, 4% ethanol
vapor.

PPy films were allowed to equilibrated for a few minutes under vacuum or in dry
nitrogen until a stable baseline resistance, typically between 0.1 and 1 kΩ, was reached
before starting the measurement. This initial low ‘baseline’ resistance was typically not
restored after ending the first solvent exposure and nitrogen purge cycles, regardless
of the extent of the purge. The subsequent exposures, however, were fairly reversible

159



and reproducible, although some samples displayed a drift over time. Figure 7.9 shows
the time-dependent transient response of nontemplated and DG-structured films on
alternating exposure to alcohol vapors, such as methanol and ethanol, and purging
with nitrogen. The data was fitted using Equations (7.1–7.3), although the sorption
model was found to give the best fit, the diffusion models also produced acceptable
fitting curves. Our PPy films showed similar relative response times to the different
alcohols, contrary to Bartlett et al. who measured significantly longer response times
for the higher molecular weight alcohols.[288–290]

The response speed, associated with the adsorption of vapor molecules on free sites in
the PPy films, was typically found to be faster than the recovery speed, consisting of the
desorption and evaporation of the analyte molecules from the occupied sensing sites,
see Figure 7.10A. This became especially evident in nontemplated films. On average
the response time of nontemplated and DG-structured films on exposure to solvent
vapors was similar, but on purging with nitrogen the structured films outperformed
the nontemplated deposits, see Figure 7.10A. Curiously, the response times varied very
little with different vapor concentrations.
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Figure 7.10: A, Response time needed to complete a change of ∆R = (R∞ − R0)/2
obtained from fitting the transient curves with Equation (7.3). The
nontemplated and DG-structured film were electropolymerized under
the same conditions including the same total current density. Data sets
a and b correspond to exposures to 1.2% and 3.8% of ethanol vapor
in dry nitrogen, respectively. B, Sensitivity of nontemplated and DG-
structured film as function of the partial ethanol pressure. Alexandre
Nicolas analyzed the data and prepared the present graphs.[273]

Figure 7.10B illustrates the results of sensitivity measurements for the resistance sensor
exposed to various concentrations of ethanol, see Equation (7.4). Both nontemplated
and nanostructured films seem to exhibit a ‘linear’ relationship between the analyte’s
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7 Electropolymerization of conjugated polymers

partial pressure and the measured sensitivity.[312] The best performing devices reached
a sensitivity of only 2% and 2.5% for a nontemplated and a DG-structured film, re-
spectively, when tested in a nitrogen atmosphere containing 4% ethanol. Contrary to
our expectations, films exhibiting a mesoporous nanostructure did not outperform their
nontemplated counterparts regarding sensitivity or response time. The only reasonable
explanations we can provide for the disappointing performance of our gas sensors are,
firstly, that the employed films of micrometer thickness were too thick, and secondly,
that the doping level and therefore the conductivity of the polymer films was too high.
This hypothesis is supported by the findings of Bartlett et al. who reported that the
sensitivity decreases with an increasing PPy film thickness.[289] Due to time constraints
this was not further investigated.

7.4 Concluding remarks

In summary, we established a fabrication route to three-dimensional conjugated poly-
mer nanostructures. Importantly, organic scaffolds are used as templates that can be
removed by dissolution with organic solvents which typically do not chemically alter
the conjugated polymers. In comparison, the selective removal of inorganic templates
made from silica or alumina generally require corrosive acids or strong bases that might
damage the molecular structure of the polymeric material. Thereby, the selection of
appropriate orthogonal solvents for the several production steps involved played a key
role. The conducting polymers successfully nanostructured by this template-directed
electropolymerization included PPy, PEDOT, PBT, and P3MT.

In a first study, DG-structured PPy films were tested as active sensing material in
gas sensors. Although the prepared sensors were efficient in detecting solvent vapor
concentrations as low as 1% with great reliability, and with a response time below 20
seconds, we could not show that the performances of these was greatly enhanced by the
well-ordered and highly porous nanostructure when compared to their nontemplated
counterparts. More specifically, neither the sensitivity nor the response time were
significantly improved. Nevertheless, we are still convinced that the high interfacial
surface area of the prepared mesoporous conjugated polymers will lead to a considerable
enhancement of the device performance in other applications.

In this spirit, we will study the performance of structured PEDOT films in batteries
and/or supercapacitors as well as the application of dedoped PT and P3MT in bulk
heterojunction solar cells in the near future.[278–281] Furthermore, the nanostructured
conjugated polymer films may find application in thermoelectric devices.[313–316]
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8 Atomic layer deposition of metal oxides

With a current record conversion efficiency of 12.3%, dye-sensitized solar cells (DSSCs)
cannot quite yet compete with their conventional solid-state counterparts. Neverthe-
less, because they are based on low-cost and abundant titanium dioxide, they are
considered promising candidates for future solar energy harvesting applications.[317]

Double-gyroid-structured titania films of appropriate thicknesses are expected to sig-
nificantly enhance the efficiency of DSSCs due to the nanomorphology’s advantageous
properties.[3, 4, 318] These include the high accessible surface area, which is essential for
a high dye loading and effective charge separation. The monolithic nature of the metal
oxide network is important for an efficient charge transport within the nanostructure.

Unfortunately, the previously presented templated-assisted nanostructuring strategies
based on electrochemical deposition have only a limited applicability for DSSCs. Elec-
troplating of metallic titanium is considered infeasible, preventing the post-deposition
thermal oxidation approach to nanostructured titania, see Chapter 6.[319] The fabri-
cation of double-gyroid-structured titania via the templated electrodeposition of hy-
drated TiO2 has been demonstrated. However, deposits with thicknesses exceeding
1 µm suffer from stress-induced delamination during thermal dehydration, which limits
the efficiency gain when applied in DSSCs.[3, 4] Therefore, the objective of this last part
of the study was to investigate an alternative titania deposition method for replicating
the gyroidal templates which does not involve a hydrated intermediate.

In collaboration with Pedro Cunha we focused our joint efforts on the refilling of
the mesoporous organic scaffolds via gas phase atomic layer deposition (ALD) of metal
oxides, especially titania. ALD is based on the self-limiting and alternating reaction of
the surface to be coated with at least two precursors in a sequential manner, see Fig-
ure 8.1. Importantly, this allows the manufacture of uniform surfaces coatings of high
purity with sub-nanometer thickness precision. Although conceptually straightforward,
coating and filling the voided nano-channels of double-gyroid-structured organic films
proved to be extremely challenging. The main reason for this is the inherently small
pore diameter which decreases even further with progressing deposition. Thereby, the
uniform exposure of the nano-channel walls to precursor, as well as the extraction of
excess precursor and by-product becomes more difficult. This was complicated by the
fact that the as-prepared styrenic templates do not exhibit adequate surface functional
groups essential for a homogenous nucleation of the ALD growth, nor the tempera-
ture stability required for an ideal ALD process. Here, a newly established protocol
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is presented, that allows a simultaneous surface chemistry modification and a thermal
stability improvement of the styrenic scaffold without altering its nanostructure.
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Figure 8.1: Refilling of the voided nano-channels of an organic DG template via
atomic layer deposition of titania, which is illustrated in the inset.
1. Chemical modification of the styrenic polymer scaffold to introduce
functional surface groups and improve the thermal stability. This enables
the uniform nucleation of the ALD growth 2. Ideally, the nano-channels
are gradually filled until a non-porous layer is formed at the free-surface.
3. This layer is removed by reactive ion etching. 4. Finally, the com-
bined organic/inorganic deposit is calcinated to remove the template and
ideally, crystallize the titania.

Even though a stability increase by more than 30 ◦C was achieved, the tested maximal
deposition temperature of 100 ◦C is considered non-ideal for the refilling of mesopores
with TiO2 using TiCl4 and H2O. The reduced reactivity, volatility, and mobility of the
precursors and by-products at this relatively low temperature results in nonuniform
growth and an incorporation of by-products and/or unreacted ligands.[320] We believe
that the limited filling fraction, the observed chlorine contamination, and therefore the
missing crystallinity are responsible for the disappointing performance of the prepared
TiO2 nanostructures in DSSCs.

Despite committing a respectable amount of time to this project, we have not yet
succeeded to obtain crystalline double-gyroid-structured TiO2 films. Based on the
here represented results we are planing to test a homebuilt ALD which is currently
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8 Atomic layer deposition of metal oxides

under construction and was especially designed for high precursor concentrations and
long exposure times. Additionally, we will try to improve the thermal stability of
the templates even further. However, I am no longer fully convinced that replicating
micrometer thick double-gyroid templates with an initial pore diameter of only 11 nm
via ALD is experimentally feasible.

8.1 Introduction to atomic layer deposition and the

chemical modification of poly(styrene)

8.1.1 Atomic layer deposition

ALD is a thin film coating technique based on the self-terminating gas-solid reaction
of gaseous precursors with the surface to be coated, characterized by the distinct fea-
ture that film growth takes place in a cyclic manner.[321] A typical (sub)monolayer
growth cycle consists of the strictly sequential delivery and self-saturated chemisorp-
tion of at least two precursors from the gas phase.[322] Importantly, between sequential
precursor pulses the reaction chamber is evacuated or purged with an inert gas to
remove non-reacted precursor molecules and the by-product of the chemisorption re-
action. Figure 8.1 schematically illustrates the ALD process of TiO2 using TiCl4 and
H2O as precursors which proceeds via the formation of hydrochloric acid as by-product.
The reaction of TiCl4 is self-limited in the sense that once all OH groups have been
consumed or are not accessible due to steric hindrance, the excess precursor will re-
main non-reacted with no further chemisorption occurring during extended exposure
times. In an ideal ALD scenario a subsequent purge carries all by-product and the
unused precursor molecules away. During the second half-cycle, the surface is exposed
to H2O molecules, which are chemisorbed by reacting with the remaining chlorine lig-
ands, thereby forming the next layer of OH groups. Purging concludes a complete ALD
cycle. A direct consequence of this saturated, self-limited surface reaction is the con-
stant growth rate with atomic level control and the conformality of three-dimensional
coatings which no other thin film technique can achieve.

A large variety of materials can be deposited via ALD, including pure metals, organic
polymers, hybrid materials, and metal ceramics, such as oxides, nitrides, sulfides, se-
lenides, and tellurides.[321,323] Depending on experimental settings, precursors have to
fulfill special requirements regarding their volatility, reactivity, and stability. These can
be altered by exchanging the precursor ligands. For example, common titania precur-
sors are titanium tetrachloride, titanium isopropoxide or tetrakis(dimethylamino)tita-
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nium.[324,325] Accordingly, several oxygen source are available to prepare metal oxides,
including water, hydrogen peroxide, oxygen, ozone, and oxygen radicals.

The deposition process is governed by the precursor volatility, stability, and reactivity
which mainly depend on the substrate/reactor temperature for a given reactor pres-
sure, as illustrated in Figure 8.2. The ideal process window, the so-called ALD window,
in which growth is saturated and insensitive to overexposure with precursor. At tem-
peratures above the ALD window, the precursor molecules typically undergo thermal
decomposition resulting in an uncontrolled deposition. Although ALD is mainly ap-
plied to inorganic substrates which can resist the often elevated temperatures of the
ideal ALD window, there is a growing interest in low temperature ALD on temperature
sensitive organic substrates or templates.[326–328] However, ALD performed at temper-
atures compatible with organic substrates is often subject to a low deposition rate and
an incorporation of non-reacted ligands due to a reduced reactivity and/or suffers from
an uncontrolled multilayer deposition involving physisorbed precursor caused by a de-
creased volatility of the latter. Furthermore, a decreased volatility of the by-product
may cause unwanted contamination of the ALD deposit.
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Figure 8.2: Dependence of the ALD growth rate on the deposition temperature. The
ALD window is characterized by a stable deposition rate reflecting an
ideal precursor volatility, reactivity, and stability in this temperature
range.

Furthermore, the deposition temperatures significantly influences the growth mode of
the deposit. For example, at temperatures above 165 ◦C crystalline TiO2 with a pro-
nounced surface roughness is deposited, whereas smooth amorphous coatings, which
are ideal when attempting the refilling of mesopores, are obtained below this tempera-
ture.[320,329] However, crystallization was found to be suppressed in very thin coatings
or by interactions with the substrate surface. The deposition behavior at tempera-
tures between 80 ◦C and 165 ◦C was studied in more detail by Aarik et al. and Triani
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8 Atomic layer deposition of metal oxides

et al .[320,328,329] In this temperature range they find an increasing growth rate and
mass gain with decreasing temperature which is most probably due to the retention
of physisorbed precursor molecules on the growth surface and/or incorporation of lig-
ands and by-product. This in turn leads to uncontrolled deposition and may cause
pore clogging at the free-surface when refilling mesoporous templates. Indeed, the de-
tectable amount of chlorine incorporated in titania coatings increases significantly with
a decreasing deposition temperature. Based on these facts, a deposition temperature of
around 150 ◦C should be considered optimal for replicating mesoporous scaffolds with
TiO2 using TiCl4.

Area-selective ALD is possible, since deposition is based on chemisorption which only
occurs in regions of the surface where reactive sites, such as OH and NH2, are present.[322]

Typically, monolayers of silane with chemically inert tails are used to passivate native
functional surface groups. Similarly, standard (fluorinated) poly(styrene) does not have
any functional groups, resulting in a slow initiation of the deposition and island growth
on such polymer substrates. Indeed, Puttaswamy et al. found a delayed deposition
of Al2O3 on untreated poly(styrene) using trimethylaluminium (TMA) and water as
precursors.[322,330] Only after 40 ALD cycles they could detect aluminium with X-ray
photoelectron spectroscopy (XPS). The high surface roughness of the alumina coatings
prepared on smooth spin-coated polymer films suggests island growth caused by a low
nucleation density. This nonuniform growth will most likely circumvent the monolithic
replication of such mesoporous polymer templates with TiO2, especially since TiCl4
is considered less reactive than TMA which may decrease the nucleation density even
further. On the other hand, Wilson et al. observed an immediate mass increase also
during the first ALD cycles.[331] Furthermore, precursors such as TMA can diffuse into
organic materials causing subsurface deposition with depths of several tens of nanome-
ters.[332] Especially in nanostructured polymeric templates this can lead to a chemical
modification of the polymeric matrix.

The fact that ALD is based on a self-terminating gas-solid reaction yielding excellent
deposition conformality allows to coat high aspect ratio nanostructures, including col-
loidal arrays, anodized alumina and track etched poly(carbonate) membranes.[333,334]

The reader is referred to the comprehensive reviews from Knez et al. and Detavernier
et al. on this topic.[335,336] Sufficiently long pulse and purge steps are required to achieve
saturated chemisorption and complete removal of unused precursor or by-product, re-
spectively. Since the dimensions of nanostructured templates are comparable or smaller
than the mean free path of the gaseous precursor and by-product molecules the mass
transport is considered to be governed by Knudsen diffusion.[337] Indeed, good agree-
ment between Monte Carlo simulations based on a Knudsen diffusion model and the
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corresponding experimental results was found.[338] Karuturi et al. studied TiO2 ALD
in colloidal templates at 70 ◦C.[339,340] Although the coating of the high aspect ra-
tio colloidal templates was Knudsen diffusion limited they reported non-ideal ALD
behavior, such as nonuniform coatings that varied with precursor concentration and
exposure time. Gordon et al. proposed the following analytical expression for the mini-
mal required exposure time t to conformally coat a cylindrical nanopore with a certain
aspect ratio a, which assumes an ideal ALD process with a 100% sticking probability
of precursor molecules on reactive surface sites and zero residence time for multilayer
adsorption[341]

t =
S

P

√
2πmkT

(

1 +
19

4
a+

3

2
a2
)

, (8.1)

where P is the precursor partial pressure, S is the saturated surface density, m is the
mass of the precursor molecules, k is the Boltzmann constant and T is the temperature.
However, this model was developed and tested for cases where the pore diameter is large
compared to the diameter of the precursor molecules, hence taking only the aspect ratio
into account seems sufficient. The results obtained by Kucheyev et al. suggest, that
the coating depth of silica aerogel monoliths with an initial pore diameters of 18 nm or
27 nm is limited not only by Knudsen diffusion of precursor molecules into the pores,
as believed previously, but also by other processes such as the interaction of precursor
and reaction product molecules with pore walls.[342] They are of the opinion, that
even a relatively small residence time of physisorption would dramatically reduce gas
diffusion through mesopores. However, the penetration depth was found not to increase
with exposure time as it would be expected for this case. They argued further, that
confinement effects could aid precursor decomposition even at temperature where the
liquid phase precursor typically is stable.

8.1.2 Post-synthesis chemical modification of poly(styrene)

In the literature several methods to chemically modify poly(styrene) have been re-
ported. The interest in the surface functionalization stems from the need to improve
cell adhesion on PS petri-dishes for medical and biological applications, while PS cross-
linking techniques were investigated for potential application as lithography resist.
However, only two of the numerous reported techniques proved to be effective and
suitable for the mesoporous styrenic templates, namely exposure to ozone or plasma
ignited in several atmospheres, such as nitrogen, air, oxygen, and water vapor.

Exposure to ozone or plasma is known to render poly(styrene) surfaces hydrophilic in
a controlled manner. Both techniques partially degrade the polymer, producing low
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molecular weight fragments which are easily washed away to leave a stable modified
surface. Generally X-ray photoelectron spectroscopy is used to analyze the atomic
composition of the modified surface which comprises species containing C-O (perox-
ide, alcohol, and ether), C=O (aldehyde, ketone), and O=C-O (ester, carboxylic acid)
groups, of which only the hydroxyl containing species react with TiCl4.[343] Unfor-
tunately, the XPS data presented in the literature does not provide any information
concerning the fraction of hydroxyl containing species. While the oxidized groups of
plasma-treated films are know to contain a high ratio of the latter, the same is believed
not to be true for ozone-treated films.[344–346]

Due to the high reactivity and short lifetime of radicals, plasma induced surface mod-
ification is only limited applicable to high aspect ratio nanostructures. In contrast,
ozone molecules are more stable and far less reactive, and as such ideal for the gas
phase surface modification of mesoporous poly(styrene) by Knudsen diffusion.[347,348]

According to the Criegee mechanism, the reaction of alkenes and ozone to secondary
ozonides (1,2,4-trioxolanes) can be described as a cycloreversions of primary ozonides
(1,3,3-trioxolanes) involving aldehydes or ketones as decisive intermediates. Although
the secondary ozonide is more stable than the intermediates it also has a finite lifetime.
During subsequent work-up strong oxidizing or reducing agents are used to transform
the secondary ozonide into carboxylic acids/ketones, aldehydes/ketones, or alcohols,
see Figure 8.3.
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Figure 8.3: Ozonolysis allows the cleavage of alkene double bonds. According to the
Criegee mechanism the primary ozonide (POZ) is rapidly transformed
into the more stable secondary ozonide (SOZ). Depending on the work-
up, different products may be isolated. Oxidative work-up with hydrogen
peroxide leads to carboxylic acids/ketones, while reductive work-up with
either dimethyl sulfide or sodium borohydride gives aldehydes/ketones or
alcohols, respectively.
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8.2 Experimental methods

8.2.1 Materials

The chemicals and materials listed in Table 8.1 were used as received unless stated
otherwise.

Chemical Purity [%]a Abbreviation

2-Amino-2-hydroxymethyl-propane-1,3-diol 99 (SA) TRIS
α-Picoline borane 95 (SA) –
CELLSTAR petri dishes (lids only) –(GBO) –
Diethylzinc – (SA) DEZ
Dimethyl sulfide 99 (SA) Me2S
Ethanolamine 99 (SA) –
Hydrazine hydrate 50-60 (SA) –
Hydrogen peroxide 30/50 (SA) –
Methanol, laboratory reagent grade – (FS) –
Nitric acid, laboratory reagent grade 70 (FS) –
Oxygen 99.999 (BOC) –
Sodium borohydride 98 (SA) –
Sulfuric acid, laboratory reagent grade 95 (FS) –
Titanium isopropoxide 95 (SA) TIP
Titanium tetrachloride 99 (SA) –
Toluene, anhydrous 99.8 (SA) –
Trifluoroethanol 99 (SA) –
Trimethylaluminium 97 (SA) TMA
Water, deionized 18 MΩ – DI water

a Suppliers are given in brackets: Fisher Scientific, FS; Sigma Aldrich, SA;
Greiner Bio-One, GBO.

Table 8.1: Chemicals and materials used in this part of the study.

8.2.2 Atomic layer deposition

The ALD system used was a Beneq TFS200. Numerous different recipes were tested
to replicate the double-gyroid templates. Here, the discussion is limited to the most
successful pulse-hold recipe consisting of the following four steps with an increasing
hold duration.
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8 Atomic layer deposition of metal oxides

Cycles Precursors Pulse/hold/purge [s]

Step 1 (optional) 1 Precursor 1 and 2 15/120/240
Step 2 5 Precursor 3 and 4 10/0/60
Step 3 20 Precursor 3 and 4 10/120/240
Step 4 30 Precursor 3 and 4 10/240/480

Since TiCl4 merely reacts with hydroxyl groups, more reactive precursors such as TMA
or DEZ are used for ‘activation’ of other functional surface groups that do react with the
latter in the optional Step 1. In the following, this ALD recipe for refilling the double-
gyroid templates will be denoted as MetalOxide(Precursor 1

Precursor 2|
Precursor 3
Precursor 4|Temperature).

8.2.3 Ozonolysis

Poly(styrene) samples were exposed to a constant flow of ozone (ozone generator BMT
802N operated at 100% power) at room temperature for 15 min. Thereafter, the samples
were annealed for 24 h at 60 ◦C in air.

8.2.4 SEM sample preparation

Calcinated samples were fractured and the cross-sections were imaged without any
further preparation steps. As-deposited (non-calcinated) ALD films were fractured
and then etched with oxygen plasma for 2 min at 100% power to free the cross-sections
from the polymer template.

8.2.5 Fourier transform infrared & energy-dispersive X-ray spec-

troscopy

The untreated lids of CELLSTAR petri dishes, which exhibit a high water contact angle
(>90◦), were used as model system for the various surface functionalization methods
tested. The effect of the treatment on the samples was analyzed by means of attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and water contact
angle measurements. Furthermore, the ability of the modified surface to initiate an
uniform ALD growth was quantified by energy-dispersive X-ray spectroscopy (EDX)
using an acceleration voltage of 15 keV. Since the EDX signal for titanium is very weak
and the low-energy peaks overlap with the oxygen peak, zinc oxide was chosen as ALD
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material instead. In some cases the petri dishes were exposed to a TMA pulse prior to
the ZnO ALD which was performed at 65 ◦C.

Cycles Precursors Pulse/hold/purge [s]

Step 1 (optional) 1 TMA/H2O 0.5/0/2
Step 2 40 DEZ/H2O 0.5/0/2

8.3 Results and discussion

For the refilling of the double-gyroid templates via electrochemical deposition a fully
porous film/substrate interface was crucial while only a few pores at the free-surface are
needed for electrolyte infiltration. Contrary, ALD requires a highly porous free-surface
for efficient gas diffusion into the mesopores, while the porosity of the film/substrate in-
terface is not relevant. Throughout this last part of the study, P(F)S49-b-PLA192|174

◦C
0.33 h

templates exhibiting a double-gyroid-structured and therefore porous free-surface were
used, see Section 4.3.5.

8.3.1 ALD on untreated templates

Zalusky et al. showed that mesoporous poly(styrene) scaffolds exhibit a limited ther-
mal stability which results in the loss of the nanostructure features at temperatures
well below the glass transition temperature of about 104 ◦C.[124] This is not surprising
considering that the glass transition temperature is a concept that applies to bulk ma-
terial. Similarly, voided DG-structured films prepared from P(F)S49-b-PLA192|174

◦C
0.33 h

were affected by pore clogging and structure loss at temperatures exceeding 70 ◦C,
hence ALD on untreated templates was carried out at 65 ◦C.

The chemical group connecting the two blocks of microphase separated P(X)S-b-PLA
is expected to lie at the interface between the incompatible P(X)S and PLA domains.
Zalusky et al. demonstrated that the connecting groups decorate the pore walls after
selective PLA removal.[72, 124] They further estimated the corresponding surface density
to be 0.25 nm−2. Since HEBIB was used as bifunctional initiator in this study, a
functional carboxylic acid end-group should be present at the nano-channel surface.
Therefore, it was expected that the nucleation density inside the mesoporous styrenic
templates is sufficiently high to yield conformal coatings.
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8 Atomic layer deposition of metal oxides
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Figure 8.4: ALD of TiO2(−−|TiCl4
H2O

|65 ◦C) on untreated templates. A, Cross-sectional
view of the titania replica after partial template removal with plasma.
Note the grainy and perforated island growth. B, Magnified view of (A).
C, Collapsed film after calcination at 500 ◦C.

However, the nucleation density of both TiO2(−−|TiCl4
H2O

|65 ◦C) and Al2O3(−−|TMA
H2O

|65 ◦C),
on untreated templates was unsatisfactorily low resulting in grainy and perforated
island growth, as shown in Figure 8.4A,B. On calcination, the initially several microm-
eter thick replica collapsed and was reduced to a thin film with no structural order
(<300 nm), see Figure 8.4C. Attempts to improve the quality of the replica by modify-
ing the ALD recipe described in Section 8.2.2 were unsuccessful. Indeed, no zinc signal
was observed in EDX spectra for poly(styrene) petri dishes exposed to 40 ALD cycles of
DEZ/H2O, see Figure 8.5. Importantly, 40 cycles of DEZ/H2O are sufficient to obtain
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a zinc signal on silicon or plasma-treated samples, see Figure 8.6. We attribute the
unsatisfactorily results to the absence of a sufficiently high surface density of functional
groups rather than to the low deposition temperature. This hypothesis is supported by
the fact that monolithic replica were prepared at this temperature on plasma-treated
templates.

��� ��� ��� ��� ��� ��� ��� ��� ��� ���

�
	


�
�

��
�	
�
�

�
�
��
�

������������

������������

������������

���������� 

����	� !�����  "�� #�
$"�"
$

Figure 8.5: EDX spectra of untreated poly(styrene) petri dishes without and with
ALD coating (40 cycles DEZ/H2O). For comparison, the carbon peak
was normalized. There is no evident difference between the two samples.

8.3.2 ALD on plasma-treated templates

It is known that very short exposures to an oxygen plasma are sufficient to render poly-
mer surfaces hydrophilic and to introduce functional surface groups, such as hydroxyl
containing species. The highly reactive plasma radicals are not expected to penetrate
the poly(styrene) bulk material but only react with the outermost surface layer. In-
deed, the ALD nucleation and growth on the petri dishes was significantly improved by
an air plasma treatment with a Diener MRC 100 for less than 0.5 s. While an oxygen
signal was observed by EDX and the water angle was reduced to 0◦, no hydroxyl groups
were detected by ATR-FTIR, compare Figure 8.6 and Figure 8.7. This is not surprising
considering that EDX probes the atomic composition of the surface, while the photons
used for FTIR penetrate the bulk material.
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8 Atomic layer deposition of metal oxides
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Figure 8.6: EDX spectra of 0.5 s air plasma-treated petri dishes without and with
ALD coating. In contrast to untreated poly(styrene) a well resolved Zn
peak is observed.
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Figure 8.7: ATR-FTIR spectra of an untreated and air plasma-treated (0.5 s) petri
dish. For comparison, the peak at 700 cm−1, which is associated with
aromatic and vinyl C-H bonds, was normalized. Besides a general increase
of the peak hight no additional peaks were observed.
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Next, double-gyroid templates were plasma-treated. In order to minimize polymer
etching and excessive heating that may cause melting of the nanostructure during pro-
longed treatment ranging from 10 min to 10 h, a low generator power (40%) and low gas
pressure (1 mbar) were chosen. Additionally the samples were placed underneath a mi-
croscope slide to simulate a remote plasma. SEM images of TiO2(−−|TiCl4

H2O
|65 ◦C) deposits

show compact and monolithic replica of the double-gyroid template, see Figure 8.7. The
distinctly sharp transition from the replicated to the underlying non-refilled part of the
template is attributed to the limited penetration depth of the plasma. Since the plasma
radicals are highly reactive their lifetime limits the diffusion into the mesoporous film.
The difference in surface density of ALD nucleation site decorating the nano-channel
that lay within and outside the plasma diffusion depth caused the distinctly different
ALD initiation and growth speed across the template. A more continuous transition is
expected when the ALD precursor diffusion is the limiting factor, as will be discussed
in Section 8.3.4.

The maximal refilling depth never exceeded 1µm, regardless of the plasma treatment
time, see Figure 8.8. Moreover, plasmas ignited in several other atmospheres, such
as oxygen, nitrogen, and water vapor, did not improve the penetration depth. This
also shows, that plasma etching of a nonporous layer covering the free-surface of a
template, which is meant to be surface functionalized by another method than plasma,
is possibly not feasible, since the plasma-etched free-surface most likely will exhibit a
higher surface density of functional groups which in turn will lead to pore clogging.

As discussed in Chapter 2, the complete refilling of the gyroidal nano-channels via
ALD is not possible because of the pinch-off problem. Additionally, the finite molec-
ular radius of the precursor molecules, e. g. rTiCl4 = 0.32 nm and rH2O = 0.16 nm, will
consequently cause the formation of nanotubular replica, see Figure 8.8B.[349] How-
ever, the unchanged low thermal stability and the therefore low deposition temper-
ature caused high levels of chlorine contamination (≈15%) which were only reduced
marginally during calcination, as measured by EDX.
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Figure 8.8: ALD of TiO2(−−|TiCl4
H2O

|65 ◦C) on air plasma-treated templates. A, Mag-
nified view of the refilled part of the cross-section shown in (C). The
sharp transition from a compact and monolithic double-gyroid replica
to the underlying unfilled film part was characteristic for plasma-treated
templates. B, Magnified view of (A). It is difficult to see, but the tita-
nia struts are hollow as expected. C, Cross-sectional view of the titania
replica after partial template removal with a plasma.

8.3.3 Unsuccessful attempts to chemically modify poly(styrene)

After identifying missing surface functional groups as the main reason for the grainy de-
posit and the low deposition temperature as cause for the high level of chlorine doping,
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a number for other methods claimed to chemically modify poly(styrene) were tested.
These included nitration with dissolved nitrites or gaseous nitrogen dioxide,[350–354]

sulfonation with concentrated sulfuric acid,[355] oxidation with sodium hydroxide or
potassium permanganate,[356] and photo-oxidation.[344,357–360] Besides sulfonation and
photo-oxidation, all remaining techniques failed to render the petri dishes hydrophilic
or promote initiation of ALD growth. Unfortunately, both successful methods were
found to destroy the nanostructured poly(styrene) templates.

8.3.4 ALD on ozone-treated templates

The chemical modification of poly(styrene) by ozone has been reported in the liter-
ature.[347,348] Indeed, a 15 min ozone exposure significantly reduced the water con-
tact angle of the petri dishes and pronounced peaks associated with oxygen contain-
ing species, including hydroxyl groups, were detected, see Figure 8.10A. Curiously,
freshly ozone-treated surfaces did not promote an improved ALD nucleation neither
for TiO2(−−|TiCl4

H2O
|65 ◦C) nor for ZnO(−−|DEZ

H2O
|65 ◦C). Further, the double-gyroid replica

looked similar to the ones prepared using untreated templates, see Figure 8.4. Fur-
thermore, no zinc signal was detected by EDX after 40 ALD cycles of DEZ/H2O, see
Figure 8.10b.

Therefore, several ozonolysis work-ups (Figure 8.3) were tested, including the reductive
work-up with sodium borohydride in trifluoroethanol at a pH of 13.7 as well as with
Me2S in methanol,[361] and the oxidative work-up with H2O2. Especially, the reductive
amination of aldehydes and ketones with TRIS, ethanolamine, and hydrazine using
α-picoline-borane as reducing agent produced functional groups on petri dishes which
are ideal for ALD using TiCl4 or DEZ as precursors.[362] Unfortunately, the freshly
ozone-treated nanostructured poly(styrene) dissolved during the wet chemistry based
work-up. This finding is consistent with reports claiming, that low molecular products
formed during ozonolysis are easily removed by soaking in water.[343] Luckily, TMA
was found to react with the ozonides, aldehydes, and ketones formed during ozonolysis.
One initial cycle of TMA/H2O was found to be sufficient to decorate the ozone-treated
styrenic surface with a layer of Al-OH containing species which constitutes an ideal
surface for the subsequent ALD of either TiO2 or ZnO, see Figure 8.10c.[363]
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Figure 8.9: ATR-FTIR spectra of ozone-treated petri dishes (15 min exposure
time).[364] A, Juxtaposition of spectra measured for an untreated and
a freshly ozone-treated sample. B, Temperature annealing at 65 ◦C for
24 h in air resulted in an attenuation of measured signal arising from the
secondary ozonide (SOZ), which was accompanied with an increase of the
other oxygen containing species.
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Figure 8.10: EDX spectra of ozone-treated petri dishes (15 min exposure time) with-
out and with ALD coating. Note that only once the ozone-treated sam-
ple were thermally annealed the ALD deposition of ZnO was efficiently
initiated without the need of an initial TMA pulse.

When analyzing the ATR-FTIR spectra of freshly ozone-treated petri dishes it became
evident that the samples contained a high fraction of metastable secondary ozonides,
which are known to thermally decompose. Therefore, it was attempted to increase
the density of functional surface groups by thermally annealing the samples at 65 ◦C

for 24 h in air. Indeed, the SOZ peak was significantly reduced during annealing,
simultaneously the signal strength arising from other oxygen containing bonds was
increased, see Figure 8.9B. Although polymer samples modified in this way directly
supported the ALD of ZnO removing the need for a TMA/H2O cycle, this was not
true for the ALD of TiO2 using TiCl4/H2O which still required an initial TMA or DEZ
pulse.
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8 Atomic layer deposition of metal oxides

Furthermore, the thermal stability of double-gyroid-structured P(F)S49-b-PLA192|174
◦C

0.33 h

templates was improved to over 100 ◦C by thermal annealing subsequent to ozono-
lysis, most probably due to cross-linking reactions. Note that unlike unsubstituted
poly(styrene), poly(4-fluorostyrene) cannot be cross-linked by ultraviolet irradiation
due to a stabilizing effect arising from the electron-withdrawing fluorine atoms. Al-
though not tested, I believe that the chemical modification and cross-linking by ozono-
lysis and thermal annealing is highly promoted by the fact that P(F)S49-b-PLA192
only contains 30% 4-fluorostyrene.
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Figure 8.11: ALD of TiO2(TMA
H2O

|TiCl4
H2O

|100 ◦C) on ozone-treated templates. A, Cross-
sectional view of the titania replica after partial template removal with
plasma. B,C Magnified view of the bright top and darker bottom part
of replica shown in (A).
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Figure 8.11 shows micrometer thick TiO2(TMA
H2O

|TiCl4
H2O

|100 ◦C) double-gyroid replica of
freshly ozone-treated templates, which looked identical to TiO2(ZnOH2O

|TiCl4
H2O

|100 ◦C) using
annealed, ozone-treated scaffolds. The brighter appearance of the ALD replica closest
to the free-surface in the SEM images indicates a compact and electrically conducting
metal oxide deposit. On calcination the underlying darker regions vanished and the
film thickness was typically reduced to below 1µm, see Figure 8.12D. They vanished
in a sense that no compact or crumbled region was observed between the FTO and the
intact part of the calcinated replica, suggesting that the ALD coating in these regions
had to be extremely thin.

These results are somewhat puzzling, since it seems that the tested precursor exposure
times should be sufficient to allow for a saturated chemisorption throughout the entire
thickness of the templates. For example, consider a 5 µm thick double-gyroid template
with an initial (i) pore diameter of about di = 11 nm that is gradually reduced to a
final (f) diameter df = 2 nm. This translates to the following aspect ratios of ai = 455

and af = 2500, respectively. Together with the following assumptions, S = π−1r−2
TiCl4 =

3.1 1018 m−2, T = 373K, and P = 1mbar (the partial pressure of TiCl4 was probably
much lower than this estimated value), Equation (8.1) predicts a required minimal
exposure time of 0.01 ms for a flat substrate (a = 0), ti = 3 s for the initial cycle for a
5 µm thick double-gyroid template and tf = 94 s for the final cycle, respectively. Even
though the experimentally tested exposure times were significantly longer than these
theoretically estimated values, only the first 1µm of the nano-channels were refilled to
a degree that they exhibited enough structural stability to endure the template removal
during calcination.

In contrast to the nanopores considered by Gordon et al., the initial pore diameter of
the here tested double-gyroid templates was only 17 times the diameter of TiCl4.[341]

This figure rapidly decreases as coating of the internal surface proceeds, thereby enter-
ing the adsorption thermodynamics regime where confinement effects start to become
important. The adsorption energy in this case is expected to be one order of magnitude
larger than for a nanostructured surface.[365,366] Therefore surface diffusion, where the
solute is adsorbed on the surface of the pore and hops from one site to another, should
be considered rather than Knudsen diffusion.[367] This might significantly lengthen the
time required to achieve saturated chemisorption as well as removal of the by-product
and unreacted precursor. Furthermore, the ALD used was designed for coating flat
8-inch wafers with relatively short pulses and not for refilling high aspect ratio nanos-
tructures. Especially the fact, that the reaction chamber is not hermetically sealed
off from the surrounding large vacuum chamber most likely caused a rapid decrease in
precursor concentration during the hold step. This in turn would have undermined the
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8 Atomic layer deposition of metal oxides

purpose of the hold step and reduced the precursor exposure time to the actual pulse
duration.
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Figure 8.12: ALD of TiO2(TMA
H2O

|TiCl4
H2O

|100 ◦C) on ozone-treated templates. A, The con-
formality of ALD results in a nonporous metal oxide layer covering free-
surface. B, Ideally, this layer should be removed by reactive-ion etching
(RIE) before calcination. C, Free-surface of (A) after RIE showing the
(211) plane. D, Film after calcination at 500 ◦C.

After washing the TiO2(DEZ
H2O

|TiCl4
H2O

|100 ◦C) in methanol containing 1 M HCl for 5 min the
concentration of zinc dropped below the EDX detection limit. Similarly, the alumina
shell arising from an initial TMA/H2O cycle can be etched with a weak basic solu-
tion.[368] However, conceptually this TiO2-Al2O3 core-shell structure may be interesting
for DSSC applications.[369] Methyltitanium trichloride or dimethyltitanium dichloride
should be reactive enough to replace the initial pulse of TMA or DEZ, but these precur-
sors would need to be synthesized and are unstable.[370,371] Increasing the deposition
temperature to 100 ◦C lowered the amount of chlorine contaminations. Moreover, us-
ing hydrogen peroxide rather than water as oxygen source, TiO2(DEZ

H2O2
|TiCl4
H2O2

|100 ◦C), re-
sulted in a further improvement of the TiO2 purity. Regardless, a considerable amount
of chlorine impurities remained after calcination (≈1%).
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8.3.5 ALD of zinc oxide
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Figure 8.13: ALD of ZnO(DEZ
H2O

|DEZ
H2O

|100 ◦C) on ozone-treated and thermally annealed
templates. A, Cross-sectional view of the ZnO replica after partial
template removal with plasma. B, Magnified view of the top part of
the deposit before RIE. C, Replica after RIE and subsequent calcina-
tion. Note the crumbled layer between the nanostructured part and the
substrate. D, Magnified view of the DG replica after calcination.

We also attempted the refilling of the ozone-treated and thermally annealed templates
with ZnO(DEZ

H2O
|DEZ
H2O

|100 ◦C), see Figure 8.13. DEZ compared to TiCl4 has the advantage
that it is more reactive and that the by-product, ethane, has a much lower boiling point
than hydrochloric acid, therefore a lower contamination of ligands and by-product is
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8 Atomic layer deposition of metal oxides

expected. Contrary to TiO2, the partially structurally unstable part of the replica
did not completely vanish during thermal annealing, but rater crumbled and formed a
disordered layer between the DG-structured part and the substrate, see Figure 8.13C.

8.3.6 Dye-sensitized solar cells

TiO2(TMA
H2O

|TiCl4
H2O

|100 ◦C), TiO2(DEZ
H2O

|TiCl4
H2O

|100 ◦C), and TiO2(DEZ
H2O2

|TiCl4
H2O2

|100 ◦C) which were
deposited on ozone-treated and thermally annealed templates were used to prepare
DSSCs after RIE and calcination. The samples were sensitized with the ruthenium-
based N-719 dye, capped with a Pt-coated FTO electrode, and finally filled with an
iodide/triiodide based liquid ROBUST electrolyte.[3, 4] Although the cells exhibited a
relatively high open circuit voltage of ≈0.85 V, the overall conversion efficiency was be-
low 0.1%. We attribute these unsatisfactory performances to the missing crystallinity of
the chlorine-doped TiO2 and the incomplete refilling of the nano-channels. No anatase
peaks were observed in XRD spectra and we assume that either confinement effects or
the chlorine contamination prevented the crystallization during thermal annealing.

8.4 Concluding remarks

Even though investing a substantial amount of time and effort into this particular
project, we have not quite yet succeeded in preparing DG-structure anatase TiO2 via
the templated ALD for the application in DSSCs. Nevertheless, we evaluate the de-
velopment of the experimental protocol concerning the substantial enhancement of the
thermal stability, solvent resistance, and surface functionality of the mesoporous DG
templates as a major success. Very recently we observed, that the thermal stability
is further increased to at least 150 ◦C after exposing the ozone-treated and thermally
annealed templates to one cycle of TMA/H2O. This steep increase in thermal stability
can be explained by the subsurface deposition of aluminium oxide containing species
forming further interchain cross-linking.[332] These improved material properties might
enable application of the chemically modified scaffolds in templating techniques requir-
ing organic solvents which typically would dissolve poly(styrene).

In the near future we will test the newly homebuilt ALD which should facilitate long
hold times with a fairly constant precursor concentration. In combination with a depo-
sition temperature of 150 ◦C and H2O2 as oxygen source, we have high hopes to achieve
a higher filling fraction than so far and simultaneously overcome the issues concerning
the contamination with chlorine.
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9 Summary and suggestions for further work

The objective of this thesis was to explore the template-assisted patterning of functional
materials on the nanoscale to enhance specific material properties. Self-assembled
diblock copolymer scaffolds with the unique double-gyroid morphology were chosen as
organic templates. Firstly, a highly reproducible synthesis pathway based on atom
transfer radical and organocatalytic ring-opening polymerization in combination with
a bifunctional initiator was developed in order to ensure the supply of large quantities
of double-gyroid-forming diblock copolymers. Electing non-substituted styrene and
lactide as monomers and establishing a rapid thermal annealing protocol made the
double-gyroid template preparation more environmentally sustainable and economical,
both important requirements when aiming for industrial large-scale applications.

In the second part of the study, different strategies were tested to replicate the templates
with inorganic as well as organic functional materials using electrochemical and atomic
layer deposition. The different patterned materials included vanadium pentoxide,
nickel oxide, platinum, nickel, cobalt, poly(pyrrole), poly(3,4-ethylenedioxythiophene),
poly((3-methyl)thiophene), titanium oxide, and zinc oxide. Further, a versatile ap-
proach to three-dimensionally nanopatterned metal ceramics via the post-nanostruc-
turing thermal oxidation of the corresponding metals based on the nanoscale Kirk-
endall effect were presented. The performance of these double-gyroid-structured func-
tional materials were further tested in photovoltaic devices, electrochromic displays,
and supercapacitors. Importantly, some of these outperformed state of the art devices
demonstrating the decisive effect a three-dimensional nanomorphology, especially the
double-gyroid, can have on the properties of functional materials.

Perhaps the most intriguing result of this study, is the versatility of a template-assisted
nanostructuring approach based on mesoporous polymer scaffolds with double-gyroid
morphology, regarding the numerous replication methods and the various templated
functional materials. Another specific application of the double-gyroid morphology
could be in a metal-insulator-metal electrostatic capacitor.[372] A possible strategy
for such a nanocapacitor is to combine the here studied nanofabrication techniques of
refilling and coating mesoporous scaffolds, namely templated electroplating of nickel
and atomic layer deposition of alumina, with the nanocasting of a low-melting point
metal. Figure 9.1 illustrates the three steps required to build such a capacitor. Firstly, a
nickel replica of a double-gyroid template is prepared by electroplating (see Chapter 6),
secondly after template removal the double-gyroid replica is conformally coated with
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a few nanometer thick layer of electrically isolating Al2O3 using ALD, and finally a
low-melting point alloy, such as Field’s or Rose’s alloy, is liquified and cast into the
mesopores. The Field’s metal is an eutectic alloy of bismuth (32.5%), indium (51%),
and tin (16.5%) which melts at approximately 62 ◦C.[373] Importantly, the second metal
electrode is not prepared by electroless plating, since this wet deposition technique
typically requires a non pH-neutral precursor solution that tends to dissolve the thin
alumina coating and has issues with complete pore filling.[21]

Figure 9.1: Schematic illustrating the preparation of metal-insulator-metal electro-
static nanocapacitors based on the double-gyroid morphology. Firstly,
the DG templates are replicated via nickel electroplating. Subsequent
to template dissolution the metal nanostructure is coated with a few
nanometer thick electrically insulating alumina layer by ALD. Lastly, a
liquified low-melting point alloy is drop-cast onto the sample and allowed
to infiltrate the mesopores. The two interdigitated metal networks which
are separated by the electrically isolating metal oxide form the active
volume V of the electrostatic capacitor.

The native oxide layer formed on nickel even at room temperature should promote a
fairly conformal nucleation of the ALD alumina. In contrast to the polymeric templates
mesoporous nickel exhibits a much higher thermal stability, therefore the ALD step
should be relatively straightforward. At this stage of the fabrication process it probably
is advisable to test the quality and conformality of the Al2O3 coating using cyclic
voltammetry. The infiltration of Field’s alloy into the alumina coated mesopores might
be more challenging due to wetting issues. However, the surface tension of alumina can
be altered fairly easily using low molecular weight silanes such as methyltrichlorosilane.
Moreover, the alloy’s contact angle on copper was found to gradually decrease from 38◦

to 17◦ as the reflow temperature increased from 80 ◦C to 140 ◦C.[373]

A rough estimate for the capacitance of such a capacitor can be derived by approxi-
mating the gyroidal minority network made from nickel to be cylindrical with a strut
radius ri = 5.5 nm. For an active capacitor volume V , the cylindrical length L is given
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by

L =
ηV

2πri

, (9.1)

where η = 161.4 µm−1 is the surface area to bulk volume ratio of the double-gyroid
formed by P(F)S49-b-PLA192|174

◦C
0.33 h . Considering a 2 nm thick ALD alumina coating,

which according to Lin et al. exhibits a breakdown voltage of 17.5 MVcm−1, the outer
radius of the cylindrical capacitor is ro = 7.5 nm.[374] The double-gyroid capacitors
capacitance per active volume, C/V , is given by

C

V
=

2πkε0L

V ln(ro/ri)
(9.2)

=
kε0η

ri ln(ro/ri)
(9.3)

≈ kε0 · 1013 cm−2 (9.4)

≈ 636 µF cm−2 µm−1, (9.5)

where k = 7.6 is the dielectric constant of alumina and ε0 the vacuum permittiv-
ity.[375] For a 1 µm thick double-gyroid-structured metal-insulator-metal electrostatic
nanocapacitor the equivalent planar capacitance is 636 µF cm−2.
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Figure A.1: 1H NMR (400MHz, CDCl3) of HEBIB.213
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Figure A.2: 1H NMR (400MHz, DMSO) of thiourea.
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FigureA.3:
1
HNMR(500MHz,CDCl3)ofMHI41.
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FigureA.4:
1
HNMR(500MHz,CDCl3)ofPFS18-b-PLA76.
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FigureA.5:
1
HNMR(500MHz,CDCl3)ofP(F)S49-b-PLA204.
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FigureA.6:
1
HNMR(500MHz,CDCl3)ofPS50-b-PLA214.
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B List of diblock copolymers

Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
mol

]
a [mg]b [%]c [

◦C
h ]d

PFS15-b-PLA12 65 25 30.00 X170
19

PFS15-b-PLA13 65 25 35.00 X170
19

PFS15-b-PLA14 65 25 40.00 X170
19

PFS15-b-PLA15 65 25 45.00 X170
19

PFS15-b-PLA16 65 25 50.00 X170
19

PFS17-b-PLA17 e 50 25 40.00 C170
19

PFS17-b-PLA18 e 50 25 40.00 C170
19

PFS17-b-PLA19 50 25 30.00 X170
19

PFS17-b-PLA20 50 25 35.00 X170
19

PFS17-b-PLA21 50 25 40.00 X170
19

PFS17-b-PLA22 50 25 45.00 X170
19

PFS17-b-PLA23 50 25 50.00 X170
19

PFS19-b-PLA27 e 30 50 42.00 W170
19

PFS18-b-PLA28 15 25 32.50 S170
19

PFS18-b-PLA29 15 25 35.00 S170
19

PFS18-b-PLA30 15 25 37.50 S170
19

PFS18-b-PLA31 15 25 40.00 S170
19

PFS18-b-PLA32 e 15 25 42.50 DG170
19 , W-

-

PFS18-b-PLA33 e 15 25 45.00 ⋆DG170
19

PFS19-b-PLA34 e 30 25 32.50 S170
19

PFS19-b-PLA35 30 25 35.00 S170
19

PFS19-b-PLA36 30 25 37.50 S170
19

PFS19-b-PLA37 30 25 40.00 W170
19

PFS19-b-PLA38 30 25 42.50 W170
19

PFS19-b-PLA39 e 30 25 45.00 [W,L]17019

PFS17-b-PLA40 50 25 32.50 C170
19

PFS17-b-PLA41 50 25 35.00 X170
19

PFS17-b-PLA42 50 25 37.50 X170
19

PFS17-b-PLA43 50 25 40.00 X170
19

PFS17-b-PLA44 50 25 42.50 X170
19

PFS17-b-PLA45 50 25 45.00 X170
19

PFS18-b-PLA46 15 50 39.00 X170
19

PFS18-b-PLA47 e 15 50 41.00 X170
19 , [DG,C]19020 , DG170

20

PFS18-b-PLA48 15 50 43.00 [X,‖C]17019 , [⋆DG,HPL,⊥C]16520

PFS19-b-PLA49 30 50 39.00 [X,W]17019

PFS19-b-PLA50 e 30 50 41.00 [X,W]17019

PFS19-b-PLA51 30 50 43.00 W170
19

continued
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Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
mol

]
a [mg]b [%]c [

◦C
h ]d

PFS17-b-PLA52 50 50 39.00 [X,W]17019

PFS17-b-PLA53 e 50 50 41.00 X170
19

PFS17-b-PLA54 50 50 43.00 W170
19

PFS19-b-PLA55 e 30 50 41.00 X170
19 , [L,C]--

PFS17-b-PLA56 e 50 50 41.00 X170
19

PFS19-b-PLA57 30 50 37.50 X190
14

PFS19-b-PLA58 30 50 39.00 X190
14 , C170

14

PFS19-b-PLA59 30 50 40.50 X190
14

PFS19-b-PLA60 30 50 42.00 [C,L]17014

PFS19-b-PLA61 30 50 43.50 [C,L]17014 , C180
35

PFS19-b-PLA62 30 50 45.00 [C,L]17014 , C180
35

PFS17-b-PLA63 50 50 37.50 X170
14

PFS17-b-PLA64 50 50 39.00 W170
14

PFS17-b-PLA65 50 50 40.50 W170
14

PFS17-b-PLA66 50 50 42.00 X170
14

PFS17-b-PLA67 50 50 43.50 X170
14

PFS17-b-PLA68 50 50 45.00 X170
14

PFS18-b-PLA75 15 50 41.00 ⊥C190
20 , [ DG,⊥C]17017

PFS18-b-PLA76 ef 15 50 43.50
[⋆DG,HPL,⊥C,X]16517 ,

⊥C190
20 , HPL100

39 , C200
0.25, X170

17

PFS19-b-PLA77 30 50 42.50 C190
20

PFS19-b-PLA78 30 50 45.00 C190
20

PFS19-b-PLA79 e 30 50 47.50 C190
20

PFS19-b-PLA80 e 30 50 50.00 C190
20

PFS18-b-PLA81 15 50 41.00 HPL-
-, [⋆DG,HPL,⊥C]19020 , ⋆DG170

2

PFS18-b-PLA82 f 15 50 45.00 HPL150
48 , [⋆DG,HPL,⊥C,X]19020

PFS19-b-PLA83 30 50 50.00 C190
20

PFS19-b-PLA84 30 50 53.00 [C,L]19020

PFS19-b-PLA85 30 50 56.00 [L,C]19020

PFS23-b-PLA86 24 40 39.00 C190
20

PFS23-b-PLA87 ef 24 40 40.50 C190
20

PFS23-b-PLA88 24 40 42.00 C190
20

PFS23-b-PLA89 24 40 43.50 C190
20

PFS23-b-PLA90 24 40 45.00 [C,HPL]19020

PFS23-b-PLA91 e 24 40 46.50 [C,HPL]19020

PFS23-b-PLA92 24 40 48.00 C190
20

PFS23-b-PLA93 24 40 49.50 C190
20

PFS23-b-PLA94 ef 24 40 51.00 L200
30

PFS18-b-PLA95 15 35 38.75 ‖C160
39 , X175

19

PFS18-b-PLA96 15 35 40.00 DG160
39

PFS18-b-PLA97 f 15 35 41.25 DG160
39

PFS18-b-PLA98 15 35 42.50 DG160
39

continued
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B List of diblock copolymers

Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
mol

]
a [mg]b [%]c [

◦C
h ]d

PFS18-b-PLA99 15 35 43.75 ‖C160
39

PFS18-b-PLA100 15 35 45.00 ‖C160
39 , X175

19

PFS23-b-PLA101 24 35 37.50 C160
39

PFS23-b-PLA102 24 35 39.00 C160
39

PFS23-b-PLA103 ef 24 35 40.50 C160
39

PFS23-b-PLA104 24 35 42.00 C160
39

PFS23-b-PLA105 24 35 43.50 C160
39

PFS23-b-PLA106 24 35 45.00 C160
39

PFS18-b-PLA107 g 15 35 46.25 X160
39

PFS18-b-PLA108 g 15 35 47.50 X160
39

PFS18-b-PLA109 g 15 35 48.75 X160
39

PFS23-b-PLA110 g 24 35 60.00 X160
39

PFS23-b-PLA111 g 24 35 65.00 X160
39

PFS23-b-PLA112 g 24 35 70.00 X160
39

PFS24-b-PLA113 g 21 50 40.00 X160
39

PFS24-b-PLA114 g 21 50 42.50 X160
39

PFS24-b-PLA115 g 21 50 45.00 X160
39

PFS26-b-PLA116 ef 17 500 43.00 C120
24

PFS23-b-PLA117 24 250 43.00 C120
24

PFS26-b-PLA118 f 17 500 38.00 W120
24 , ⊥C190

24 , DG170
1 , DG160

1

PFS26-b-PLA119 f 17 500 39.00 C120
24 , ⊥C190

24 , DG180
0.66

PFS26-b-PLA120 17 500 40.00 C190
24 , HPL160

1 , [DG,C]2100.25

PFS26-b-PLA121 17 500 41.00 C120
24 , [L,HPL]1601

PFS26-b-PLA122 17 500 42.00 C160
1

PFS26-b-PLA123 17 500 43.00 ‖C200
1 , [C,HPL]1801

PFS26-b-PLA124 17 500 44.00 ‖C200
1

PFS26-b-PLA125 17 500 45.00 ‖C200
1

PFS26-b-PLA126 17 500 37.00 C180
0.66

PFS26-b-PLA127 ef 17 500 38.00 DG180
0.66

PFS27-b-PLA128 33 500 37.00 W180
0.75, X200

0.75

PFS27-b-PLA129 33 500 38.00 W180
0.75, X200

0.75

PFS27-b-PLA130 f 33 500 39.00 W180
0.75, X200

0.75

PFS27-b-PLA131 33 500 40.00 W180
0.75, X200

0.75

PFS26-b-PLA132 f 17 500 38.25 DG190
0.33, W170

0.75

PFS26-b-PLA133 f 17 500 38.50 DG190
0.33, W170

0.75

PFS26-b-PLA134 17 750 38.00 DG180
0.75, W170

0.75, DG200
0.25

PFS26-b-PLA135 17 750 38.50 DG180
0.75, [W,DG]1700.75

PFS26-b-PLA136 e 17 750 39.00 DG180
0.75, W170

0.75, DG190
0.33, DG200

0.25

PFS23-b-PLA137 24 500 38.00 C180
0.75, C190

0.33, C200
0.25

PFS23-b-PLA138 24 500 39.00 C180
0.75, C190

0.33, C210
0.25

PFS24-b-PLA139 21 500 38.00 C180
0.75, C190

0.33, C210
0.25

PFS24-b-PLA140 21 500 39.00 C180
0.75, HPL190

0.33

continued
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Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
mol

]
a [mg]b [%]c [

◦C
h ]d

PFS24-b-PLA141 21 500 37.00 C190
0.33

PFS24-b-PLA142 21 500 40.00 C190
0.33

PFS24-b-PLA143 21 500 41.40 C190
0.33

PFS18-b-PLA144 15 500 38.50 DG190
0.33, DG183

0.33

PFS35-b-PLA146 – 500 38.50 [L,C]1830.33

PFS36-b-PLA147 – 500 38.50 L183
0.33

PFS37-b-PLA148 ef 20 500 38.50 W183
0.33, C195

0.16, C210
0.1

PFS38-b-PLA149 19 500 38.50 W183
0.33, C195

0.16, C210
0.1 , C235

0.05

P(F)S39-b-PLA150 f 19 500 38.50 W183
0.33, W195

0.16, DG210
0.1

P(F)S40-b-PLA151 17 500 38.50 W183
0.33, DG195

0.16, DG210
0.1 , DG195

0.16

P(F)S41-b-PLA152 18 500 38.50 W183
0.33,

‖C195
0.16

PFS26-b-PLA118 17 500 38.00 DG183
0.33, DG175

0.25

PFS37-b-PLA153 20 500 38.00 ‖C195
0.16, C181

0.16

PFS38-b-PLA154 19 500 38.00 ‖C195
0.16, C181

0.16, C210
0.1 , X240

0.05

P(F)S39-b-PLA155 19 500 38.00 W181
0.16, DG210

0.1

P(F)S40-b-PLA156 17 500 38.00 DG181
0.16, DG210

0.1

P(F)S41-b-PLA157 18 500 38.00 W181
0.16, DG210

0.1

PFS37-b-PLA158 20 500 37.50 ‖C195
0.16,

‖C210
0.1

PFS38-b-PLA159 19 500 37.50 ‖C195
0.16,

‖C210
0.1 , X240

0.05

P(F)S39-b-PLA160 19 500 37.50 DG195
0.16, DG210

0.1

P(F)S40-b-PLA161 17 500 37.50 DG210
0.1

P(F)S41-b-PLA162 18 500 37.50 DG210
0.1

PFS18-b-PLA163 15 500 38.30 DG181
0.33,

‖C205
0.16

PFS38-b-PLA164 19 500 39.00 C181
0.33, C205

0.16, X235
0.05

P(F)S39-b-PLA165 19 1000 38.00 W181
0.33, [DG,C]2050.16, C235

0.05

P(F)S40-b-PLA166 17 1000 38.00 W181
0.33, DG205

0.16, X235
0.05

P(F)S41-b-PLA167 18 1000 38.00 W181
0.33, DG205

0.16, X235
0.05 , X205

0.55

P(F)S42-b-PLA168 17 500 38.00 W181
0.33, DG205

0.16, X235
0.05 , X205

0.55

P(F)S42-b-PLA169 17 500 37.50 [DG,W]1810.33, DG205
0.16, X235

0.05 , X205
0.55

PFS43-b-PLA170 19 500 38.00 C181
0.16, C210

0.1

P(F)S42-b-PLA171 17 500 37.00 ‖C180
0.25,

‖C205
0.16

PFS44-b-PLA172 15 500 38.00 DG180
0.25,

‖C205
0.16, W170

0.25

PFS44-b-PLA173 15 500 38.50 DG180
0.25, [DG,C]2050.16, W170

0.25

PFS45-b-PLA174 15 500 38.00 DG180
0.25,

⊥C205
0.16, DG170

0.25

PFS45-b-PLA175 15 500 38.50 DG180
0.25,

⊥C205
0.16

P(F)S46-b-PLA176 18 500 37.00 W180
0.25, C205

0.16

P(F)S46-b-PLA177 18 500 38.00 W180
0.25, DG205

0.16

PS47-b-PLA178 17 500 36.00 W180
0.25,

‖C205
0.16

PS47-b-PLA179 17 500 37.00 W180
0.25,

‖C205
0.16

PS47-b-PLA180 17 500 38.00 W180
0.25, C205

0.16

PFS38-b-PLA181 19 500 40.00 [HPL,C]1800.25, C205
0.16

P(F)S42-b-PLA182 17 500 38.50 C180
0.25, C205

0.16

continued

222



B List of diblock copolymers

Sample
MPXS

n mPXS f theo
PLA StructureTt[

kg
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]
a [mg]b [%]c [

◦C
h ]d

PFS44-b-PLA183 15 500 39.00 [HPL,DG]1800.25, [DG,C]2050.16

PFS45-b-PLA184 15 1500 38.25 DG180
0.16, DG180

0.25,
⊥C205

0.16

P(F)S46-b-PLA185 18 500 38.50 W180
0.25, [W,DG]2050.16

P(F)S46-b-PLA186 18 500 39.00 W180
0.25, W205

0.16

PS47-b-PLA187 17 500 38.50 W180
0.25, W205

0.16

PS47-b-PLA188 17 500 39.00 W180
0.25, W205

0.16

PS47-b-PLA189 17 500 39.50 W180
0.25, W205

0.16

PFS45-b-PLA190 g 15 600 38.25 X180
0.25, X205

0.16

PFS48-b-PLA191 g 11 500 38.25 X180
0.25, X205

0.16

P(F)S49-b-PLA192 e 14 500 38.25 DG180
0.25,

‖C205
0.16, DG175

0.25

PS50-b-PLA193 g 13 500 38.25 X180
0.25, X205

0.16

PFS35-b-PLA194 – 500 38.00 C180
0.25, C205

0.16

PFS36-b-PLA195 – 500 38.00 L180
0.25, X205

0.16

PFS34-b-PLA196 – 500 38.25 W180
0.25, W205

0.16

PFS48-b-PLA198 11 100 38.25 X180
0.25, X205

0.16

PS50-b-PLA199 13 500 38.25 ‖C180
0.25,

‖C205
0.16

PS50-b-PLA201 13 500 37.25 DG180
0.25,

⊥C205
0.16

PS50-b-PLA202 13 500 39.25 DG180
0.25,

⊥C205
0.16

PS50-b-PLA203 13 500 40.25 [DG,HPL]1800.25,
⊥C205

0.16

P(F)S49-b-PLA204 ef 14 500 38.25 DG180
0.25

P(F)S49-b-PLA205 14 500 38.25 DG180
0.25

PS50-b-PLA206 13 500 37.60 DG180
0.25

P(F)S41-b-PLA207 18 500 39.30 W174
0.33, DG210

0.1

PS47-b-PLA208 17 500 37.30 W174
0.33

P(F)S49-b-PLA209 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA210 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA211 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA212 14 1000 38.25 DG174
0.33

P(F)S49-b-PLA213 14 1000 38.25 C174
0.33

PS50-b-PLA214 e 13 1000 37.50 DG174
0.33

PS50-b-PLA215 13 1000 38.00 DG174
0.33

PFS26-b-PLA120:126 = 1:1 38.50 C180
0.75, DG170

0.25

PFS26-b-PLA120:PFS29 = 19:1 38.50 C180
0.75, DG170

0.25

PBrS3-b-PLA1 11 500 37.00 W165
0.33, C180

0.25, C205
0.16

PBrS3-b-PLA2 11 500 38.00 W165
0.33,

‖C180
0.25,

‖C205
0.16

PBrS3-b-PLA3 11 500 39.00 W165
0.33,

‖C180
0.25,

‖C205
0.16

PBrS3-b-PLA4 11 500 46.70 L180
0.25, L205

0.16

PClS3-b-PLA1 11 500 36.00 W165
0.33,

‖C180
0.25,

‖C205
0.16

PClS3-b-PLA2 11 500 37.00 W165
0.33,

‖C180
0.25,

‖C205
0.16

PClS3-b-PLA3 11 500 38.00 W165
0.33,

‖C180
0.25,

‖C205
0.16
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n mPXS f theo
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kg
mol

]
a [mg]b [%]c [

◦C
h ]d

PClS3-b-PLA4 11 500 39.00 W165
0.33,

‖C180
0.25,

‖C205
0.16

PClS3-b-PLA5 11 500 35.00 S165
0.33, S180

0.25, S205
0.16

PClS3-b-PLA6 11 500 40.00 W165
0.33,

‖C180
0.25,

‖C205
0.16

PClS3-b-PLA7 11 500 41.00 [C,L]1800.25,
‖C205

0.16

PClS3-b-PLA8 11 500 42.00 [C,L]1800.25,
‖C205

0.16

PClS3-b-PLA9 11 500 43.00 [C,L]1800.25,
‖C205

0.16

a Molecular weight of PXS-OH determined by SEC calibrated with poly(styrene)
standards.

b Amount of macroinitiator PXS-OH used.
c Theoretical volume fraction of PLA assuming ρPLA=1.18 g cm−3.
d Morphologies observed in microphase separated films after thermal annealing:

No structure, X; spheres, S; cylinders, C; cylinders orientated parallel to the
substrate, ‖C; cylinders orientated perpendicular to the substrate, ⊥C; bicontin-
uous worm-like structure, W; lamellae, L; hexagonally perforated lamellae, HPL;
double-gyroid, DG; double-gyroid crystals, ⋆DG. Coexisting morphologies are
given in square brackets. The annealing temperature [ ◦C] is given as superscript
and the annealing time [h] as subscript.

e For SEC data see Table 3.6.
f For NMR data see Table 3.6.
g PLA synthesis not quenched with benzoic acid.

Table B.1: Microphase separated structure adopted by PXS-b-PLAs for different
thermal annealing conditions.
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Figure 4.11B
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Figure 4.12B
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Figure 4.12F
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Figure 4.14B
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Figure 4.15B
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Figure 4.15D
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