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Abstract

The demands on modern products and components rise relentlessly. As a result,

increasingly higher requirements on the properties and the performance of the con-

stituent materials are imposed. For example, in modern transportation vehicles

an ultra-light weight construction is desired in addition to strength and sti�ness

to decrease the fuel consumption. Other �elds of application, such as photovoltaic

or optoelectronic devices in general, require new e�cient materials with optimized

properties for light-absorption and charge transfer.

The research �eld of hybrid inorganic-organic materials o�ers vast potential through

the nearly endless possible combinations of building blocks, allowing for the devel-

opment of customized intriguing properties.

In this work two di�erent concepts to synthesize functional hybrid inorganic-organic

materials were developed. On the one hand, a hybrid material was produced by

covalently linking a conducting polymer to a mesoporous metal oxide sca�old by

in-situ polymerization starting from a grafted molecular linker. The other con-

cept employed the application of soft-templating methods to organosilica materials

chemistry, enabling the development of periodically structured hybrid materials with

tuneable optoelectronic properties.

In the �rst project we incorporated the conducting polymer poly(2-methoxy-5-(2'-

ethylhexyloxy)-p-phenylene vinylene) (MEH-PPV) into surface-functionalized meso-
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Abstract

porous titania �lms via in-situ polymerization. The in�uence of the titania surface

functionalization on the amount (absorbance) and quality (optical band gap) of the

synthesized MEH-PPV was investigated via UV-Vis spectroscopy. Surface func-

tionalization with linker molecules mimicking the monomer or its activated form,

respectively, resulted in a greatly enhanced absorbance and a smaller band gap of the

grafted polymer compared to samples obtained with non-functionalized titania scaf-

folds. The performance of the di�erently attached polymer chains in photovoltaic

devices was examined. Shunting or series resistance limitations of the devices can be

observed depending on the surface functionalization prior to in-situ polymerization

of MEH-PPV. The results help to draw conclusions about the parameters, such as

interface connection and orientation of the polymer chains, which are essential for

an e�ciently working MEH-PPV-titania hybrid material.

A greatly di�erent synthesis method for hybrid materials on the atomic scale is to

employ organically bridged silsesquioxane precursors to build a periodic network by

soft-templating. This synthesis concept for periodic mesoporous organosilica (PMO)

was applied in the second and third project.

In the second project a highly symmetric fullerene framework based on a function-

alized C60 fullerene building block was successfully synthesized. The octahedral

addition pattern of the building block was designed to facilitate the self-assembly

process with an amphiphilic block-copolymer. The orthorhombic structure with

Fmmm symmetry and 7.5 nm pores was investigated with small-angle X-ray scat-

tering (SAXS) and transmission electron microscopy (TEM), while solid-state NMR

experiments con�rmed the integrity of the fullerene core and provided insights into

the degree of condensation of the fullerene building blocks. A BET surface area of

494 m2 g−1 and a total pore volume of 0.34 m3 g−1 were observed via N2 sorption.

In addition to the structural information, the electronic properties of thin fullerene
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PMO �lms were investigated using transistor and capacitance measurements, car-

ried out in collaboration with Christian Westermeier of the group of Prof. B. Nickel

(LMU, physics department). The fullerene PMO framework exhibits a low dielectric

constant of around 3 in a frequency range from 100 kHz to 1 MHz.

The third project dealt with the synthesis and characterization of a PMO mate-

rial based on an optically active donor-acceptor-donor unit. The synthesis of the

dithienyl-benzothiadiazole (DTBT) silsesquioxane precursor was carried out in the

group of Prof. Inagaki (Toyota Central R&D Labs., Inc). Applying the evaporation-

induced self-assembly (EISA) approach with the block copolymer F127 serving as

template, a lamellar mesostructure was formed with the DTBT silsesquioxane pre-

cursor. After a stabilizing vapor treatment with HCl and tetraethyl orthosilcate

(TEOS), the structure converted into an approximately hexagonal pore arrange-

ment, as demonstrated by SAXS and TEM measurements. Remarkably, the struc-

ture is not prone to shrinkage upon heating and template removal, showing a large

d-spacing of 14.5 nm. The porosity was investigated by N2 sorption, which revealed a

BET surface area of 92 m2 g−1. Due to the planarity of the DTBT unit, the molecule

has a strong tendency to form π-stacks. The π-π interactions and the packing of the

DTBT units inside the walls of the structured network were examined by wide-angle

X-ray scattering as well as UV-Vis and photoluminescence (PL) spectroscopy. The

results from these measurements showed a strong in�uence of the HCl-TEOS vapor

treatment on the π-interactions of the DTBT units: the π interactions of the DTBT

units vanished through the structure formation and hydrolysis, seen in a blue-shift

of the UV-Vis absorbance and the disappearance of a longer-lived PL process. Thin

�lms of the structured porous DTBT organosilica were also tested in photovoltaic

devices as electron donor materials. The photovoltaic performance of dense �lms of

hydrolyzed DTBT precursor alone is higher compared to porous structured DTBT
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�lms, which is attributed to the introduction of insulating silica (50 wt%) during

the structure formation process.

The fourth and last part is focused on the synthesis of a structured fullerene-silica

hybrid material via a sol-gel route. In contrast to the two preceding projects a co-

condensation approach of a hydroxylated fullerene and a silica precursor was used

instead of silsesquioxane precursors.

The number of hydroxy groups added to the fullerene was selected to achieve a

solubility of the resulting fullerenol suitable for polar solvents used in the EISA ap-

proach. The homogeneous mesophases, produced with the templates P123 and F127,

inherit over 80 wt% fullerenol in the organosilica phase. The structural properties

were characterized with SAXS, 2D grazing-incidence small-angle X-ray scattering

and TEM. Fullerenol-silica �lms templated with P123 shows a lamellar structure

oriented parallel to the substrate, and with F127 a more disordered structure of

possibly non-oriented lamellar domains. Remarkably, both structures show a high

thermal stability. The organosilica templated with P123 shows a high porosity with

a BET surface area of 180 m2 g−1 revealed by N2 sorption. The integration of the

fullerenol moieties into a stable porous network opens the posssiblity to study this

material in various applications.
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Chapter 1

Introduction to Hybrid

Organic-Inorganic Materials

Over 50 years ago Richard Feynman gave his famous talk 'There's Plenty of Room

at the Bottom'1 and in this way became one of the 'founding fathers' of nanotech-

nology. He envisioned a technological journey towards the atomic scale and even

set up two 'nano'-challenges with 1000 $ reward for each: One was to build a motor

smaller than 0.4 mm, the other one to scale down a whole book page by a factor of

25 000.

Both challenges are already ful�lled, but nanotechnology still is viewed as the tech-

nology of the future - the technology of the 21st century. Nano and hybrid today

are popular buzzwords for entrepreneurs and scientists similar to micro in the 70s

and 80s (e.g. Microsoft, AMD - Advanced Micro Devices) and the pre�x e- in the

90s (e.g. eBanking, eGovernment, eBusiness, etc.). However, nano- and hybrid ma-

terials are part of human culture and knowledge since ancient times: for example,

many ancient pigments such as 'Egyptian'2 or 'Mayan' Blue3 are based on nanos-

tructured and/or hybrid materials. However, it was not until the end of the 20th

century that scientists realized the cornucopia of possibilities for new materials that

1



1

opened up through the �eld of nanoscience. One major reason for the rise of the

nanosciences was the availability of novel physico-chemical characterization meth-

ods, such as electron and atomic-force microscopy, that gave novel insights into the

properties of nanomaterials.

The term nanotechnology refers to objects and research on a scale from the atomic

level up to 100 nm (100·10−9 m). At these extremely small dimensions, materials

exhibit modi�ed properties such as color, melting point, catalytic activity, reactiv-

ity and other electronic or magnetic properties, compared to bulk material. This

"size e�ect" is often related to the increased fraction of surface atoms compared to

the total number of atoms, or to changes in the electronic structure with shrinking

dimensions.4

In principle there exist two basic approaches for the synthesis of nanostructures: the

bottom-up and the top-down approach. Typical examples for a top-down approach

are milling for nanoparticle synthesis or lithographic etching processes to nanostruc-

ture thin �lms. Bottom-up methods are more versatile and include, e.g., building

up structures atom-by-atom, growing crystals or polymers, or the deposition of thin

�lms.5

An interesting group of nanomaterials is the class of hybrid materials, which in-

terfaces two worlds of chemistry - organics and inorganics - with the intention to

seek for synergistic e�ects.6 Nature o�ers many examples of hybrid materials with

unique and intriguing properties such as bone tissue or nacre. One de�nition of

'hybrid materials' is the following: a material that includes two di�ering moieties

blended on the molecular scale is called a hybrid material.7

Depending on the type of interactions between the two moieties, hybrid materials

can be categorized into two classes shown schematically in �gure 1.1. Class i hybrid

materials are characterized by weak interactions such as van der Waals, hydrogen

2



1 Introduction to Hybrid Organic-Inorganic Materials

Figure 1.1: The di�erent classes of hybrid materials based on the character of the
interactions.7

bonding or weak electrostatic interactions between the two components. Contrary

to this, the units in Class ii hybrid materials are connected by strong chemical in-

teractions such as covalent bonds.7,8

Given the multitude of available components and connectivities, it is obvious that

hybrid materials comprise a vast space for materials design.

One frequent advantage of hybrid materials is increased mechanical strength based

on the inorganic structures.8 Furthermore, organic materials are often stabilized in

an inorganic matrix. For example, the enhanced mechanical and thermal proper-

ties of conducting polymers obtained by the inclusion of inorganic units suggest

these nanocomposites as a light-weight alternative to classical conductors based on

metals.7,9 Another favorable aspect relates to the mild reaction conditions such as

solution-based processing and comparably low synthesis temperatures.3

The following introduction will provide the reader with background information on

3



Porous Hybrid Materials Based on Sol-Gel Chemistry 1.1

the fundamental principles of the various materials syntheses studied in this work.

1 Porous Hybrid Materials Based on Sol-Gel

Chemistry

1.1.1 The Sol-Gel Approach

The discovery of the silica sol-gel approach dates back as early as the middle of the

19th century, with J-J. Ebelmen performing �rst experiments.10 But it took nearly

one hundred years until, with the work of Ge�cken and Berger11, the potential

for industrial applications was unleashed. They used the advantage of the sol-gel

method as a wet chemistry route to form inorganic glasses at room temperature.

The mild synthesis conditions open up the possibility to incorporate all kinds of

organic compounds.

Figure 1.2: Overview of the synthesis steps and resulting materials of the sol-gel
approach.12

The sol-gel process is based on the combination of hydrolysis and condensation reac-

tions of metal halides or alkoxide precursors in water or oxygen-containing solvents.

4
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Figure 1.2 shows an overview of the synthesis steps and the possible routes to vari-

ous morphologies. In the �rst step of the sol-gel reaction the molecular precursor is

transformed into inorganic oligo- and polymers. This hydrolysis reaction leads to the

so-called sol, i.e. a colloidal suspension of the formed species. Further condensation

of the sol results in an interconnected, porous inorganic network enclosing a contin-

uous liquid phase - the gel. An aerogel is formed if the solvent is extracted under

supercritical conditions. Aerogels are highly porous materials that are composed

of over 90 % pore volume. Simple drying of the wet gel leads to xerogels, which

exhibit a much lower porosity due to the partial collapse of the network. Ageing the

gel under di�erent reaction conditions has a great in�uence on the properties of the

�nal material.12

Due to its enormous �exibility, the sol-gel approach is suitable for the synthesis of

nanoparticles, dense or porous networks in the form of �lms, �bers or bulk material.

Especially at the early stage of the sol synthesis, changing the reaction parame-

ters, such as water/alkoxide ratio, pH and temperature enables the control over the

particle size, crystallinity and morphology. An example is the pH-dependence of

the sol morphology (c.f. �gure 1.3): At low pH values the hydrolysis of the alkox-

ide precursor yields more polymer-like small partially cross-linked particles. Highly

cross-linked colloidal, spherical particles, on the other hand, are formed in basic

conditions.

5



Porous Hybrid Materials Based on Sol-Gel Chemistry 1.1

Figure 1.3: Schematic view on the e�ects of the pH value on the morphology of the
synthesized silica sol.13

1.1.2 Surfactant-Templated Mesoporous Materials

Porous materials can be categorized according to IUPAC rules regarding their pore

size into three classes: microporous (d < 2 nm), mesoporous (2 nm < d < 50 nm)

and macroporous (d > 50 nm) materials.14

Although the aforementioned aerogels and xerogels exhibit a high mesoporosity,

their pore size distributions are quite broad and the shape of the pores is typically

irregular. An early and prominent example of controlling the pore size, shape and

periodicity in solids by templates is the application of alkylammonium ions in zeolite

syntheses developed at the Mobil Oil Corporation.15

The �rst ordered mesoporous silica materials were also discovered by Mobil com-

pany researchers by adapting a zeolite synthesis route, but applying amphiphilic

longer-chain alkylammonium ions.16 In polar solvents and at high concentrations,

the amphiphilic molecules form micelles, which can act as a template for the re-

sulting pores. Regarding its origin, this materials class was named MCM - Mobil

Composition of Matter. The MCM family exhibits uniform pores of over 4 nm in

size arranged in a long-range order, although the wall material is, di�erent to ze-

6



1.1 Introduction to Hybrid Organic-Inorganic Materials

olites, composed of amorphous silica. Even bigger pore diameters of up to 30 nm

could be achieved a few years later by using larger block co-polymers as templates,

for example in the SBA-15 silica, templated by non-ionic triblock co-polymers con-

sisting of polyethylene and polypropylene blocks.17

These synthesis routes were originally designed to produce porous particles with

various applications in di�erent �elds. However, for certain applications such as

membranes, low-dielectric constant interlayers, sensors or optoelectronic devices thin

�lms are indispensable. During �rst attempts towards sol-gel thin �lm synthesis a

substrate was introduced into a solvent-template-silica system, with a high initial

concentration of the surfactant such that a micellar mesophase was formed.18,19

The micelle formation of surfactant molecules at and above a critical micelle concen-

tration (cmc) can be predicted by the so-called packing parameter P . Israelachvili

et al. correlated the e�ective area of the hydrophobic head group a with the volume

V of the hydrocarbon part and the length lc of the hydrophobic tail (see equation 1.1

and �gure 1.4).20

P =
V

a · lc
(1.1)

The packing parameter and the resulting micellar assembly can be in�uenced not

only by the structure of the surfactant used, but also by the polarity of the solvent

and the presence of other ionic or non-ionic species.

A mechanism for the surfactant-templated �lm formation was introduced by Brinker

and coworkers in 1999 with the concept of the evaporation-induced self-assembly

(EISA). For the EISA approach the surfactant concentration in the homogeneous

synthesis solution, including the inorganic precursor, is far below the cmc. By evap-

oration of the solvent during �lm synthesis, e.g. dip or spin coating, the surfactant

concentration increases progressively. This drives the self-assembly of the surfactant-
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Figure 1.4: The di�erent values of the packing parameters and the resulting micellar
shapes.21

micelles and the inorganic precursor into a liquid-crystalline mesophase.22

Figure 1.5: There are two proposed mechanisms for the structure formation of meso-
porous materials by soft-templating: A: Cooperative self-assembly. B: 'True' liquid-
crystal templating.23

Two di�erent concepts are proposed for the assembly mechanism: On the one hand a

cooperative self-assembly (CSA) mechanism is proposed with simultaneous assembly

of the micelles and condensation of the inorganic species in the interstitial volume.

On the other hand a liquid crystal templating (LCT) mechanism is discussed in

which the template micelles build a stable mesophase in the �rst place. The in-
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Figure 1.6: Examples of ordered 3D-structure obtained by self-assembly of am-
phiphilic surfactants.7 This applies for example for the synthesis of nanostructured
silica and titania with the template Pluronic R© P123.29

dividual steps of the two proposed mechanisms are shown in �gure 1.5. Several

studies investigated the �lm formation process in detail, for example with in-situ

grazing-incidence small-angle X-ray scattering.24�26 It seems that depending on the

chemical parameters and processing conditions the exact nature of the process is

often a combination of both mechanisms.

A key parameter for the resulting 3D arrangement of the template-micelles is the

ratio of inorganic precursor to surfactant and solvent.27,28 Several parameters such

as the composition and temperature together with the resulting mesophase can be

summarized in a phase diagram, which can be an advantageous tool to reproduce or

adapt a certain synthesis. A common trend for the type of mesophases depending

on the surfactant concentration is shown in �gure 1.6.

The synthesized �lms show liquid-crystalline behavior and in the so-called tuneable

steady state the mesophase can still be in�uenced by factors such as solvent vapor or

heat treatments.28 This initial extraordinary �exibility of the mesophase was already

shown by the group of G. D. Stucky in the early 90s. For example, a lamellar silica-

template phase was transformed into a hexagonal micellar arrangement through a

hydrothermal treatment.30

This concept was later expanded to the introduction of a gaseous inorganic precursor

� tetraethyl orthosilicate � into a liquid-crystal mesophase of the plain template. In

9



Porous Hybrid Materials Based on Sol-Gel Chemistry 1.1

this approach the lamellar phase of the pure template phase could be transformed

into a hexagonally ordered stable silica structure.31,32 Only recently, such a vapor

phase synthesis was applied to a non-classical phospholipid template phase.33

Concluding, it can be said that the surfactant-templated synthesis of mesoporous

materials is a delicate process with many crucial parameters that have to be tuned,

but at the same time already numerous possibilities and alternative routes have been

found due to the intensive research in this �eld in the last 20 years.

1.1.3 Periodic Mesoporous Organosilicas

Prior to the development of the sol-gel process there was, apart from the application

of inorganic �ller materials for organic polymers such as rubber, hardly any scienti�c

activity on hybrid inorganic-organic materials.7 The mild sol-gel reaction conditions

allowed for the incorporation of organic components into an inorganic network. The

special role of silica can be explained mainly by its good processability, �exibility

for shaping and the stability of the Si-C bond during the network formation.34

In principle there exist three di�erent routes for the synthesis of organic-silica porous

hybrid materials: 1) post-synthetic modi�cation ( = grafting) of the porous surface of

a purely inorganic silica material, 2) simultaneous condensation ( = co-condensation)

of the silica and organosilica precursor and 3) the incorporation of organic moieties

directly and speci�cally into the pore-walls by using a bis- or poly(trialkoxysiliyl)

precursor R�[Si(OR
′
)3]n (silsesquioxane, n ≥ 2).35

The third approach is the basis for the new materials class of periodic mesoporous

organosilicas - PMOs - discovered in 1999.37�39 The periodic order of the PMO ma-

terials can be achieved by applying the above-mentioned (see section 1.1.2) EISA

approach with soft-templates.

The advantage of PMO materials over otherwise synthesized organosilica is that

10



1.1 Introduction to Hybrid Organic-Inorganic Materials

Figure 1.7: Schematic synthetic pathway to PMOs that are constructed from bis-
silylated organic bridging units R. R

′
denotes an alkyl group, in most cases a methyl

or ethyl group.36

the organic units are uniformly distributed within the entire porous network (see

�gure 1.7). There is no limitation of the organic content based on the surface area

of the pores as observed for the grafting method. PMOs are attractive candidates

for applications in various �elds such as catalysis and adsorption.40 The �rst PMOs

were synthesized with small organic bridges such as ethylene having limited func-

tionality. However, the establishment of relatively simple synthesis routes for various

silsesquioxane precursor molecules is mirrored in the plethora of PMO materials al-

ready a short time after the introduction of this new �eld.41

Surprisingly, some PMO materials show not only a periodicity at the mesoscale but

also exhibit a crystal-like arrangement of the organic moieties within the frame-

work. This behavior was �rst shown for phenylene-bridged PMO materials in 2002

from the group of Inagaki.42,43 The formation of crystal-like pore walls is favored

for precursor molecules that are rather rigid, linear/symmetric and do not carry

11
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Figure 1.8: Schematic representation of the application of a PMO as light-harvesting
antenna. The energy of the incident light is funneled and transferred to the incorpo-
rated Re-complex. This way the catalytic activity of the Re-complex is enhanced.36

bulky substituents.36 The molecular arrangement is often re�ected by the optical

properties of the material. This unique feature opens up the possibility to control

the optical and electronic properties by tuning the interactions between the organic

bridges.34

One impressive example for the potential of this crystal-like arrangement is depicted

in �gure 1.8. The biphenylene bridges in the walls acts as a light-harvesting antenna.

The photocatalytic reduction of CO2 is sensitized through resonance energy transfer

towards an incorporated Re-complex. The antenna e�ect of the PMO leads to an

enhanced photocatalysis, and through the incorporation in the porous matrix the

Re-complex is additionally protected from degradation.44

In the last few years precursor molecules with large organic bridges having dimen-

sions of several nanometers such as phorphyrin45, three-armed phenylenevinylene46

or dithienyl-benzothiadiazole47 have been successfully applied to build periodically

ordered networks. The incorporation of large conjugated systems as organic moi-

eties in PMOs is aimed at obtaining light-sensitive materials with special proper-

ties such as conductivity. New applications in optoelectronic �elds such as light-

emitting diodes, photovoltaic devices or arti�cial photosynthesis are expected from

12



1.1 Introduction to Hybrid Organic-Inorganic Materials

π-conjugated silsesquioxane precursors.

A major challenge will be if it is possible to implement a large-scale commercial ap-

plication of PMOs. One crucial point to become competitive with other 'traditional'

materials will be the development of low-cost synthesis routes for the silsesquioxane

precursors.36

One goal of this thesis was to develop synthetic sol-gel routes for new electronically

active PMO materials. Two di�erent approaches for the silsesquioxane building

blocks were applied and are focus of the chapters 4 and 5. The introduction of new

properties and the subsequent characterization in applications such as photovoltaic

devices was investigated. In addition, chapter 6 deals with the introduction of

fullerenol precursor molecules into a stable nanostructured silica matrix. This was

also done via a sol-gel synthetic route.

13
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1.2 Polymer-Oxide Hybrid Materials

One perfect example of the synergistic e�ects that can be gained in polymer-oxide

hybrid materials is set by nature with the nanocomposite nacre (also called 'mother

of pearl'): it is composed of layers of hexagonal platelets of CaCO3 that are vertically

stacked and separated by an organic biopolymer (see �gure 1.9). This evolutionary

design leads to the extraordinary strength and resilience of the 'mother of pearl'.48

Figure 1.9: Scanning electron microscope image of a cross section of nacre.49 The in-
set shows a schematic view of the nanoscale structure (scheme from Kebes, distributed
under CC BY-SA-3.0 license).

This role model of a synergistic nanocomposite illustrates the potential of polymer-

oxide hybrid materials.

The focus of this introductory section will be on polymer-silica and polymer-metal

oxide hybrid materials, with special attention to conjugated polymers.

The simplest method to synthesize a polymer-oxide composite is the direct mix-

ing of both components by melt blending or solution blending. However, inorganic

nanoparticles have a strong tendency to agglomerate, which often prevents the for-

mation of a uniform blend at the nanoscale.50 Due to this, it is often not possible

to produce thin homogeneous �lms from these blends. A better control over the

morphology of at least one phase can be achieved by using pre-formed mesoporous
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1.2 Introduction to Hybrid Organic-Inorganic Materials

inorganic materials as a host for the polymer. For pre-formed mesoporous �lms of

inorganic oxides, the in�ltration of a polymer by melting or simple soaking of a

polymer solution is quite successful.51 Several studies show that the encapsulation

of a photo-active polymer, e.g. poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene

vinylene] (MEH-PPV) into mesoporous silica led to an enhancement of the photo-

stability, color purity and photoluminescence of the polymer. The orientation and

the isolation of the polymer chains seem to be essential for this behavior.52,53 The

in�ltration of conjugated polymer into a mesoporous semiconductor network is also

one of the major synthesis routes for e�cient hybrid photovoltaic devices.9 Thereby

the morphology of the polymer-oxide interface is essential for e�cient charge-transfer

and for the performance of the device.54

Enhanced miscibility of the polymer and oxide components on the molecular-,nano-

or micro-scale can be achieved by a di�erent, widely adopted synthesis method: the

in-situ generation of one or both phases. Numerous studies have been published

in the �eld of preparing composite materials from macromolecular polymers intro-

duced into the sol-gel synthesis process.8 However, the uncontrolled morphology and

often only weak interactions between the two phases are common issues with this

approach.55

An alternative route is the in-situ polymerization of the polymer inside a pre-formed

inorganic network.56,57 This way, the nanoscale morphology of the network is already

predetermined through an appropriate sol-gel process: for example in ref.58 Möller

et al. reported in 1998 on the synthesis of poly(methyl methacrylate) (PMMA)

mesoporous silica composites obtained by adsorption of MMA into the pores of

mesoporous silica, followed by intra-pore polymerization. The polymerization was

initiated with benzoyl peroxide. The polymer con�ned in the 30�35 Ådiameter

channels of the hosts did not show characteristic bulk behavior with respect to the
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glass transition temperature.58 Similar to the earlier mentioned enhanced photo-

luminescence of in�ltrated MEH-PPV chains, Alvaro et al. observed an enhanced

luminescene for in-situ polymerized poly(phenylene vinylene) oligomers in zeolites.56

Nearly all of the previously described methods yield hybrid materials with only weak

and non-covalent interactions between the polymer and the inorganic metal oxide.

On the other hand, grafting methods are a feasible alternative to design polymer-

metal oxide composites with covalent interactions between the phases.

The 'grafting-to' approach refers to the attachment of end-functionalized preformed

polymer chains to a substrate. However, this method often yields low grafting densi-

ties due to steric repulsion between already grafted and incoming polymer chains.59

Moreover, this method is not suitable to �ll porous substrates with narrow pores

such as mesoporous metal oxides: the functionalized macromolecules have only lim-

ited access to the pores due to their size, conformational entropy and sti�ness and

could also block the pores quite early in the grafting procedure.

The alternative method of growing the polymer directly from the functionalized sur-

face of the substrate (grafting-from) is probably better suited for hybrid materials

based on mesoporous inorganic networks.50 This in-situ method introduces versatil-

ity, and some degree of control to the formation of covalently linked polymer chains

and can be implemented with almost all available polymerization routes.59 With

photocatalytically active mesoporous frameworks such as titania it is even possible

to initiate a photopolymerization directly from the surface without any previously

attached initiator by UV light irradiation.60,61

Although many subjects of the surface-initiated polymerization and its mechanism

such as the in�uence of the con�ned space62,63 or di�usion limitations64 have been

investigated lately, there are still many open questions in this �eld. For example,

the in�uence of the nature of the covalent coupling of a conducting polymer on the
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1.2 Introduction to Hybrid Organic-Inorganic Materials

charge-transfer behavior of the resulting interface, or the polymer packing in the

con�ned space are rarely addressed.

Therefore one topic of this thesis, discussed in chapter 3, was to develop a new syn-

thesis method to in�ltrate the photoactive polymer MEH-PPV into a pre-formed

titania sca�old. Surface functionalization of the titania was applied to guide the

growing polymer chains towards the TiO2 network and this way achieve a higher

in�ltration. The in�uence of the nature of the interfacial connection between the

MEH-PPV and TiO2 on the charge-transfer was characterized by photovoltaic per-

formance measurements.
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Chapter 2

Characterization Techniques

2.1 X-Ray Di�raction

X-ray di�raction (XRD) is a powerful technique to analyze on the one hand the

nature of crystalline materials and on the other hand to gain structural information

of macromolecules or periodically ordered nanostructures.65

One common technique to produce X-rays is to bombard a target with high-energy

electrons. Due to interactions with the target the electrons are slowed down and

a part of their energy is radiated as a continuous background spectrum called

'Bremsstrahlung'. Depending on the elemental composition of the target, the emit-

ted spectrum also exhibits characteristic narrow lines resulting from X-ray �uores-

cence. Fairly monochromatic X-rays can be isolated from the single energy spikes by

applying blocking �lters. The wavelength of the resulting photons is in the Ångstrom

range, which is at the same order of magnitude as the distance of atoms in solid

matter. Mostly Cu-Kα and Mo-Kα radiations with a wavelength of about 1.54 and

0.71 Å are used.

XRD characterization is based on the elastic X-ray scattering by atoms in a periodic

three-dimensional array (see �gure 2.1).
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X-Ray Di�raction 2.1

Figure 2.1: Schematic diagram of X-ray di�raction at a crystal lattice plane illus-
trating the Bragg relation. Constructive interference occurs when the path-length
di�erence is an integer multiple of the incident wavelength.

The atoms act like a three-dimensional di�raction grating. Coherent scattering

occurs only when the phase di�erence between the scattered waves is a multiple

of 2π. This condition is geometrically met when the path length di�erence of the

scattered waves is an integral number of the wavelength λ (see eq.2.1) and known

as the Bragg equation.66

n · λ = 2 · dhkl · sin(
θi + θd

2
) (2.1)

θi and θd denote the incident and di�racted beam angle, dhkl corresponds to the

lattice plane spacing.

XRD measurements can be divided into two groups according to the measured angle

range. Measurements below 10◦ 2θ are typically called small-angle X-ray scattering

� SAXS �, those with higher 2θ values wide-angle X-ray scattering � WAXS.

WAXS spectra are commonly used to determine the crystal unit cell and the mean

crystalline domain size. The broadening of the coherent di�raction signals of the

crystalline phase is used to determine the crystallite size via the Debye-Scherrer

Equation (see equation 2.2). The reason for the re�ex broadening is an incomplete

destructive interference of the out-of-phase X-rays. In the Debye-Scherrer equation

(equation 2.2), k is an instrument dependent proportionality factor, usually about

0.94 for spherical particles, λ the X-ray wavelength, B the full width at half max-
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imum and θ the Bragg angle. D is the mean crystalline domain size - the average

dimension of material volume producing coherent di�raction. It should be noted

that the results for the crystalline domain size are volume-based and therefore small

amounts of larger particles will lead to an overestimation of the average crystallite

size.67,68

D =
k λ

B cosθ
(2.2)

Contrary to this, SAXS measurements can provide information on the shape and

size of macromolecules, characteristic distances of partially ordered materials and

wall-to-wall distances in porous systems. In a usual θ-θ setup only information of

the structure in one dimension, resulting from lattice planes parallel to the substrate,

can be obtained.

More detailed information can be collected by 2D grazing-incidence SAXS (GISAXS).

This specialized method provides two-dimensional SAXS di�raction patterns origi-

nating also from lattice planes that are not parallel to the substrate. The resulting

signals are called out-of-plane re�ections. In some cases it is possible to index the

re�ections of highly periodic and oriented mesoporous materials and to assign a

corresponding space group.69 2D-SAXS data can be collected in transmission or

re�ection mode. In transmission mode the sample must be thin enough to allow

transmission. The GISAXS setup in re�ection mode is more suitable for �lms on

substrates (see �g.2.2).
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Figure 2.2: 2D grazing-incidence small angle X-ray scattering: In-plane and out-of-
plane re�ections shown for a thin-�lm XRD measurement con�guration in re�ection
mode.28
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2.2 Electron Microscopy

Electron microscopy is an essential technique for the characterization of the structure

and composition of materials on the nanoscale. Similar to XRD, it is in principle a

scattering technique, but instead of photons with wavelengths of several 100 nm in

optical microscopy or a few Ångstrom in XRD, it uses electrons with a wavelength

in the range of picometers. Therefore, the possible resolution according to Abbe's

equation is increased dramatically. The smallest resolvable distance between two

objects ∆d depends on the wavelength λ, refractive index of the sample n and half

of the opening angle α of the focusing beam (see eq. 2.3).70

∆d =
λ

2nsinα
(2.3)

In most cases, an electron beam is generated either by thermal emission (using a

tungsten �lament or a LaB6-crystal) or by thermally assisted �eld emission (Schottky

�eld emitter). The wavelength of the emitted electrons depends on the acceleration

voltage. The electron beam is focused on the examined specimen by a series of

electrostatic and magnetic lenses. The interaction of the electrons with matter is

much stronger compared to light or X-rays and the various signals emanating from

a sample upon irradiation with a beam of high energy, primary electrons, can be

classi�ed as shown in �gure 2.3.71
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Figure 2.3: Scheme of electron beam interactions with the sample. Depending on
the sample thickness and atomic structure di�erent interaction types dominate.

Transmission Electron Microscopy

In transmission electron microscopy (TEM) only electrons transmitted through an

ultra-thin specimen (below ca. 100 nm) are detected. Behind the specimen the

modulated electron beam is focused and magni�ed through several lenses and pro-

jected on a �uorescent screen or a CCD camera. This projection results in limited

depth resolution and superimposition of structural data on the image plane in TEM

studies. Due to the high acceleration voltages of around 100�300 keV, micrographs

with a high lateral spatial resolution can be achieved. Heavy atomic nuclei scatter

electrons more e�ectively and to higher angles of de�ection than those of light atoms.
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Therefore heavy elements exhibit a higher contrast in TEM imaging. Together with

the structural information in real space obtained from scattering contrast, electron

di�raction patterns can be recorded from the transmitted scattered electrons.

Scanning Electron Microscopy

In contrast to TEM, scanning electron microscopy (SEM) detects only electrons

and radiation that are re�ected o� the specimen surface after interaction with the

electron beam. Therefore the electron beam is scanning over the surface of the spec-

imen in a raster scan pattern to record the �nal images. Depending on the applied

acceleration voltage, the interaction volume and the amount of secondary and back-

scattered electrons can be varied. However, these factors are also dependent upon

the sample morphology and composition and will increase with a decreasing glanc-

ing angle of incidence as more scattering occurs close to the surface. This change in

the number of detected electrons and thus signal intensity depending on the surface

curvature of the sample is responsible for the high topological contrast in SEM.

In addition, collisions of primary electrons with core electrons from atoms in the

sample result in excited atomic states. Upon decaying to their ground state, the

atoms in the sample emit X-ray photons with characteristic wavelength distribu-

tions for di�erent elements. In this way, SEM allows one to obtain topographical

information as well as elemental composition and spatial distribution of near surface

regions of the investigated sample.
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2.3 Atomic Force Microscopy

Atomic force microscopy (AFM) was invented in 1986 by Gerd Binnig, Calvin Quate

and Christoph Gerber by combining the principles of the scanning tunneling micro-

scope and the stylus pro�lometer.72 Unlike electron microscopy, AFM is an imaging

technique to investigate surfaces of insulators of an atomic scale. The sample does

not su�er from beam damage, no ultra-high vacuum conditions are needed and

the obtained topographic information resembles more accurately the actual three-

dimensional surface topology rather than just giving a two-dimensional projection.

However, image acquisition takes usually several minutes and imaging artefacts can

make data interpretation more challenging.

For AFM imaging a sharp nanoscopic tip attached to the end of a cantilever is

scanned line by line in a de�ned pattern over the surface of the sample. Due to the

surface topology and forces - mainly Coulomb and Van-der-Waals forces - between

the tip and the surface atoms the cantilever is de�ected. This de�ection is moni-

tored by a laser that is re�ected o� the backside of the cantilever onto a photodiode

detector (see �gure 2.4). The spatial resolution depends mainly on the dimensions

of the radius of curvature of the tip, which is normally in the range between 10 and

20 nm. In an ideal case this can be su�cient to resolve single atoms.

Depending on the type of interactions that are used for the measurement, di�erent

measurement modes can be distinguished. In the so-called contact mode, the tip of

the cantilever is in close contact with the sample all the time during the scanning.

The second method, the non-contact mode is opposed to the �rst: the tip does not

touch the surface of the sample at any given time. Thereby the cantilever is excited

near its resonance frequency. Interactions with the surface change the resonance

frequency, which changes the amplitude and phase of the oscillation. This method
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Figure 2.4: Schematic working principle of an atomic force microscope.

is especially suitable for mechanically delicate samples or for measuring the change of

the interaction forces between tip and surface due to di�erent material phases. The

third method is the intermittent or tapping mode.73 It is an intermediate between

the two extremes contact and non-contact mode. The distance to the surface is

much closer and the tip is touching the surface during the oscillation.

Next to the three categories of interactions described above, there are two other

methods that relate to the way the movement of the tip is operated. On the one

hand there is the constant-height method. Thereby the tip is moved at a �xed height

above the scanned area. It is the simplest measurement approach because it is least

demanding on the control and feedback systems. This method is only suitable for

very smooth samples, because the rougher the surface, the higher the forces working

on the cantilever. To avoid destroying the cantilever and tip by crashing into high

features of the sample surface, another method - the constant force method - was

developed. The distance between tip and sample surface is regulated at a constant

value by feeding the position of the laser on the photodiode into a feedback loop

and adjusting the height such that the de�ection of the cantilever is constant.
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2.4 UV-Vis Spectroscopy

One method to quantitatively and qualitatively characterize compounds, that absorb

light in the range of ultra violet to near infrared light is called UV-Vis spectroscopy.

The relation between absorbance and concentration of the absorbing species is given

by the Beer-Lambert law:

A(λ) = − log
I

I0
= ε(λ) c L (2.4)

In equation 2.4, A(λ) denotes the measured absorbance, I the light intensity after

passing through the sample compartment, I0 the intensity of the incident light, ε(λ)

the extinction coe�cient, c the concentration of the absorbing species and L the

length of the pathway through the sample.74,75

By absorbing light of a de�ned wavelength, electrons from the highest occupied

molecular orbital (HOMO) will be excited into the lowest unoccupied molecular or-

bital (LUMO). Therefore, the energy level distance of molecules or the band gap in

semiconducting materials can be evaluated through UV-Vis spectra. It has to be

taken into account that vibrational energy levels lie in between the di�erent elec-

tronic energy levels. UV-visible light can excite these molecular vibrational levels as

well and as a result, often there is not one sharp peak observed in the spectra, but

rather a set of overlapping vibronic modes. While for small molecules the absorp-

tion maximum is usually determined as the HOMO-LUMO gap, the Tauc relation

(equation 2.5) is used for estimating the band gap of semiconductors. According

to the Tauc equation 2.5 the absorption coe�cient α multiplied with the photon

energy hν is related to the band gap energy Eg. C is a constant and the value of

n speci�es the type of transition. For direct transitions n has the value of 1
2
, for
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indirect transitions n equals 2.76

αhν = C(hν − Eg)
n (2.5)

The optical band gap is estimated from the so called Tauc plot by plotting (αhν)2

against hν for direct transitions, for example. The intersection with the abscissa

obtained from extrapolating the linear regime of the resulting plot, yields the Eg

value of the examined material (see �gure 2.5).77

Figure 2.5: Example of a Tauc Plot of a direct transition. The intersection with the
abscissa of the linear �t gives the value of the optical band gap energy Eg.

A common setup of a UV-Vis spectrometer consists of a light source (e.g. a deu-

terium arc lamp or a tungsten �lament), a prism or a monochromator to separate the

di�erent wavelengths, a sample holder and a detector, which is often a photodiode

or a charge-coupled device (CCD).
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2.5 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy (NMR) is a powerful technique to study

the electronic environment of magnetic isotopes and their interactions with neigh-

boring atoms. This way, detailed information on the topology, dynamics and three-

dimensional structure of molecules in solution and in the solid state can be obtained.

An essential requirement for NMR measurements is that the nucleus of interest has

a spin momentum. Nuclei with an odd number of protons, neutrons or both exhibit

a spin momentum, which is proportional to a magnetic momentum ~µ (eq.2.6). In

equation 2.6 ~µ corresponds to the nuclear magnetic momentum, γ to the gyromag-

netic ratio and ~S to the spin angular momentum.78

~µ = γ~S (2.6)

A few examples of isotopes suitable for NMR studies are 1H, 13C, 15N, 19F, 29Si and

31P.78

In the presence of an external magnetic �eld the possible orientations of the nuclear

magnetic momentum are limited to discrete quantum states (Zeeman e�ect). The

number of possible states is 2I+1 with I as the spin quantum number. The transition

between these states occurs by absorption of electromagnetic radiation in the radio

frequency range, which meets the resonance condition of equation2.7.79

ω = γBloc = γ(B0 +Bint) (2.7)

Here, ω denotes the resonance frequency, Bloc the local magnetic �eld, B0 the ex-

ternal magnetic �eld and Bint the internal magnetic �eld.80

The measured di�erence of the local magnetic �eld and the applied external �eld

gives insights into the electronic and chemical environment of the relevant atoms.
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In the solid state the dipole-dipole interactions between neighboring nuclei give rise

to line broadening and this can make the interpretation of the spectra more dif-

�cult. This anisotropy e�ect is eliminated by rotating the sample at the magic

angle of 54.7◦ with respect to the applied �eld. For that reason this special method

for solid samples is called magic angle spinning NMR spectroscopy (MAS-NMR).79

The above mentioned line broadening e�ect does not occur in liquids because the

Brownian motion of the molecules averages the anisotropic e�ects.
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2.6 Physisorption of Nitrogen

Sorption analysis is a non-destructive widespread technique to characterize porous

materials. By recording the adsorption and desorption isotherms of appropriate

probe molecules such as nitrogen, fundamental properties including the surface area,

pore size distribution and pore volume can be obtained. The process of adsorption,

i.e. the accumulation of one or more components in an interfacial layer occurs when

a solid material is exposed to a gas or vapor. In this case, the solid is considered as

adsorbent, the adsorbed gas molecules as adsorbate and the gas in equilibrium with

the adsorbate as adsorptive.

The following discussion will center on physisorption, i.e. the process in which the

adsorbate is bound to the surface via weak van-der-Waals forces such as dipole-

dipole or London forces or via hydrogen bonding. In contrast, the adsorption in

chemisorption processes involves a chemical reaction between the adsorbate and the

surface and therefore results in a strong interaction.

The two main methods for the determination of adsorption isotherms are the vol-

umetric and the gravimetric method. In both cases, the adsorbent is kept at a

constant temperature, usually at or near the boiling point of the adsorptive, for ex-

ample by cooling in liquid nitrogen in the case of nitrogen sorption. The adsorptive

pressure is increased step-wise and followed by equilibration of the system. The in-

crease in adsorbed molecules is measured with the gravimetric method by detecting

the mass gain after each step. On the other hand, for the volumetric method the

adsorbed gas volumes are usually calculated by comparison of the actual pressure

change with the expected pressure change in absence of the absorbent. The amount

of adsorbate is plotted against the relative pressure of the absorptive (normalized

to the vapor pressure at that temperature) in a sorption isotherm diagram. After
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Figure 2.6: IUPAC classi�cation of six di�erent isotherm types.

increasing the partial pressure of the absorptive close to the saturation pressure, the

corresponding desorption isotherm is recorded by decreasing the partial pressure of

the adsorptive step-wise back to zero. The resulting isotherms can be classi�ed as

one of six types corresponding to IUPAC nomenclature81,82. Materials with di�er-

ent porosity show characteristic isotherm shapes and hystereses, which are shown in

�gure 2.6. The development of sorption analysis is based on the work of I. Langmuir

in 191683, who created a kinetic model of the adsorption processes on surfaces. The

sorption analysis is one of the standard methods of instrumental surface analysis.

Various re�nements based on this method have been developed, among which the

Brunauer-Emmett-Teller (BET) theory for determining the speci�c surface area, the

Barret-Joyner-Halenda method (BJH) and density functional theory (DFT) for the

pore size distribution (PSD) are the most commonly used.

The macroscopic BET theory is based on several assumptions:

• the gas molecules physically adsorb on a solid in multilayers with an in�nite
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number of layers,

• there is no interaction between the particles in each adsorption layer and

• the Langmuir theory can be applied for each layer, i.e. the adsorption enthalpy

is the same except for the �rst layer where the enthalpy is only based on

interactions between adsorbent and adsorptive.

Based on these assumptions, the BET equation was derived (see equation 2.8 for its

linear form).

p

na · (p0 − p)
=

1

na
m · C

+
(C − 1)

na
m · C

p

p0
(2.8)

The variable na refers to the adsorbed amount at relative pressure p
p0
. The monolayer

capacity is represented by na
m and C is the BET constant, which is related to the

adsorption enthalpy of the �rst monolayer. In the range between 0.05 and 0.35 p
p0

the term p
na·(p0−p)

is linear proportional to the relative pressure p
p0
. From the linear

�t of the isotherm in this region the monolayer capacity na
m and the BET constant

C can be calculated, and subsequently with these values the speci�c surface area

can be estimated.

The classical method for estimating the pore size distribution is the BJH method,

which is based on the Kelvin equation:

1

r1
+

1

r2
= − RT

σlgνl
ln

p

p0
(2.9)

It relates the principal radii, r1 and r2, of the curvature of the liquid meniscus

in the pore to the relative pressure p
p0

at which condensation occurs. The surface

tension of the liquid condensate and its molar volume are denoted by σlg and νl,

respectively.84,85

In the Kelvin equation a change in vapor pressure due to a curved liquid-vapor

interface (meniscus) with radius r is described and can be applied to the capillary
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condensation in mesopores. Experience shows that the results obtained with the

BJH method deviate from pore sizes estimated by di�erent methods such as TEM

for example. This is especially the case for micropores and small mesopores, where

the BJH method underestimates the pore size.

A more recent approach that often yields more reliable results is the DFT theory.

This microscopic method describes the local �eld structure near curved walls more

accurately. For a correct estimation, speci�c knowledge of the pore shape, pore

connections and surface atoms is required to calculate the appropriate interaction

forces and choose the matching input parameters. In the past few years several new

calculation kernels (e.g., for carbon materials) for di�erent surface compositions and

pore structures were developed and this way the accuracy of the estimated pore size

distributions could be improved.86,87
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2.7 IR and Raman Spectroscopy

The chemical bonding in materials can be studied through absorption of infrared

light via the excitation of vibrational and rotational modes. Two major techniques

are used for vibrational spectroscopy. On the one hand infrared(IR)-spectroscopy,

which is based on the direct absorption of infrared light. On the other hand, Raman

spectroscopy relies on the inelastic scattering of monochromatic light by interaction

with the electron clouds in the molecules.

IR spectra are obtained by measuring the intensity of a beam of electromagnetic

radiation, usually in a range between 400�4000 cm−1, directly after interaction with

the sample. This mid-IR radiation is capable of inducing transitions between molec-

ular vibrational energy levels, thus providing information about the nature of the

chemical bonds in the sample. A general selection rule for photon absorption in IR

spectroscopy is the required change of the dipole moment of the molecule during

the vibration. The molecule itself, however, does not need to have a permanent

dipole.78

As both IR and Raman spectroscopy use di�erent physical processes to investigate

the vibrational modes of a sample, they also display di�erent selection rules for

the observable vibrational states and are thus complementary characterization tech-

niques. The general selection rule for Raman scattering is that a change in bond

polarizability during the vibration has to occur, i.e. the signal intensity is determined

by the amount of deformation of the electron cloud. The more complex relationship

between the energy levels of the vibrations and the Raman scattering is depicted in

�gure 2.7. Most of the incident light is subject to elastic scattering and released with

the same energy. This process is called Rayleigh scattering. Much weaker signals

created by Stokes scattering are shifted towards lower wavenumbers compared to
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Figure 2.7: Energy diagram with virtual energy state to point out the particular
processes during Raman scattering.88

the incident beam. The corresponding anti-Stokes lines exhibit wavenumbers higher

than the excitation energy. Similar to IR spectroscopy, both Stokes and anti-Stokes

shifts can be used to determine vibrational information, which is speci�c to the

chemical bonds and symmetry of molecules. This way, both Raman and IR spectra

can be used to identify molecules or functional groups.
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2.8 Thermogravimetric Analysis and Di�erential

Scanning Calorimetry

Thermal analysis is a general term for a multitude of analytical methods to determine

the physical or chemical properties of a sample in dependence of the temperature.

In materials sciences this method is commonly used to characterize material like

alloys, ceramics, polymers, glasses or composites.89

Two of the most important techniques are the thermogravimetric analysis (TGA)

and di�erential scanning calorimetry (DSC).

In TGA measurements the sample is subjected to a controlled heating or cooling

rate, respectively. Commonly the measurements are performed under a de�ned gas

atmosphere with a constant gas �ux, or under vacuum. The exact temperature

determination is ensured by a calibration with a reference material. The resulting

thermogram, obtained by plotting the weight change of the sample against the tem-

perature, gives information about desorption of adsorbed molecules, evaporation of

volatile compounds and thermal decomposition reactions.

The complementary method of di�erential scanning calorimetry (DSC) can be mea-

sured simultaneously with the TGA. DSC is based on the quantitative determination

of the energy needed to heat the sample compared to a reference at the correspond-

ing temperature. This way endo- and exothermic enthalpies for various processes,

e.g. desorption of adsorbed molecule, combustion processes and phase transitions

can be obtained.
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2.9 Size Exclusion Chromatography

The principle of size exclusion chromatography (SEC) was presented for the �rst

time by G.H. Lathe and C.R. Ruthven in the middle of the 1950s.90,91 They used

swollen starch matrices to separate various sugars according their di�erent molecu-

lar weight. A few years later columns with cross-linked dextran were introduced as

a more reliable synthetic gel.92 However, not until J.C. Moore established a way to

synthesize cross-linked polystyrene columns with controllable pore sizes, SEC devel-

oped into a versatile and important separation and 'cleaning' method for polymers

and large biomolecules such as proteins.93

Contrary to other chromatographic methods, the working principle is not based on

adsorption of the molecules on the surface of the column medium - the stationary

phase, but depends on the porous structure of the same and the size of the molecules.

All chromatographic methods have in common that the relevant component mixture

is dissolved in a mobile phase, here an organic solvent, and transported by this phase

through a column �lled with the stationary phase. In SEC the molecules, in relation

to their molecular size, are retarded on their way through the stationary phase as

depicted in �gure 2.8. The stationary phase is built of porous particles that exhibit

di�erent pore sizes. A large macromolecule cannot enter these pores and will travel

through the column in the direction of the �ow of the mobile phase quite quickly

and elute �rst. Smaller molecules can access the pores and channels of the material

and have therefore a longer retention time in the stationary phase.

The eluent �ow can be analyzed continuously by spectroscopic techniques such as

refractometry and UV spectroscopy. Additional methods include multi-angle laser

scattering (MALS) and viscosity measurements.

In the beginning, the size of an unknown molecule, for example a polymer, could
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Figure 2.8: Schematic picture of the separation principle of size exclusion chromatog-
raphy. The retention time on the stationary phase depends strongly on the molecular
size.

only be determined via calibration with standards of a polymer of known molec-

ular weight and similar in chemical nature and morphological structure. The ob-

tained molecular weight of the sample was therefore only an estimate and sometimes

strongly deviated for branched molecules or polymers without access to well-de�ned

calibration standards. Moreover, for every single polymer a suitable calibration pro-

cedure had to be applied.

The discovery of the hydrodynamic volume as the crucial parameter for the reten-

tion time partially resolved this issue. With this knowledge an universal calibration

could be applied that is suitable for many di�erent polymers.94

The molecular weight obtained in this weight was nevertheless still only an estimate.

An absolute determination of the molecular weight is possible with light-scattering

detectors. Therefore the angle-dependent light scattering of the macromolecules is

used to calculate the molecular size. For this analysis method additional information

such as the di�erential refractive index and the precise concentration are crucial for

a reliable result.95
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2.10 Photovoltaic Characterization

The main concept of a photovoltaic device is to generate electricity from light. Upon

illumination, photons are absorbed by an active layer - often a semiconducting poly-

mer for hybrid solar cells - and electron-hole pairs, also called excitons, are generated.

Contrary to inorganic semiconductors such as silicon, conjugated polymers exhibit

relatively low dielectric constants and therefore the Coulomb interactions between

electrons and holes are strong, with binding energies typically ranging from ∼0.1�

0.4 eV.96 Therefore exciton dissociation into free mobile charges can only take place

at a donor-acceptor (D-A) interface, to which the excitons need to di�use before-

hand. The resulting electrons and holes have to travel to the electrodes through

their corresponding percolating pathways.97 The device performance is in�uenced

by six main consecutive factors a�ecting these processes (c.f. �gure 2.9):

1. photon absorption (ηA)

2. exciton generation (ηex)

3. exciton di�usion (ηdiff )

4. exciton dissociation (ηed)

5. charge transport (ηctr)

6. charge collection (ηcc).

The e�ciencies η of the single processes combined, result in the external quantum

e�ciency of the device (EQE). The EQE is also de�ned by the ratio of the number of

charge carriers collected at the electrodes to the number of incident photons of one

wavelength at short-circuit conditions. The number of collected charges depends on

the combination of all above mentioned e�ciencies( see equation 2.10).

EQE =
collected charges

incident photons of one energy
= ηA · ηex · ηdiff · ηed · ηctr · ηcc (2.10)
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Figure 2.9: Energy level diagram of a polymer- inorganic hybrid solar cell with the
schematic mechanism of photocurrent generation. Scheme adapted from reference97.

Apart from the EQE, the performance of photovoltaic devices are characterized

via their current density-voltage curves (I-V curves). Several values are needed to

calculate the overall power conversion e�ciency η of a device. The current that

�ows under short circuit conditions ISC is closely related to the number of charges

collected at the electrodes. The open-circuit voltage VOC is the voltage at open-

circuit conditions and therefore zero current, which is mainly determined by the

di�erence between the quasi-Fermi levels in the donor and acceptor phase.98 In

addition the role of the contacts to the active layer has to be considered.99 The

maximum obtainable power of the solar cell Pmax is given by the maximum power

point at ImaxP and VmaxP and corresponds to the area of the rectangle underneath

the I-V curve (see �gure 2.10). These values are correlated by the �ll factor FF ,

which gives a measure of the maximum power of the solar cell related to ISC and

VOC :

FF =
ImaxP VmaxP

ISC VOC

=
Pmax

ISC VOC

(2.11)
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Figure 2.10: I-V -curve of an idealized photovoltaic device marked with the charac-
teristic key parameters.

The overall power conversion e�ciency η is a key factor for comparing the e�ciency

of di�erent solar cells in converting light into electrical energy, and is de�ned as the

ratio of Pmax and the power of the incident light Pinc (equation 2.12).

η =
Pmax

Pinc

=
ISC VOC FF

Pinc

(2.12)

Well-de�ned measurement conditions, especially the applied light spectrum, are

the basis for a reliable comparison of devices assembled in di�erent laboratories.

The current standard for terrestrial use is the ASTM G173-03 air mass 1.5 global

(AM1.5G) spectrum with a total light intensity of 100 mWcm−1. The spectrum

includes hemispheric illumination by di�use light and absorption and scattering ef-

fects by atmospheric gases. To simulate this arti�cial 'sun light', laboratory setups

typically use a xenon lamp and appropriate �lters. The measured photocurrent I is

commonly divided by the active area of the solar cells and converted to the current

density J .
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Chapter 3

Guided In-Situ Polymerization inside a

Porous Metal Oxide

This chapter is based on the following manuscript for an article:

"Guided In-Situ Polymerization inside a Porous Metal Oxide"

Norma K. Minar, Pablo Docampo, Dina Fattakhova-Rohl�ng, Thomas Bein,

in preparation for Applied Materials and Interfaces
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3.1 Abstract

Incorporation of conjugated polymers into a porous metal oxide network is a chal-

lenging task, pursued via many di�erent approaches. Here, we developed a guided in-

situ polymerization of poly(2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene)

(MEH-PPV) into porous titania �lms by surface functionalization. The controlled

polymerization via the Gilch route was induced by an alkoxide base and increas-

ing the temperature. The selected and specially designed functionalizing linker

molecules mimic the monomer or its activated form, respectively. In this way, we

drastically enhanced the amount of MEH-PPV incorporated into the porous tita-

nia phase compared to non-functionalized samples by a factor of six. Additionally,

photovoltaic measurements were performed. The devices show shunting or series re-

sistance limitations depending on the surface functionalization prior to in-situ poly-

merization of MEH-PPV. We suggest that the reason for this behavior can be found

in the orientation of the grown polymer chains with respect to the titania surface.

Therefore the geometry of the anchoring via the linker molecules is very important

to exploit the full electronic potential of the conjugated polymer in the resulting

hybrid composite. This observation will help to design future synthesis methods for

new hybrid materials from conjugated polymers and n-type semiconductors to take

full advantage of a good electronic interaction between the two phases.
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3.2 Introduction

Since their introduction by Heeger et al. in the late 70ties, conducting polymers

have inspired a wide breadth of research activities and applications.100 The great

appeal of this new class of materials is the unusual combination of semiconductor

and polymer properties. The advantages of polymeric materials - their potential

low cost, low weight, good processability and possible �ne tuning by organic synthe-

sis are coupled to the enormous diversity of electronic applications. In particular,

poly(p-phenylene vinylene) (PPV) was discovered in 1990 as the �rst electrolumi-

nescence polymer101 and has - together with its derivatives -emerged as the most

classical conjugated polymer used in polymer light-emitting diodes (PLEDs) and

solar cells.102,103 Especially, poly(2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene viny-

lene) (MEH-PPV)has attracted much attention due to its relatively good solubility

and easy processability.104,105 The appeal for commercial applications of electroac-

tive polymers such as MEH-PPV originates mainly from their solution processability

which includes advantageous methods such as inkjet and roll-to-roll printing, stamp-

ing, drop casting, spin-coating and dip-coating.106 Nevertheless, the processing on

top of a cast polymer �lm can be severely limited because most solvents will cause

swelling, reorganization of the polymer chains and even delamination.59

An interesting approach to overcome these stability issues is the covalent attach-

ment of brushes of conjugated polymers onto surfaces. Polymer brushes in general

are applied to tailor the interface and thus control surface properties such as wetta-

bility, biofouling resistance, adhesion, and stimuli responsiveness.107 By anchoring

conducting polymers such as MEH-PPV, the surface-related electronic properties

of various materials can be tuned.108�110 Through this approach, well-de�ned mor-

phologies in heterojunction materials can in principle be constructed which result
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in controlled electronic properties and enhanced interaction e�ciencies between the

two phases.111,112

Generally there are two methods for tethering polymer brushes: " grafting to" and

" grafting from" approaches.59 The " grafting to" method employs a preformed poly-

mer with a reactive end group to attach the polymer chain to the surface. Opposite

to this, in the " grafting from" approach polymer chains are grown directly from the

surface. Several advantages of the " grafting from" strategy include a higher surface

coverage, better suitability for high molecular weight polymers and improved access

to inner and outer surfaces of porous inorganic matrices.59 The incorporation of

polymers within nanostructured inorganic sca�olds opens up opportunities to engi-

neer advanced materials with highly tunable features such as mechanical, chemical,

optical, and electrical properties.55,113�117 Since the mid-1990ties there have been

several attempts to integrate conjugated polymers into porous substrates by various

polymerization techniques.56,117�120 One elaborate way to introduce a conjugated

polymer into a porous titania sca�old e�ciently was shown by Zhang et al. for

poly(3-hexyl)thiophene (P3HT).121 In this approach, a surface functionalization of

the porous material steered the growth of the P3HT onto the inner surface of the

porous inorganic substrate. Employing this method, a larger surface coverage and

consequently a more e�cient photoinjection from the P3HT to the titania could be

achieved compared to ex-situ synthesized and in�ltrated P3HT .121

Here we have, for the �rst time, adapted the surface functionalization approach for

the MEH-PPV polymer and applied it to a mesoporous titania sca�old. The Gilch-

route was the synthesis route of choice for MEH-PPV because it is an inexpensive,

non-toxic polymerization route initiated with an alkoxide base and by increasing the

temperature.122 The surface-functionalizing molecules were chosen and designed to

mimic the monomer units. As a porous matrix we have used mesoporous titania
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�lms with a mean pore size of 20 nm, which are typically used in the hybrid solar

cells.123,124 Moreover, we have tested the feasibility of this approach for incorporation

of polymer into titania �lms with even smaller pores of around 10 nm.125 The sur-

face functionalization was monitored by re�ection-absorption infra-red spectroscopy

(RAIR). The properties of the in-situ polymerized MEH-PPV inside the mesoporous

titania were characterized via UV-Vis spectroscopy. Atomic force microscopy (AFM)

and transmission electron microscopy (TEM) measurements provided information

about the morphology of the porous titania �lms with the incorporated in-situ poly-

merized MEH-PPV. Additionally, photovoltaic performance measurements provided

data about the di�ering electronic properties depending on the functionalization.

3.3 Experimental

Materials

2-Ethylhexyl bromide was purchased from acros organics and used as received.

All other materials were purchased from sigma-aldrich co. and used without

further puri�cation.

Methods

Re�ection-absorption IR (RAIR) spectra were recorded with a Bruker IFS 66v

FTIR spectrometer. The sample chamber with a variable angle re�ection acces-

sory (A-513) was maintained at 2 mbar during the entire measurement by means

of an Edwards rotary-pump. In a typical measurement on silicon substrates, an

angle of incidence of 54◦to the surface normal was used. UV-Vis measurements

were performed on a Hitachi U3501 spectrophotometer equipped with an inte-

grating sphere. Absorbance spectra were recorded in transmission geometry with
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plain glass or �uorine-doped tin oxide (FTO) coated glass as reference. Exposure to

oxygen plasma was carried out with a Femto Plasma System from Diener Elec-

tronic typically operated at a power of 50 W and an oxygen �ow of 4-5 sccm.

Gel-permeation chromatography (GPC) was performed on an Agilent 1200 Series

machine equipped with a pss SDV Lux precolumn (5 µ, 8.0×50 mm) followed by

a pss SDV Lux (1000 Å, 5 µ, 8.0×300 mm) column. Tetrahydrofurane (THF) was

used as eluent with a �ow rate of 1 mL min−1. Atomic force microscopy (AFM)

images were recorded with a Nanoink NScriptor DPN system in tapping mode.

Transmission electron microscopy (TEM) was performed using a fei Titan 80�300

instrument equipped with a �eld emission gun operated at 300 kV. Samples for TEM

measurements were prepared by removing porous titania �lms with 20 nm pore size

grafted with acrylic acid and subsequent in-situ polymerization from the glass sub-

strate and applied to a holey copper grid. For comparison a bare calcined porous

titania �lm was investigated. Current-voltage characteristics were measured under

simulated AM1.5G solar irradiation (Solar Light Model 16S) at 100 mW cm−2

and argon atmosphere. The light intensity was monitored with a Fraunhofer

ISE-calibrated silicon reference cell equipped with a KG5 �lter for reduced spec-

tral mismatch. J -V curves were recorded using a Keithley 2400 source meter.

For liquid nuclear-magnetic-resonance (NMR) characterization of the observed sig-

nal multiplicities the following abbreviations were used: s (singlet), d (doublet),

t (triplet), q (quartet), dd (doublet of a doublet), ddd (doublet of a doublet of a

doublet), dt (doublet of triplet), tt (triplet of triplet) and m (multiplet).
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Synthesis of Monomer 1,4 - Bis(bromomethyl) - 2 - (2 -

ethylhexyloxy) - 5 - methoxybenzene 1

In a �rst step 1-(2-ethylhexyloxy)-4-methoxybenzene was synthesized according to

Anderson et al..126 4-Methoxyphenole (≥98 %, 2.48 g, 20 mmol) was dissolved in

10 mL dimethylformamide (DMF) in a 50 mL-�ask in ambient atmosphere and

2.24 g of K tBuO (≥98 %, 20 mmol) was added in one portion under continuous

stirring. The solution temperature reached 50 ◦C. 3.56 mL of 2-ethylhexyl bromide

(95 %, 20 mmol) was added drop wise over 45 min. Shortly afterwards the greenish

solution turned brown and solids began to precipitate. After 40 min stirring, an-

other portion of KtBuO (1.12 g, 10 mmol) was added and afterwards 2-ethylhexyl

bromide (1.8 mL, 10 mmol) was slowly added over 30 min. After another 40 min

of stirring, a �nal addition with 0.56 g KtBuO (5 mmol) and 0.9 mL 2-ethylhexyl

bromide (5 mmol) was performed. The reaction mixture was left at room temper-

ature for 3 h. All precipitates were dissolved upon the addition of water (10 mL).

The reaction solution was extracted three times with diethyl ether (3×50 mL) and

the organic phase was washed with water (50 mL) followed by brine (50 mL) and

dried over MgSO4. The solvent was removed under vacuum. The crude product was

distilled at 0.1 torr and 100-120 ◦C to give a colorless liquid.

1H NMR (270 MHz, CDCl3, TMS): δ = 6.80 (s, 4H), 3.74 (d, J = 5.7 Hz, 2H), 3.73

(s, 3H), 1.66 (m, 1H), 1.52-1.21 (m, 8H), 0.90-0.82 (m, 6H) ppm.

13C NMR (270 MHz, CDCl3, TMS): δ = 153.86, 115.68, 114.82, 71.47, 55.95, 39.71,

30.77, 29.34, 24.11, 23.30, 14.29, 11.32 ppm.

The bromomethylation of 1-(2-ethylhexyloxy)-4-methoxybenzene was conducted af-

ter a method described by Neef et al..127 1-(2-Ethylhexyloxy)-4-methoxybenzene

(5 g, 21 mmol) and paraformaldehyde (3 g, 100 mmol) were dissolved in 10 mL
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acetic acid and 10 mL hydro bromic acid in acetic acid (33 wt%, 43 mmol) in a

50 mL-�ask in ambient atmosphere under continuous stirring. The reaction solution

was heated to 70 ◦C for 4 h under nitrogen atmosphere. After cooling down to

room temperature, the reaction solution was diluted with chloroform (15 mL) and

washed carefully with water and saturated aqueous NaHCO3 solution (50 mL each).

The chloroform phase was dried over MgSO4 and subsequently the chloroform was

removed under reduced pressure. The pure product was obtained after recrystal-

lization from hexane as nearly colorless powder.

1H NMR (270 MHz, CDCl3, TMS): δ = 6.86 (s, 4H), 4.52 (s, 4H), 3.87 (s, 5H),

1.8-0.8 (m, 15H) ppm.

13C NMR (270 MHz, CDCl3, TMS): δ = 151.11, 151.05, 127.55, 127.41, 114.37,

113.84, 71.01, 56.32, 39.68, 30.71, 29.19, 28.76, 28.71, 24.10, 23.13, 14.18, 11.33 ppm.

Synthesis of 'Monomer Acid' ((2,5 - bis(bromomethyl) - 4 -

methoxyphenoxy) acetic acid) 4

Similar to the synthesis of the monomer 1, a carboxylated monomer was synthe-

sized in a two-step protocol. First, (4-methoxyphenoxy)acetic acid was synthesized

according to a procedure described in the literature.128 In a 500 mL-�ask under

ambient atmosphere, methyl chloroacetate (99 %, 17.3 g, 0.16 mmol) was dissolved

in an 8 wt% aqueous sodium hydroxide solution (175 mL) and added to a stirred

solution of 4-methoxyphenol (10 g, 81 mmol) in 5 wt% aqueous sodium hydroxide

solution (67 mL). The reaction mixture was heated to 80 ◦C for 9 h and afterwards

to 65 ◦C for 14 h. After cooling down to room temperature the solution was acidi�ed

with HCl (1M, to pH = 5.2), and extracted with Et2O (2×150 mL). The organic

phase was dried over MgSO4, �ltered and the solvent was removed under reduced
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pressure to give the crude product. Recrystallization from heptane yielded colorless

plate like crystals of (4-methoxyphenoxy)acetic acid.

In the second synthesis step, the (4-methoxyphenoxy)acetic acid was bromomethy-

lated.129 Under nitrogen atmosphere in a 250 mL-�ask, (4-methoxyphenoxy)acetic

acid (4 g, 22 mmol) and paraformaldehyde (1.4 g, 16 mmol) were dissolved in 40 mL

acetic acid and 10 mL hydrobromic acid in acetic acid (33 wt%, 43 mmol). The

reaction solution was heated to 65 ◦C for 6.5 h. Afterwards 82 mL of water was

added and the colorless precipitate was �ltered o� and washed with water until the

�ltrate had a pH value around 6. The colorless powder was dried under reduced

pressure and yielded clean (2,5-bis(bromomethyl)-4-methoxyphenoxy) acetic acid 4.

1H NMR (270 MHz, DMSO - d6): δ = 7.13 (s, 1H), 7.09 (s, 1H), 4.71 (s, 2H), 4.68

(s, 2H), 4.58 (s, 2H), 3.81 (s, 3H) ppm.

13C NMR (270 MHz, DMSO - d6): δ = 170.63, 152.03, 150.06, 128.38, 127.53, 116.14,

114.61, 66.27, 56.68, 30.07 ppm.

Fabrication of Mesoporous Titania Films

Mesoporous Titania - 10 nm Pore Size

Mesoporous titania with an average pore size of 10 nm was synthesized according

to the 'brick and mortar' procedure developed in our group.130

Titanium dioxide nanoparticles were prepared using a modi�ed procedure devel-

oped by Niederberger et al..131 Titanium tetrachloride (99.9 %, 1.5 mL, 13.7 mmol)

was dissolved in anhydrous toluene (10 mL) and added to benzyl alcohol (30 mL,

291 mmol)in a 100 mL NalgeneTMpolycarbonate autoclave under continuous stir-

ring. The solution was kept at 60 ◦C for 20 h without stirring and was then cooled

down to room temperature. The resulting particles were separated by centrifuga-
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tion at 50000 rcf for 30 min and used without further treatment. The centrifuged

particles (without being subjected to washing procedures) contain about 45 wt% of

benzyl alcohol according to thermogravimetric analysis; this was taken into account

for the adjustment of the TiO2-content. To obtain a coating solution with 70 wt%

TiO2 nanoparticles and 30 wt% sol-gel titania precursors (based on the total Ti-

content in the �nal solution), a solution of Pluronic F127 (0.3 g, 0.02 mmol) in THF

(4 mL) was added to centrifuged, unwashed particles (0.4 g, 2.2 mmol of TiO2),

ultrasonicated and stirred overnight until the particles were homogeneously redis-

persed. Subsequently, 0.4 mL (corresponding to 1.1 mmol TiO2) of a prehydrolyzed

sol-gel solution and 2.8 mL THF was added (sol-gel solution, see below), and the

mixture was stirred for several minutes. The �nal solutions were transparent or

translucent, being of a yellow to orange color. The sol-gel solution was prepared

by adding hydrochloric acid (37 %, 5.1 mL, 62.1 mmol) to tetraethyl orthotitanate

(7.2 mL, 34.3 mmol) under continuous stirring for about 10 min at room temper-

ature in a 25 mL glass �ask. The �lms (around 380 nm thick) were prepared on

FTO-coated glass (TEC-7 from Pilkington) by spin-coating (50�80 µL per 1 cm2

substrate area) at 2000 rpm and calcined at 450 ◦C (0.9 ◦C min−1) for 30 min.

Mesoporous Titania - 20 nm Pore Size

To synthesize mesoporous titania �lms with di�erent thicknesses the DSL 18 NR-

T paste from dyesol was diluted with di�erent amounts of ethanol. For a �nal

thickness of around 1 µm 0.25 g paste was diluted with 0.50 mL ethanol. Thinner

�lms with around 450 nm thickness were produced from a dilution of 0.25 g paste

with 0.80 mL ethanol. The diluted paste was ultrasonicated for 2 h to ensure a

colloidal mixing. The ethanol solution was spin-coated on di�erent substrates (e.g.

silicon, glass, �uorine-doped tin oxide) at 2000 rpm. All substrates were treated with
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oxygen plasma for 5 min beforehand. The resulting �lms were calcined at 450 ◦C

for 30 min with a heating rate of 0.9 ◦C min−1.

Functionalization of Titania Films

The surface of mesoporous titania �lms was functionalized by immersing the titania

�lms (3 substrates with 1.5×1.5 cm2 �lm area each) in a 25 mM (16 mL) solution

of the according linker molecule in dry acetone. The �lms were cleaned in oxygen

plasma for 10 min beforehand. The solution was re�uxed at 70 ◦C for 3 h before

the �lms were removed and rinsed with acetone and stored in the dark.

In-situ Polymerization of MEH-PPV

72 mg of monomer (0.17 mmol) was solved in dry THF (17 mL) and stirred under N2

atmosphere in a 25 mL schlenk tube to get a 10 mM solution. The titania �lms (3

substrates with 1.5×1.5 cm2 �lm area each) were immersed in the solution without

touching the walls of the vessel or disturbing the stirring bar. The reaction vessel

was cooled down to −80 ◦C under continuous stirring and a suspension of 114 mg

of potassium tert-butoxide in THF (2 mL) was added slowly through a septum.

The cooling bath was removed after 30 min and the reaction vessel was allowed to

warm to room temperature. After 3 h stirring at room temperature, the �lms were

removed and rinsed with dry THF and methanol. Not-attached MEH-PPV was

washed o� with chlorobenzene and the �lms were subsequently dried under vacuum

for 1 h and kept in the dark.

Solar cell Assembly

For photovoltaic measurements the mesoporous titania �lms were prepared on FTO

substrates coated with a dense titania layer. The dense titania blocking layer was
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prepared by spin coating 50 µL of a sol-gel solution at 4000 rpm on a patterned

FTO substrate (2×1.5 cm2). The titania sol-gel solution was produced by adding

0.75 mL (9 mmol) of concentrated hydrochloric acid to 1.05 mL (5 mmol) tetraethyl

orthotitanate (TEOT), and was further diluted with 15 mL THF. After calcination

at 450 ◦C for 30 min (0.9 ◦C min−1), mesoporous titania �lms (20 nm pore size,

450 nm thick) were applied as mentioned above.

After functionalization and in-situ polymerization as described above, a cover layer

of MEH-PPV had to be applied to prevent contacting of the titania with the top

electrode and thus prevent short-circuited devices. For this purpose, a solution of

MEH-PPV (3 mg mL−1, 150-250 kDa) in chlorobenzene was left soaking for 60 sec-

onds on the mesoporous �lms (65 µL/2.25 cm2) and afterwards the �lms were spin

coated at 1000 rpm for 60 sec.

After drying the �lms for 15 min at 120 ◦C under reduced pressure (2×10−2 mbar),

a PEDOT:PSS layer was applied. A diluted PEDOT:PSS solution (2.5/1 = iso-

propanol/aqueous PEDOT:PSS) was left for 60 sec on the substrates and then spin

coated at 1000 rpm for 60 sec. The �lms were again dried for 15 min at 110 ◦C

under reduced pressure (2×10−2 mbar).

100 nm thick silver electrodes were evaporated through a mask to yield an active

area of 0.11 cm2 for the �nal devices.

3.4 Results and Discussion

Our approach of a guided in-situ polymerization of MEH-PPV into mesoporous

titania �lms was accomplished by grafting di�erent functional molecules onto the

surface of the titanium dioxide. The functionalization was intended to enable a

targeted polymerization from the titania surface by participating in the process as

starting point of a growing polymer chain or as reaction partner of oligomers al-
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ready formed in solution.132 The selection of functional molecules was based on

the polymerization mechanism of the applied Gilch route, which is schematically

depicted in �gure3.1A.133 This approach is viewed as particularly interesting be-

cause it allows control of the polymer chain growth by tuning the reaction tempera-

ture. It is generally accepted that the active monomer for chain growth is α-halo-p-

quinodimethane, which results from an E2 elimination reaction of the monomer with

the non-nucleophilic base potassium tert-butoxide.122,134 Accordingly, the grafted

functional molecules mimic either the monomer structure ('monomer acid', molecule

4) or a part of the already activated monomer 2(such as acrylic acid, molecule 3)

(see �gure 3.1A). Benzoic acid 5 was used as a reference molecule that cannot par-

ticipate in the polymerization process and therefore cannot interfere with the chain

growth of the MEH-PPV on the titania surface.

The successful functionalization of the mesoporous titania �lms was veri�ed via

Re�ection-Absorption IR (RAIR) spectroscopy, as shown in �gure 3.2. The strongest

absorption at around 835 cm−1 corresponds to the inorganic Ti-O network.

Signals indicating aromatic moieties of the grafted molecules arise in the range from

1500 to 1600 cm−1. The vibrational modes of the carboxyl groups can be seen in the

spectra of the functionalized �lms at around 1200, 1400 and 1725 cm−1. Especially

in the RAIR-spectrum of the sample grafted with 'monomer acid' 4 there are also

peaks visible for C-H vibrations of the O-CH3 and CH2 groups around and below

3000 cm−1.

The in-situ polymerization of MEH-PPV within the mesoporous titania �lms was

performed by immersing the samples vertically in a solution of 1,4-bis(bromomethyl)-

2-(2-ethylhexyloxy)-5-methoxybenzene, the monomer 1, in tetrahydrofuran (THF).

The reaction vessel was cooled down to −80 ◦C and then the base KOtBu is added.

At this low temperature the monomer is fully converted into the activated form α-
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Figure 3.1: A Top: Reaction scheme of the polymerization via the activated monomer
2, a p-quinodimethane. R = CH3, R' = 2-Ethyl(hexyl). Bottom: Selected molecules
used for the functionalization of the titania surface. Carboxylic acid moieties acting
as titania-speci�c anchor groups are depicted in red. B: Illustration of the timeline of
the thermally induced polymerization process.

bromo-p-quinodimethane 2 (see �gure 3.1A).122 This activated monomer can then

react to a diradical induced by increasing the temperature, which is the starting

point of the chain growth via a radical polymerization.135

The progress of the polymerization reaction can be easily followed by the red shift-

ing and increasing optical absorption of the reaction mixture, illustrated in �gure

3.1B. At the starting temperature of −80 ◦C, the solution of the monomer and the

reactants is clear and colorless. Once the thermally-induced polymerization sets o�,

the increasing chain length of the resulting MEH-PPV induces a bathochromic shift

of the absorption and the color of the reaction mixture changes gradually from light
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Figure 3.2: A, re�ection-absorption IR spectra of a non-functionalized titania �lm
and �lms grafted with di�erent carboxylic acids 3, 4 and 5. All spectra are normalized
to the Ti-O signal around 835 cm−1. Signals marked with an asterisk correspond to
the thin layer of SiO2 of the silicon substrates underneath the titania �lms. B, zoomed
in spectra from A to display the signals corresponding to the grafted molecules.

yellow to dark orange (see �gure 3.1B).135

The pronounced e�ect of the surface functionalization on the amount of included

MEH-PPV is already clearly visible by eye (see �gure 3.3A). Films that were grafted

with acrylic acid before the in-situ polymerization are intensively orange in contrast

to non-functionalized �lms which show only very light orange coloring. The func-

tionalized and polymerized samples are homogeneously colored which is remarkable,

considering the relatively thick porous titania layer of over 1.5 µm. In �gure 3.3B

the corresponding UV-Vis spectra of titania �lms with a pore size of 20 nm, typ-

ically used in dye-sensitized solar cells, are compared. The grafting of the titania

surface with acrylic acid 3 or 'monomer acid' 4 enhances the absorbance at 490 nm

by a factor of 3.3 and 5.7 compared to non-functionalized and in-situ polymerized

samples, respectively.

One major question related to polymer chains grown from a surface is the in�uence

of the con�nement e�ects imposed by the substrate.62 Therefore, in addition to the

mesoporous titania �lms with a relatively large pore diameter of 20 nm we investi-

gated the grafting and in-situ polymerization method also with titania �lms with a
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Figure 3.3: E�ect of functionalization on in-situ polymerization:A, Picture of meso-
porous TiO2 �lms (20 nm pore diameter) before polymerization (1; �lm thickness
1.5 µm) and after in-situ polymerization: non-functionalized and in-situ polymer-
ized �lm (2, 1.5 µm thickness), acrylic acid functionalized and in-situ polymerized
�lms with the thickness of 1.5 (3) and 2 µm (4). All �lms are deposited on FTO -
substrates. B, Absorbance spectra of in-situ polymerized titania �lms with di�erent
functionalization. The spectra are normalized to the �lm thickness.

smaller pore diameter of only 10 nm. Even with these small pores the absorbance af-

ter in-situ polymerization of the functionalized titania surfaces is strongly enhanced

compared to non-functionalized samples (see �gure 3.4A).

To prove that the polymerization was indeed guided by the grafted molecules ac-

tively participating in the polymer chain growth, and not by other surface e�ects,

we conducted two reference experiments. On the one hand, benzoic acid 5 was

grafted onto the titania surface to change the polarity of the titania towards a more

hydrophobic character without providing a polymerizable moiety.

On the other hand, to ensure that the surface properties of titania were not a�ected

by other conditions of the grafting process, such as prolonged re�uxing, and thus

promoted the in-situ polymerization in some way, titania �lms were re�uxed in plain

acetone without any linker molecule ('No Linker'). After the in-situ polymerization

both samples - benzoic acid and 'No Linker' - show only a low absorbance around

500 nm that is strikingly smaller compared to the acrylic acid grafting (cp. �gure

3.4A).
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Another di�erence between the benzoic acid and the acrylic acid grafting is the

strength of interaction of the MEH-PPV with the titania �lms, which was tested

by thoroughly washing the in-situ polymerized samples with chlorobenzene. After

this washing step, samples functionalized with acrylic acid show a three times less

reduced absorbance, and therefore less reduced amount of MEH-PPV, than benzoic

acid grafted samples, as shown in �gure 3.4B. This indicates that in contrast to the

benzoic acid grafted titania, most of the grown polymer chains in the acrylic acid

functionalized �lms are covalently attached to the titania surface and/or remain

inside the porous network and cannot be washed o�. As expected, the change of

the hydrophilic titania surface towards a hydrophobic surface - covered with benzyl

groups - did not support the incorporation of the polymer.

Figure 3.4: UV-Vis spectra of in-situ polymerized 'brick and mortar' titania �lms
(10 nm pore diameter). A, comparison of di�erent linker molecules ('acrylic acid',
'benzoic acid') and treatments ('no linker' - re�ux in acetone) after in-situ polymeriza-
tion with non-treated titania ('titania'). B, comparison of the impact of rinsing in-situ
polymerized samples in chlorobenzene ('washed').

Further information about the quality of the synthesized polymer, in the form of

the HOMO-LUMO level energy gap Eg, can be extracted from the Tauc plots76 of

corresponding UV-Vis data (see table 3.1 and �gure 3.5). The value of the optical

band gap Eg correlates with the conjugation length of the polymer. The latter relies

on the overlap of the π-orbitals of the aromatic bonds, which in turn requires the
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phenyl rings and the vinyl bonds, i.e. the polymer backbone, to be coplanar.136 The

size of the energy gap Eg decreases with increasing conjugation length and saturates

already at 20 monomer repeat units.137,138

Figure 3.5: Tauc plots of mesoporous titania �lms with di�erent pore sizes and
without functionalization and in-situ polymerization (A) and with acrylic acid grafting
and in-situ polymerization (B), respectively.

Many examples in the literature state that polymers synthesized in a con�ned space

have a limited chain length and more defects compared to solution synthesized poly-

mers, and therefore show a reduced conjugation length.62,64,118,139,140 We made a

similar observation for our systems. UV-Vis measurements reveal that the commer-

cially available MEH-PPV (40�70 kDa) and MEH-PPV synthesized in solution via

the Gilch-route exhibit a narrower optical band gap compared to the MEH-PPV

synthesized inside the porous host (c.f. table 3.1). Moreover, in a size exclusion

chromatography measurement the size of the MEH-PPV synthesized via the Gilch-

route was compared with the commercial sample of 40�70 kDa and showed an only

slightly decreased chain length (�gure 3.6).

Juxtaposing the Eg values of MEH-PPV synthesized in titania with di�erent pore di-

ameters in table 3.1 gives a clear indication that the conjugation length is diminished

for the smaller pore size. This seems to be counteracted by the functionalization

of the titania surface with active molecules. This way the Eg value for acrylic acid
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Figure 3.6: Elution diagram comparing a commercial MEH-PPV with the bulk poly-
mer obtained in solution at the in-situ polymerization. The detector signal is taken
from the UV-Vis detector at 235 nm. The synthesized bulk polymer has a comparable
but slightly decreased chain length compared to the 40�70kDa sample.

functionalized �lms in the 10 nm pore system is similar to the value of MEH-PPV in

non-functionalized 20 nm pore size titania. It appears that the functionalization in

the smaller pores facilitates the polymerization and neutralizes limiting factors for

the resulting conjugation length. Such a limitation does not seem to be substantial

in the 20 nm pore size system, because the obtained Eg values are independent of

the titania surface treatment (table 3.1).

Although the optical band gap of the synthesized MEH-PPV is not a�ected by the

functionalization in the bigger pore system, the UV-Vis data show (c.f. �gure 3.3

and 3.4) that the amount of polymer that is incorporated increases signi�cantly, re-

gardless of the titania pore size. The surface functionalization with active molecules

such as acrylic acid 3 and 'monomer acid' 4 seems to overcome the di�usion lim-

itation and possibly enhances the chain growth inside the titania �lms. The total

amount of conjugated photoactive polymer incorporated into the porous voids of

the metal oxide semiconductor network is of special importance for hybrid bulk het-

erojunction devices.141
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Table 3.1: Eg values of di�erent functionalization and pore sizes extracted from Tauc
Plots. For comparison the energy values of commercial and in-situ synthesized bulk
polymer are also listed.

pore diameter

in nm
grafting procedure

band gap Eg [eV]
of in-situ grown

MEH-PPV

20 nm

no Linker 2.24

acrylic acid 3 2.23

'monomer acid' 4 2.26

10 nm

no Linker 2.38

benzoic acid 5 2.43

acrylic acid 3 2.24

bulk in-situ synthesized MEH-PPV 2.10

commercial MEH-PPV (40�70 kDa) 2.15

In hybrid solar cells based on titania and a conjugated polymer, excitons are created

in the polymer phase upon photoexcitation and quenched at the titania interface

after their di�usion towards the polymer/titania heterojunction.142 A high interfa-

cial area between the two phases is essential for a good charge transfer between the

conjugated polymer and the titania �lm. This can be achieved through a high de-

gree of pore �lling of the nanostructured metal oxide with the conjugated polymer.

Abrusci et al. showed that an optimum for an e�cient polymer-based hybrid solar

cell is reached at about 25 % pore �lling.143 For example, in the case of 'monomer

acid' 4 functionalized �lms (20 nm pores) the absorption due to MEH-PPV obtained

by in-situ polymerization inside the pores (�gure 3.3B) is equivalent to a 125 nm

thick dense �lm, assuming an extinction coe�cient of around 1.5·105 cm−1.144 The

�lm thickness measured by a pro�lometer was not increased after the polymeriza-

tion, which implies that the synthesized polymer is located fully inside the pores,

rather than being formed on the top of the titania network. This corresponds to a

theoretical pore �lling of around 25 % assuming a porosity of 50 % for the meso-
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porous �lms prepared from titania paste.145 This conclusion is further supported by

AFM measurements of titania �lms before and after grafting ('monomer acid' 4)and

subsequent in-situ polymerization as shown in �gure 3.7. The surface of the bare

titania �lm features sharp edges and crystal faces of the crystalline anatase particles

(c.f. �gure 3.7A). In contrast, the surface morphology of a MEH-PPV loaded �lm

displays rounded smoothed features as shown in �gure 3.7B. This implies that the

polymer completely covers the accessible surface of the anatase particles. The AFM

image also shows that there is no closed polymer �lm on the surface and that the

textural porosity is sustained.

Figure 3.7: AFM measurements of di�erently treated titania �lms (20 nm pores,
20 nm anatase particles) in tapping mode. A, bare calcined titania. B, titania �lm
after 'monomer acid' functionalization and subsequent in-situ polymerization.

To get better insights regarding the coverage of the titania surface with in-situ

synthesized polymer, TEM measurements of removed �lm material were performed.

In the TEM micrographs in �gure 3.8B1�3, the 20 nm anatase particles can be seen

embedded in a layer of MEH-PPV. The accessible surface of the anatase particles

seems to be fully covered with polymer, as shown in the AFM images in �gure

3.7B. In contrast, the TEM micrographs of bare, calcined titania �lms show the

crystalline titania particles without any organic layer (see �gure 3.8A1�3). The

contrast of the inorganic oxide particles is clearer and the lattice fringes of anatase
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are more prominent.

Figure 3.8: TEM micrograph of removed titania �lms of 1 µm thickness. A1�A3,
titania �lms after calcination. B1�B3, titania �lms grafted with acrylic acid and after
in-situ polymerization.

As already mentioned above, conjugated polymers synthesized in a con�ned space

are likely to show a diminished conjugation length and a higher defect density com-

pared to samples synthesized in solution, which may result in reduced charge mo-

bility.146 In this context, in-situ polymerized MEH-PPV inside porous titania �lms

with 20 nm pores was further studied for applications in photovoltaic devices, as

shown in �gure 3.9.

Here, we can clearly observe three di�erent regimes for the 3 studied systems. The

performance of devices based on non-functionalized TiO2 samples is clearly limited

by shunting, as evidenced by the very low open circuit voltage. This could very

likely be the result of incomplete surface coverage of MEH-PPV on the TiO2 sur-

face. This would result in a direct contact between the evaporated gold cathode and
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the exposed TiO2 surface, which would result in a shorting path.147

Devices based on 'monomer acid' 4 functionalized and in-situ polymerized titania

�lms, while showing the highest open circuit voltages, are clearly limited by series re-

sistance losses.148 These devices also exhibit the lowest short circuit currents, which

is counter intuitive if we consider that these �lms show the highest light capture of

the set. In contrast, the series resistance losses for devices based on acrylic acid 3

functionalized titania �lms are much lower than their 'monomer acid' 4counterparts,

and also resulted in the highest photovoltaic performance of the set.

Figure 3.9: J-V curves under AM 1.5 sunlight illumination of devices with function-
alized and in-situ polymerized titania �lms. The inset shows schematically the device
layout with the di�erent layers.

To understand these di�erences, we consider the in�uence of the molecular structure

of the surface-linker on the growth of the polymer chains, which is schematically

depicted in �gure 3.10. We hypothesize that polymer growth seeded by the acrylic

acid group results in polymer chains protruding more or less perpendicularly to the

titania surface due to the geometry of the molecule, as depicted in �gure 3.10A. In
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the case of ,monomer acid' 4 sensitized titania, there exist two nucleation points

for the polymer growth on the side of the molecule. Here, we hypothesize that this

results in polymer chain growth preferentially lying parallel to the surface of titania

as shown in �gure 3.10B.

Figure 3.10: Schematic picture of di�erent possible polymer chain orientations de-
pending on the anchor molecule. For clarity only the polymer backbone is shown (with-
out the 2-methoxy- and 5-(2'-ethyl-hexyloxy)- groups and hydrogen atoms): polymer
chains (hexamers) anchored via A acrylic acid and B 'monomer acid'. Color code:
Carbon = black spheres, Oxygen = red spheres, Titanium = silver spheres, Excitons
= red and blue double circle. A, excitons can travel along the conjugated polymer
backbone towards the titania surface. B, to reach the titania surface excitons must
travel by hopping between polymer chains.
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Therefore, it is likely that the reduction in series resistance in acrylic acid 3 devices

is the result of the grown polymer chains directing photogenerated charges towards

the titania surface via the more favorable transport along the conjugated polymer

backbone.149,150 For polymer chains not lying directly on the TiO2 surface in the case

of the 'monomer acid' 4 functionalized devices, photogenerated charges would have

to hop across di�erent polymer chains to reach the titania surface, resulting in much

slower charge transport and higher recombination rates,151 and therefore explaining

both the higher series resistance and the lower short circuit currents. The surprising

results with the di�erent linker molecules show that for an e�cient photovoltaic

device high light absorbance is not su�cient, and that the titania-polymer interface

is crucial for charge separation and transport.

3.5 Conclusion

We have demonstrated the direct synthetic incorporation of MEH-PPV into meso-

porous titanium dioxide �lms with more than a micron thickness. As the synthesis

route we chose the Gilch-route because it is an inexpensive, non-toxic polymerization

initiated with an alkoxide base and by increasing the temperature.122 The MEH-

PPV polymerization within the titania structure was directed at reactive sites on the

titania surface introduced via either acrylic acid or a 'monomer acid' functionaliza-

tion. The surface functionalization turned out to be essential for the incorporation

of a large amount of the MEH-PPV into the titanium dioxide pores; it enhanced

the amount of incorporated polymer up to nearly 6 times. Additionally, in case

of a smaller pore system (10 nm) the conjugation length - manifested in the Eg

values - of the in-situ synthesized MEH-PPV could be enhanced compared to non-

functionalized samples. The performance of hybrid systems made with these two

di�erent anchor molecules in photovoltaic devices suggests that the orientation of
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the polymer chains with respect to the titania surface is essential for e�cient power

generation. This shows that it is not only important to �ll the porous host with a

maximum amount of polymer, but that it is also important to tailor the nature of

the linkage between the polymer and the titania which has a high impact on the

electronic properties. On the one hand, the successful incorporation of a conjugated

polymer into a porous metal oxide sca�old is therefore dependent on the function-

alization of the surface with active linker molecules. On the other hand this alone

is not su�cient to exploit the full electronic potential of the conjugated polymer in

the resulting hybrid composite. Apparently, the surface anchoring geometry via the

linker molecules is also very important, where a near-perpendicular orientation of

the polymer chains with respect to the oxide surface seems to be advantageous. We

anticipate that these insights into the electronic interactions between MEH-PPV

and titania sca�olds depending on the polymer anchoring will help to develop new

synthesis methods for more e�cient hybrid materials.
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Chapter 4

A Highly-Ordered 3D Covalent

Fullerene Framework

This chapter is based on the following manuscript of the article:

"A Highly-Ordered 3D Covalent Fullerene Framework"

Norma K. Minar, Kun Hou, Christian Westermeier, Markus Döblinger, Jörg Schus-

ter, Fabian Hanusch, Bert Nickel, Geo�rey A. Ozin, Thomas Bein,

submitted to Angewandte Chemie, November 2014.
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Abstract 4.2

4.1 Abstract

A highly-ordered 3D covalent fullerene framework is presented with a structure

based on octahedrally functionalized fullerene building-blocks in which every single

fullerene is separated from the next by six functional groups. The fullerene building-

blocks co-assemble with a liquid-crystalline block co-polymer to produce a covalent

fullerene framework with orthorhombic Fmmm symmetry and 7.5 nm pores, con-

�rmed by gas-adsorption, NMR spectroscopy, small-angle X-ray scattering (SAXS)

and transmission electron microscopy (TEM).

4.2 Introduction

An entirely new branch of chemistry opened up after the discovery of the fasci-

nating family of fullerenes in 1985 and the access to C60 on a preparative scale

in 1990.152,153 The structural uniqueness of the C60 molecule sparked the interest

of materials scientists to use it as a building block for novel materials with in-

triguing properties.154 Versatile two-dimensional and three-dimensional exohedral

modi�cation options (i.e. a modi�cation outside the spherical molecule) stem from

the multifunctionality of the fullerenes, thus making them attractive precursors for

macromolecular and supramolecular chemistry.154,155 Fullerene polymers are being

developed to integrate the intriguing properties of C60 molecules with the good pro-

cessability and excellent mechanical stability of polymers.156

The most straight-forward approach to obtain a polymer using solely C60 molecules

is photopolymerization. The resulting fullerene polymer is non-soluble, stable and

highly cross-linked, but it is disordered and no control over the resulting struc-

ture is possible.157 More sophisticated strategies polymerize the C60 or functional-

ized fullerene derivates with the addition of auxiliary monomers to incorporate the

72



4.2 A Highly-Ordered 3D Covalent Fullerene Framework

fullerene core into a polymer chain.158,159 By using this method, however, only a

few weight percent of fullerene functionalities can be introduced into the polymer

chain.160 In a di�erent approach a star-block polymer with C60 core was designed

to self-assemble into di�erent thin �lm structures ranging from lamellar to gyroidal,

but without any intermolecular connection.161 Other researchers have cross-linked

a surfactant-like fullerene derivative that resulted in a 2D structure.162 An alterna-

tive approach with metal-coordinated connections in between the fullerene derivates

produced 2D-layered structures with very small pores.163

Despite the synthetic e�ort in the �eld of fullerene polymers and other fullerene

based materials, to our knowledge no examples exist of covalently cross-linked fullerene

materials with three-dimensional order and stable high porosity. The introduction

of ordered porosity is expected to create additional desirable features such as high

surface area and molecular discrimination that would be bene�cial for catalytic ap-

plications or electronic interactions of the fullerene pore wall material with molecular

guests.164

Here we demonstrate the �rst example of a stable covalent fullerene framework

exhibiting a highly-periodic 3D pore system with around 7.5 nm pore diameter.

This high porosity was achieved by developing an evaporation induced self-assembly

strategy of a fullerene precursor templated by a liquid-crystalline block co-polymer

inducing high periodicity and porosity. In this context, fullerene molecules can be

modi�ed at many points on their surface, potentially resulting in a multitude of

adducts with di�erent symmetries and a varying number of functionalities. This

would lead to a complicated co-assembly behavior between the precursor and tem-

plate, and likely to produce limited order in the �nal product.

Here, we surmised that a C60 hexakis-derivative with Th symmetry would be bene-

�cial for the construction of a well-de�ned highly-ordered three-dimensional porous
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framework. The resulting covalent fullerene framework could show extraordinary

thermal stability and interesting electrical properties.

4.3 Experimental

Chemicals

Fullerene (C60) was purchased from Bucky USA (99.5 % grade). 9,10 - Dimethyl-

anthracene (DMA, >98 %) was obtained from Tokyo Chemical Industry. Platinum-

divinyltetramethyldisiloxane complex (Karstedt catalyst, 3-3.5 % Pt in vinyl termi-

nated polydimethylsiloxane) was acquired from abcr GmbH& Co.KG. All other

chemicals and solvents were purchased from Sigma-Aldrich and used without

further puri�cation.

Methods

Small angle X-ray di�raction measurements were performed on a Bruker D8 Dis-

cover with Ni-�ltered CuKα radiation (0.154 nm) and a position-sensitive detec-

tor (LynxEye). TEM images were acquired with a fei Titan 80�300 microscope

equipped with a �eld emission gun operated at 300 kV. The fullerene framework

material was removed from the glass substrate and deposited on a carbon-coated

copper grid for imaging. The SEM images were recorded with a Jeol 6500F �eld

emission scanning electron microscope at 3 to 5 kV. Nitrogen sorption isotherms were

measured with a Quantachrome Nova 4000e instrument at −196 ◦C. Prior to the

measurements, all samples were degassed at 120 ◦C for 5 h. Brunauer Emmett Teller

(BET) surface areas were calculated from the linear section of the BET plot (p/p0

= 0.05�0.2). The pore-size distribution and pore volume were determined using a

quenched solid state density functional theory (QSDFT) method (DFT kernel used:
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N2 at −196 ◦C on carbon, cylindrical and spherical pores for the adsorption branch).

For liquid NMR characterization of the observed signal multiplicities the following

abbreviations were used: s (singlet), d (doublet), t (triplet) and m (multiplet).

29Si magic-angle spinning-(MAS) and 13C cross polarization(CP)-MAS-NMR spec-

tra were recorded on a Bruker Avance III 500 spectrometer (11.7 T, at 99.4 MHz

for 29Si and 125.8 MHz for 13C), using a sample spinning frequency of 10 kHz. The

UV-Vis absorption spectrum of the precursor solution and the fullerene framework

�lm coated on a quartz slide was recorded with a Hitachi U-3501 spectrometer

in transmission. The infrared measurements were carried out in transmission with

a Bruker-Equinox 55 spectrometer, with the precursor or removed �lm material

pressed into a pellet with potassium bromide. Thermogravimetric (TG) measure-

ments were performed in a stream of synthetic air or nitrogen (25 mL min−1) on a

Netzsch STA 440 C TG/DSC. The measurements were carried out with a heating

rate of 10 K min−1 and a temperature range from 30 ◦C to 900 ◦C. The capacitance

was measured with a N4L PSM 1700 PsimetriQ frequency response analyzer with

an LCR active head. For frequencies above 100 kHz a shunt resistor of 100 Ω was

chosen. The data were evaluated with the PSMcomm software, version 1.3.1.211.

Precursor Synthesis and Characterization

Diallyl Malonate 1

The diallyl malonate 1 was synthesized according literature.165 Malonic acid (1.0 g,

10 mmol), allyl alcohol (3.0 mL, 44 mmol) and p-toluenesulfonic acid (0.11 g,

0.64 mmol) were dissolved in 50 mL benzene. The water resulting from the esteri�-

cation reaction was removed azeotropically using a Dean-Stark apparatus. After 6 h

the apparatus was cooled down to ambient temperature. 50 mL diethyl ether was

added to the reaction solution and the organic phase was washed with aqueous satu-
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rated NaHCO3 (2×15 mL), brine (1×15 mL) and dried over NaSO4. After removing

the solvent under reduced pressure a yellow oil remained. This crude product was

puri�ed by �ash chromatography on a silica column (60Å, 0.035�0.070 mm) with

ethyl acetate/hexane (1:10), to obtain the pure product as light yellow oil (1.7 g,

92% yield).

Diallyl Malonate Siloxane 2

The diallyl malonate siloxane 2 was synthesized according literature.166 0.78 g of 1

(4.2 mmol) was dissolved in THF (5 mL) in nitrogen atmosphere. To this solution

triethoxysilane (2.3 mL, 12 mmol) and Karstedt catalyst (20 µL, 0.15�0.18 M) was

added. The mixture was stirred for 12 h at room temperature and in nitrogen at-

mosphere. Subsequently the solvent and the excess triethoxysilane were evaporated

under vacuum to give compound 2.

1H NMR (270 MHz, CDCl3, TMS): δ = 4.08 (t, J=8 Hz, 4H), 3.79 (t, J=8 Hz, 12H),

3.32 (s, 2H), 1.72 (m, J=8 Hz, 4H), 1.18 (t, J=5.4 Hz, 18H), 0.59 (t, J=8 Hz, 4H).

13C NMR (270 MHz, CDCl3, TMS): δ = 166.67(C=O), 67.53, 58.46, 41.60, 22.13,

18.30, 7.13.

MS (EI, positive ion, m/z) [M-OC2H5]+ calculated for C19H39O9Si2, 467.21 , found

467.3.

Hexaadduct C66(COOC3H6SiO3Et3)12 3

The synthesis of precursor 3 was carried out via a modi�ed route after Camps et

al..167 Fullerene C60 (0.20 g, 0.28 mmol) and 9,10 - dimethylanthracene (DMA,

0.572 g, 2.8 mmol) were solved in 120 mL toluene and stirred at room tempera-

ture under nitrogen and exclusion of light for 3 h. After the addition of tetrabro-

momethane (9.2 g, 28 mmol) and compound 2 (1.4 g, 2.8 mmol) the mixture was
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stirred for 1 h and then 1,8-Diazabicycloundec-7-ene (DBU, 0.83 mL, 5.5 mmol) was

added. The reaction solution was stirred at room temperature and under nitrogen

for 4 days. The precipitate of the reaction was separated by centrifugation. The pu-

ri�cation of 3 was achieved by �ash chromatography on a silica column (60A, 0.035-

0.070 mm) using �rst anhydrous dichloromethane and then dichloromethane/ethanol

(20:1) followed by dichloromethane/ethanol (10:1) as the eluent solutions. The C60

silane precursor 3 was obtained as a red solid at a yield of 40% (80 mg). Compound

3 was stored in dry dichloromethane solution under argon for further use. The

molecular structure of 3 was determined by combining 13C, 29Si NMR and IR data.

Unambiguous evidence for the formation of the precursor compound 3 was provided

by 13C NMR spectroscopy (�gure 4.2). The only two resonances observed for the

fullerene core located at 145.84 and 141.12 ppm indicate a Th-symmetric addition

pattern surrounding the fullerene core.168,169 A signal for the bridgehead C atom (δ

=45.3 ppm), a signal for the carbonyl group (δ = 163.7 ppm), and three signals for

the (CH2)3 linker (δ =6.38, 22.06, 68.89 ppm) were also observed (�gure 4.2).

1H NMR (270 MHz, CDCl3, TMS): δ = 4.19 (t, COOCH2CH2CH2, 24H), 3.77 (m,

OCH2CH3, 72H), 1.79 (m, CH2CH2CH2, 24H), 1.18 (t, OCH2CH3, 108H), 0.61(m,

CH2CH2CH2Si, 24H).

13C NMR (270 MHz, CDCl3, TMS): δ =163.71 (C=O), 145.84, 141.12 (C60, sp
2),

68.89 (C60, sp
3), 68.78 (COOCH2CH2CH2,) 58.80 (OCH2CH3), 45.27 (O=CCC=O),

22.06 (CH2CH2CH2Si), 18.43 (OCH2CH3), 6.38 (CH2CH2CH2Si).

29Si NMR (270 MHz, CDCl3, TMS): δ = -45.77.

IR (KBr): ν(cm-1) = 2975, 2926, 2890 (νC−H), 1748 (νC=O), 1444, 1391, 1230

(νC−O−C), 1103, 1078 (νSi−O−C), 954 (νasymSi−O−C), 784.
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C60-Framework Synthesis

In a typical synthesis, 12 mg of Pluronic R© F127 (0.95 µmol) was dissolved in 200 µl

of ethanol followed by addition of 6 µL of 0.2 M HCl to form a surfactant solution.

To this solution, 18.9 mg of precursor 3 C60R6 (5 µmol) in 200 µl ethanol solution

was added and the mixture was stirred at room temperature for 3 h. The aged

solution was used to spin-coat glass and ITO substrates at various speeds from 500

to 1000 rpm. This way, brown, homogeneous and smooth �lms were obtained. Bulk

thick �lms were obtained by casting the coating solution into a petri dish and aging

in ambient air for 5 days. To remove the surfactant, the cast �lms were solvent

extracted four times with ethanol at 70◦C. For each cycle of extraction, the material

was left in EtOH for 10 h. Before solvent extraction, the material was thermally

treated at 100 ◦C in air for 18 h to stabilize the framework before template removal.

Bulk material was extracted in the same way, but the material was removed from

the glass substrates beforehand.
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4.4 Results and Discussion

4.4.1 From Molecular Fullerene to 3D Covalent Fullerene

Framework

The building block for the fullerene framework � a hexakis-functionalized fullerene

� was synthesized by applying the template-directed activation method developed

by Hirsch et al.167 (see �gure 4.1). We successfully synthesized and puri�ed the

resulting hexakis-adduct with a Th - symmetrical octahedral addition pattern. The

13C-NMR spectrum of the product proves this high symmetry and purity of the

precursor (see �gure 4.2).

Figure 4.1: Synthesis of the hexakis-functionalized fullerene by DMA-templating and
further cyclopropanation with silane malonates.

Thin �lms of the fullerene framework were produced in an EISA process by spin

coating an ethanol solution of the hexakis-functionalized fullerene and a block co-

polymer as template onto di�erent substrates, such as glass or transparent conduc-

tive oxides. The so formed �lms proved to have a highly ordered mesostructure as

demonstrated by means of small angle X-ray di�raction, as shown in �gure 4.3.

For the as-synthesized �lm, a narrow re�ection with a full width at half maximum

(FWHM) value of 0.05◦ 2θ was observed at 0.85◦ 2θ, indicating a highly ordered

structure with a d -spacing of 10.4 nm along the �lm normal. After a heat treatment
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Figure 4.2:
13
C-NMR of the isolated hexakis-functionalized fullerene 3. All signals

can be assigned to carbon atoms of 3. The 3 di�erent chemical environments resulting
from a symmetrical octahedral addition pattern at the C60 core are marked with a
color code in the spectra and on the molecule scheme. R = COO(C3H6)Si(OEt)3.

Figure 4.3: SAXS pattern of thin �lms of a highly ordered fullerene framework. a:
as synthesized, b: after 18 h at 100 ◦C and solvent extraction, c: after 18 h at 100 ◦C,
solvent extraction and 1 h in nitrogen atmosphere at 300 ◦C.
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at 100 ◦C and template extraction with ethanol, the d -spacing decreased to 7.8 nm.

Likewise, after a second thermal treatment at 300 ◦C for 1 h under nitrogen atmo-

sphere, the d -value decreased further to 6.9 nm. This is in good agreement with the

typically reported uniaxial shrinkage of mesoporous thin �lms along the substrate

normal.170,171

Figure 4.4 shows TEM micrographs of fullerene framework �lms after thermal treat-

ment at 300 ◦C recorded in cross section and plan view, i.e. along and perpendicular

to the substrate normal, respectively. The cross section shows d -values of 11.0 nm

parallel to the �lm and 6.8 nm along the �lm normal, which is in good agreement

with the values determined by SAXS. Plan view images show mutually rotated pe-

riodic domains extending over large areas in the µm range. The domains show a

rectangular lattice with d -values of 11.0 nm and 7.9 nm. The ratio of these values

(1.39) and the d -value along the �lm normal of 10.4 nm before further treatments

indicate an initially cubic structure with space group Im3m and [011] orientation

along the substrate normal. Assuming a lattice constant of 15.7 nm, the observed

d -values viewed along [011] of such a structure are d(0−11) = 11.1 nm and d(200) =

7.9 nm, which �ts well with our TEM observations. Along the �lm normal, the slight

deviation of the value expected for d(011) (10.4 nm instead of 11.1 nm) observed after

�lm synthesis can be explained by a slight uniaxial shrinkage during drying. As a

result of the shrinkage after heat treatment, the structure becomes orthorhombic,

with space group Fmmm and lattice basis vectors aorh = acub, borh = (bcub+ccub)*S,

and corh = ccub−bcub, where S is the shrinkage factor. In the orthorhombic setting,

the indexing of the observed lattice planes changes as follows: (011)cub becomes

(002)orh and (011)cub becomes (020)orh. The relationship of the initial cubic struc-

ture and the orthorhombic structure is depicted in �gure 4.5. Films possessing the

same space groups and orientations with respect to the substrate exist for carbon

81



Results and Discussion 4.4

and metal oxides.172�174 The symmetry change of cubic �lms with Im3m symmetry

in [011] orientation along the �lm normal to orthorhombic Fmmm in [010] orienta-

tion is discussed in detail by Falcaro et al..170

The local chemical structure of the fullerene framework was examined by solid-state

NMR spectroscopy of 13C and 29Si nuclei, respectively (see �gure 4.6). The 13C

cross polarization (CP)-magic-angle spinning (MAS) - NMR of the �lm removed

from the substrate corresponds very well with that of the precursor, which con�rms

the integrity of the molecular structure of the precursor in the fullerene framework

(compare �gures 4.2 and 4.6 A). The signals at δ = 8.7 and 22.0 ppm can be as-

signed to the CH2 groups connected directly to and next to the silicon atom (�gure

4.6 A, label a, b). These signals correspond to the 13C signals at δ = 6.38 and

22.1 ppm of the fullerene precursor molecule (see �gure 4.2). The slight shift of

the signal of the carbon atoms adjacent to the Si atoms is due to the hydrolysis

of the ethoxy groups (followed by condensation) which changes the chemical envi-

ronment of the silicon atom. The signal at 46.1 ppm is assigned to the malonate

carbon atoms anchored on the fullerene core (�gure 4.6 A, label e), which is in good

agreement with the corresponding signal in the precursor. The signal at 69.6 ppm

is a result of the overlapping signals of the sp3 hybridized carbon of the C60 and

the carbon atoms of the propyl chain connected to the carbonyl via oxygen, and

matches also with the corresponding signal in the precursor (�gure 4.2, label c, δ

= 68.9 ppm). The broad signal centered at around 143 ppm can be unambiguously

assigned to the sp2 fullerene core, while the signal at 162.8 ppm is assigned to the

carbonyl (C=O) group of the ester (�gure 4.6 A, label d). The 13C-CP-MAS-NMR

also proves that the ester group in the precursor is robust enough to survive the

synthesis conditions. In the solid state 29Si MAS-NMR spectrum (�gure 4.6 B), res-

82



4.4 A Highly-Ordered 3D Covalent Fullerene Framework

Figure 4.4: TEM images of fullerene framework �lm (190 nm thick) thermally treated
at 300 ◦C under N2 for 1 h. A Cross section image, viewed along [100] of the orthorhom-
bic structure with Fmmm symmetry. The lattice planes parallel and perpendicular to
the substrate with measured distances of 6.9 and 11 nm can be indexed as (020) and
(002), respectively. A1: 2D Fourier transform of the TEM image A. A2: Scheme
of the orientational relationship of the orthorhombic structure and the substrate, also
viewed along [100]. B: Plan view image in [010] orientation, showing large highly
ordered domains. The d -values 11 nm and 7.9 nm are in good agreement with the
lattice plane distances of (002) and (200), respectively. B1: 2D Fourier transform of
the largest domain of B. B2: Blow-up (5×) of the TEM image B on the left side.
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Figure 4.5: Schematic picture of the relationship of the mesoporous structure in
the cubic and the orthorhombic setting with respect to the substrate surface. On
the left side, the initial cubic Im3m structure is depicted, with [011]cub along the
substrate normal. The image in the middle shows the initial structure described in an
orthorhombic setting with Fmmm symmetry and [010]orh along the substrate normal.
The lattice basis vectors change as follows: aorh = acub, borh = (bcub+ccub), and corh
= ccub−bcub. On the right side the structure is shown after shrinkage: aorh and corh
remain constant, while borh is decreased.

onances at −49.3, −58.2 and −67.7 ppm are representative of T-type organosilica

species [Tn = RSi(OSi)n(OH)3-n], which can be assigned to T1, T2, T3 units of the

condensed silsesquioxane moieties, respectively. The clear absence of Q units [Qn

=Si(OSi)n(OH)4-n] at around −100 ppm shows that there is negligible hydrolytic

Si-C bond cleavage and that the siloxane-bridged organic linkers are maintained

intact in the fullerene framework under the synthetic conditions. Additionally, the

siloxane network of the fullerene framework shows a higher degree of condensation

upon calcination. The 29Si MAS-NMR spectrum in �gure 4.6 C proves that the

Si-C bond cleavage is negligible after the 300 ◦C thermal treatment because very

little new intensity is detected in the chemical shift range around −100 ppm for

Si-Q-species.

Thermogravimetric measurements give additional evidence that the fullerene net-

work and especially the molecular structure are stable in nitrogen up to 300 ◦C (see

�gure 4.7).

The accessible porous structure of the fullerene framework after template removal

by solvent extraction was examined by nitrogen sorption of the �lm material. As

shown in �gure 4.8, the isotherm shows a typical Type iv shape, commonly observed

with mesoporous materials. The hysteresis indicates a structure with large, cage-like
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Figure 4.6: ssNMR of the fullerene framework. A,
13
C CP-MAS-ssNMR of solvent

extracted fullerene framework. B,
29
Si MAS-ssNMR of solvent extracted fullerene

framework. C,
29
Si MAS-ssNMR of solvent extracted fullerene framework heated at

300 ◦C in N2.

Figure 4.7: Thermogravimetric curves of precursor molecule and solvent extracted
fullerene framework �lm material under nitrogen or air.
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Figure 4.8: Nitrogen physisorption isotherms of the template extracted fullerene
framework. The inset shows the �tted pore size distribution.

pores that is typical for cubic mesostructures.173 The estimated pore-size distribu-

tion shows a sharp maximum at 7.5 nm. The material shows a BET (Brunauer-

Emmett-Teller) speci�c surface area of 494 m2 g−1 and a total pore volume of

0.34 m3 g−1 . We note that the internal voids of the fullerene moieties are not

detected by the nitrogen adsorption measurements. Moreover, in the high pressure

end of the isotherm we observe a complete lack of textural porosity, which speaks

well of its highly ordered uniform, almost single crystal quality. Also, in the low

pressure end no discontinuity between adsorption and desorption branches is visible,

implying quite a rigid open framework with essentially no swelling and shrinking,

respectively.

4.4.2 Electronic Properties

In contrast to the unfunctionalized fullerene the hexakis-functionalized fullerene

shows nearly no light absorption above 300 nm (�gure 4.9).175 This can be explained
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Figure 4.9: UV-Vis spectra of a fullerene framework �lm on fused silica substrate
and the corresponding precursor 3 in acetonitrile solution (10

-4
M). The absorption

maxima of the fullerene framework �lm show no bathochromic shift compared to the
molecule in solution. Therefore no electronic coupling or aggregation occurs in the
fullerene network.

by the attenuation of the conjugated fullerene π-electron chromophore by virtue of

transforming six double bonds into cyclopropane moieties.176 The UV-Vis spectrum

of the fullerene framework �lm resembles that of the precursor solution, with maxima

at 238 nm and 275 nm (�gure 4.9). The absence of any shift for the porous structure

indicates that the single fullerene precursor molecules are very well dispersed in the

framework without electronic coupling and aggregation, similar to the situation in

solution. The absence of aggregation can be explained by the molecular structure of

the precursor with Th symmetry, where the six malonate molecules are added to the

fullerene cage in an octahedral pattern. This allows the fullerene molecules to be

fully and omni-directionally separated and thus, electronic coupling can be avoided.

To probe the in�uence of the C60 side groups on electronic mobility, �eld-e�ect

transistors with bottom gate and top contact con�guration were fabricated. The

trans-conductance characteristics of the mono-adduct, the hexakis-adduct without

silane groups and the �nal fullerene framework after template extraction are shown
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Figure 4.10: Characterization of the electronic properties by �eld e�ect mobility
and impedance measurements. A, �eld e�ect measurements of three di�erent samples
in thin-�lm transistor geometry. The main graph shows trans-conductance curves of
a mono-adduct (circles), a hexakis-adduct without silane groups (triangles) and an
extracted fullerene framework �lm (squares) at a source-drain voltage of 20 V. Only
the mono-adduct shows measurable currents. The threshold voltage VTh refers to the
mono-adduct. The data of the fullerene framework are shifted by −6 nA for clarity.
The inset shows the conductance curves of the mono-adduct based device. The lower
and the upper curves refer to a gate voltage close to VTh and about 20 V above
VTh, respectively. B, dielectric constant values over a broad frequency range obtained
by impedance measurements on sandwich-type devices (cf. inset). By introducing
mesoporosity, the dielectric constant for the extracted fullerene framework (empty
squares) is lowered by one compared to a dense hexakis-adduct �lm (�lled squares).

in �gure 4.10 A. During sweeps of the gate voltage constant source-drain voltage

VSD = 20 V, the two hexakis-adduct �lms do not show any signi�cant current,

whereas the mono-adduct device shows the characteristic signature of an n-type

semiconductor. An electron mobility of the order of 10-4 cm2 Vs−1 was observed for

the mono-adduct. The conductance curves (�gure 4.10 A, inset) for two constant

values of the gate voltage, one close to the threshold voltage (VTh) and the second

value 20 V above, show n-type characteristics including saturation of the mono-

adduct transistor, while no current was observed for both hexakis-adduct �lms.

In conclusion, the measurements show that the modi�cation of C60 with six side

chains causes the electron mobility to decrease drastically. Compared to the electron

mobility of C60, which is at the order of 1�2.5 cm2 Vs−1 177,178, the value for the

mono-adduct is already decreased by four orders of magnitude. This observation

88



4.4 A Highly-Ordered 3D Covalent Fullerene Framework

Figure 4.11: SEM cross section images of sandwich-type devices for impedance mea-
surements. A, device with porous fullerene framework �lm. B, device with dense �lm
of hydrolyzed precursor. All layers are labeled within the images.

is consistent with previous studies of mobilities in fullerene derivatives, which show

that the mobility decreases with increasing distance between the fullerenes.179,180

The electronic properties of a material are not only de�ned by its electron mobility,

which characterizes the velocity of electrons inside the material in response to an

electric �eld, but also by the dielectric constant k, which relates to the polarizability

of the material. The impedance measurements were performed on sandwich-type

devices containing dense �lms of the hydrolyzed precursor and porous �lms of the

extracted fullerene framework, respectively. The �lm thicknesses were determined

from SEM cross section images, which show homogeneous thin �lms of the respective

material (see �gure 4.11).

Impedance measurements of dense �lms of the hydrolyzed precursor give k -values

of around 4 (�gure 4.10 B). In contrast to this, theoretical studies predict that with

a network of fullerene cores connected by various linkers ultra-low k -values, even

below 2, can be achieved.181,182 The structure of the linking side chains used we

used is more complex than the ones used for the calculations, which were shorter

and sometimes only alkyl chains. We assume that the higher content of C-O and Si-

O bonds present in our precursor yields a higher polarizability and therefore a higher
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dielectric constant.183,184 For example, the structure includes twelve siloxane groups

per fullerene core, which is two times more than assumed in the study by Hermann

et al..185 By introducing signi�cant porosity by means of structure-directing micellar

surfactant aggregates in the EISA method, the dielectric constant can be reduced

to a low-k value of around 3 (�gure 4.10 B). This is consistent with other studies

where the dielectric constant was decreased by introducing or increasing porosity

into a �lm material.186�188 The capacitance measurements from 100 kHz to 1 MHz

show a nearly constant behavior for both dense and porous �lm samples.

4.5 Conclusion

We have demonstrated the synthesis of a new hexakis C60 adduct with octahe-

dral symmetry, which was employed as a building block to create the �rst example

of a highly-ordered three-dimensional covalent fullerene framework. Thin �lms of

this material were synthesized via block co-polymer, template-directed, evaporation-

induced self-assembly, resulting in a periodic orthorhombic structure with Fmmm

symmetry, that, after template removal, revealed a pore size of around 7.5 nm. Due

to the functionalization of the fullerene the resulting material has greatly di�ering

electronic properties compared to pristine C60. The dielectric constant of the porous

fullerene framework was decreased relative to the dense analogue showing values of

around 3 and 4, respectively, over a wide frequency range.

It is envisioned that covalent fullerene frameworks of the type described in this paper

will provide access to a wide range of hybrid materials having chemically tailored

pore walls and encapsulated guests with tunable chemical and physical properties.
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Chapter 5

An Electronically Active PMO with a

Donor-Acceptor Unit

This chapter is based on the manuscript of the article:

"An Electronically Active PMO with a Donor-Acceptor Unit"

Norma K. Minar, Florian Auras, Yan Li, Shinji Inagaki, Thomas Bein,

in preparation.
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5.1 Abstract

A novel opto-electronic periodic mesoporous organosilica (PMO) based on a donor-

acceptor-donor unit (dithienyl-benzothiadiazole (DTBT)) has been developed. A

lamellar structure was build with the DTBT-bridged silsesquioxane precursor us-

ing an evaporation-induced self-assembly process with a triblock co-polymer as soft

template. An approximately hexagonal arrangement of the pores was achieved by

HCl-TEOS vapor in�ltration, thus obtaining a stable structure. The resulting meso-

porous organosilica shows no shrinkage upon heat treatment and template removal

and exhibits a very large d spacing of 14.5 nm demonstrated by small-angle X-ray

scattering. N2 sorption experiments reveal a high porosity with pore sizes ranging

from 7 to 11 nm and a total pore volume of 0.16 mLg−1. The π-interactions be-

tween the DTBT moieties in the PMO walls were investigated by wide-angle X-ray

scattering, UV-Vis and photoluminescene (PL) spectroscopy. The formation of the

porous structure and the hydrolysis/condensation of the DTBT precursor disturb

the intermolecular interactions as illustrated by the blue-shifted UV-Vis absorbance

and a vanished long-lived PL signal compared to pristine �lms of non-hydrolyzed

DTBT precursor. Thin �lms of the PMO materials were integrated into photovoltaic

devices with [6,6]-phenyl C61 butyric acid methyl ester acting as electron acceptor.

The photovoltaic performance of dense �lms of pure hydrolyzed DTBT precursor is

higher compared to porous structured DTBT �lms, which can be explained by the

introduction of insulating silica during the structure formation.
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5.2 Introduction

In 1999 the new materials class of periodic mesoporous organosilicas (PMOs) was dis-

covered nearly simultaneously by the research groups of Inagaki, Stein and Ozin.37�39

PMO materials can introduce numerous functionalities at high concentration into

porous silica networks through organically bridged silsesquioxane precursors. PMOs

combine the high porosity, stability and tuneability of inorganic silica networks with

the great diversity of organic functional moieties. In addition to classical applica-

tions of porous materials such as catalysis, gas storage or chromatography, new

functionalities that can lead to di�erent applications such as photo-activity or new

electronic properties were introduced.34,35

Only recently some of us developed a new photo-active PMO constructed from a

large porphyrin-bridged silsesquioxane.45

Moreover, Mizoshita et al. reported a moderate hole conductivity for a new PMO

based on phenylene-vinylene precursor molecules.46

An organic building block, well-known for its favorable π-stacking tendency is the

4,7-dithienyl-2,1,3-benzothiadiazole unit (DTBT).189 Due to the inherent donor-

acceptor-donor structure the DTBT molecule shows a low band-gap and thus ab-

sorbs light throughout the visible range.190,191 It may be anticipated that a PMO

material based on this DTBT moiety could combine good light-harvesting properties

with high charge carrier mobility and good conductivity. Earlier in 2014, Inagaki

and coworkers could prove this assumption by synthesizing disordered mesoporous

thin �lms based on the same DTBT precursor and applied these as p-type active

layer in photovoltaic devices.47 The porous structure of the only 60 nm thick �lms

features large pores ranging from 15�20 nm and shows no long-range order. Only

a modi�ed precursor with additional siloxane groups led to a more de�ned porous
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structure. However, this molecular modi�cation decreased the hole mobility of the

resulting porous structure and therefore a lowered photovoltaic performance was

observed.47

Here we establish the formation of a surfactant-templated periodic mesoporous ma-

terial using the DTBT-bridged silsesquioxane precursor. To form and stabilize the

ordered porous structure, we employed a combined HCl and tetraethyl orthosilicate

(TEOS) vapor infusion treatment.31 We examine the electronic interactions between

the DTBT moieties within the PMO walls and reveal the in�uence of the structural

evolution on the opto-electronic properties of this system in photovoltaic devices.

5.3 Experimental

General

The precursor 4,7-Bis(5-(4-(3-(tri-isopropoxysilyl)propyl))phenyl)thiophene-2-yl)-2,1,3-

benzothiadiazole ("DTBT precursor") was synthesized by the group of S. Inagaki.

The synthesis conditions are detailed elsewhere.47 A Suzuki-Miyaura cross-coupling

between 2-bromo-5-[4-[3-[tris(1-methylethoxy)silyl]propyl]phenyl]-thiophene and 2,1,3-

benzothiadiazole-4,7-diboronic acid bis(pinacol) ester followed by puri�cation with

silica gel chromatography a�orded the DTBT precursor in pure form.47

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was pur-

chased from Sigma-Aldrich as an aqueous solution (3.0�4.0 wt%, high-conductive

grade).

Phenyl-C61-butyric acid methyl ester (PCBM, 99.5%)was purchased from Solenne

BV.

Poly (9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-�uorene)-alt-2,7-(9,9-dioctyl�uorene)

(PFN) was purchased from Solaris Chem Inc..
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5.3 An Electronically Active PMO with a D-A Unit

All other chemicals were purchased from Sigma-Aldrich and used without further

puri�cation.

Methods

One-dimensional small angle X-ray di�raction measurements were performed on a

Bruker D8 Discover with Ni-�ltered CuKα radiation (0.154 nm) and a position-

sensitive detector (LynxEye). UV-Vis spectra were measured with a Perkin-

Elmer Lambda 1050 UV-Vis/NIR spectrometer equipped with a 150 mm inte-

grating sphere. Absorbance spectra were recorded in transmission geometry with

the corresponding substrate material (fused silica, glass) as reference. The infra-red

(IR) absorption spectra of �lms were recorded with a Nicolet iN10 from Ther-

moScientific in re�ection mode. An atmospheric correction was performed by

the Omnic Picta software (v1 SP4). Nitrogen sorption isotherms were measured

with a Quantachrome Autosorb-1 instrument at −196 ◦C. Prior to the measure-

ments, all samples were vacuum-degassed at 120 ◦C for 5 h. Brunauer Emmett

Teller (BET) surface areas were calculated from the linear section of the BET plot

(p/p0 = 0.05�0.2). The pore-size distribution and pore volume were determined us-

ing a quenched solid-state density functional theory (QSDFT) method (DFT kernel

used: N2 at −196 ◦C on carbon, cylindrical and spherical pores for the adsorption

branch). TEM images were acquired with a fei Titan 80�300 microscope equipped

with a �eld emission gun operated at 80 kV. The PMO materials were removed from

the glass substrate and deposited on a copper grid for imaging. Di�erential pulsed

voltammetry (DPV) was performed in argon atmosphere with aMethrom Autolab

PGSTAT30N potentiostat, using platinum wires as the working and counter elec-

trode and a saturated Ag/AgCl reference electrode (Sigma Aldrich, 0,197 V vs.

SHE). The measurements were performed with a scan rate of 5 mV s−1, a step size
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of 2.5 mV, a modulation amplitude of 5 mV, a modulation time of 50 ms and an

interval time of 0.50 s. For the DPV measurements, 0.76 mg DTBT-precursor was

dissolved in 5 mL anhydrous toluene. A solution of 310 mg tetrabutylammonium

hexa�uorophosphate (TBAPF6) and 0.148 mg ferrocene in anhydrous acetonitrile

(3 mL) was added and the measurement was carried out immediately immediately

after mixing. The concentrations of the components in the �nal solution result in

0.1 mM for the DTBT-precursor, 0.1 M for TBAPF6 and 0.1 mM for ferrocene.

Photoluminescence (PL) measurements of the precursor solutions were carried out

using a Photon Technology International QuantaMaster 40. The PL spec-

tra of the quenching experiments (PCBM blend) were recorded with a home-built

setup consisting of a Horiba iHR320 spectrometer equipped with a photomulti-

plier tube and a liquid N2-cooled InGaAs detector. A 455 nm LED modulated at

83 Hz was used as excitation source and the PL signal was detected via a Signal

Recovery 7230 lock-in ampli�er. The system was calibrated for spectral response

with a calibrated light source. Steady-state and time resolved PL measurements of

samples before and after the HCl-TEOS vapor treatments were performed with a

Fluotime 300 Spectro�uorometer (Picoquant GmbH). The excitation wavelength

was �xed at 508 nm. The emission in time-resolved measurements was monitored

at the maximum intensity of the steady-state photo emission. J-V curves were

recorded with a Keithley 2400 sourcemeter under illumination with simulated

solar radiation obtained from an AM1.5G solar simulator (Solar Light Model

16S) at 100 mWcm−2. The light intensity was calibrated with a fraunhofer ise

certi�ed silicon reference cell equipped with a KG5 �lter.
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Film Synthesis

The DTBT precursor (3.75 mg, 3.6 µmol) and the template Pluronic R© F127 (3.75 mg,

0.29 µmol) were dissolved in tetrahydrofuran (450 µL) in a 1 mL seal-able glass ves-

sel. After the addition of mesitylene (3.47 µL, 0.025 µmol) the solution was stirred

at 4 ◦C for 2 h. HCl (4 µL, 0.1 M, 0.4 µmol) was added and the solution was stirred

for another hour at 4 ◦C. The aged solution was spin-cast(1000�2000 rpm, 20�40 µL)

on di�erent substrates such as glass, fused silica and �uorine-doped tin oxide (FTO)

to synthesize thin �lms. Bulk material for sorption studies was synthesized by drop

casting the aged solution onto glass substrates.

The vapor treatment with tetraethyl orthosilicate (TEOS) and HCl (5 M) was con-

ducted in a closed 100 mL glass vessel for 2 h at 60 ◦C. The amount of TEOS and

HCl was kept constant at 0.5 mL each, and placed in two separate containers in the

glass vessel together with the vertically positioned dried precursor-template �lms.

After this treatment the �lms were further stabilized by heating at 120 ◦C for 2 h.

Films stabilized through the vapor and heat treatments were extracted in ethanol

under re�ux for 40 h. The ethanol was exchanged twice. Supercritical CO2 extrac-

tion was performed in a 100 mL autoclave at 85 bar and 40 ◦C for 2 h with stabilized

(vapor treatment and 120 ◦C) �lms.

Photovoltaic Devices

For the preparation of photovoltaic devices thin �lms of the precursor and the block

co-polymer Pluronic R© F127 were spin cast (2000 rpm, 28 µL) on �uorine-doped tin

oxide coated glass substrates. Beforehand a thin layer of PEDOT:PSS serving as

hole-transport material was applied to the FTO substrates by spin coating (3.0�

4.0 wt% aqueous solution, 60 µL/2.25 cm2, 3000 rpm, 20 s) and subsequent heating
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to 150 ◦C for 15 min. After drying at room temperature for 5 days the �lms were

vapor-treated and stabilized by heating as mentioned above and extracted with

supercritical CO2. The extracted PMO �lms were dried under vacuum (10−2 mbar)

for 3 h. The electron acceptor PCBM (20 mg mL−1 in chlorobenzene) was spin-

coated (50 µL/2.25 cm2, 800 rpm, 45 s) after 20 seconds soaking time and under

argon atmosphere. On top of the dried PCBM-coated �lms, a layer of the electron-

blocking material PFN was applied by spin coating (1000 rpm, 50 µL/2.25 cm2)

under ambient conditions. The PFN solution was prepared by dissolving 0.86 mg of

PFN in 430 µL dry methanol and 2.2 µL acetic acid. On top of this layer 100 nm

of aluminum was applied by thermal evaporation. After the assembly, the samples

were stored and measured under argon.

5.4 Results and Discussion

5.4.1 Structure Characterization of the DTBT-PMO

Several attempts with di�erent structure directing agents (e.g. Pluronic R© P123,

F108) were conducted to produce a mesoporous structure. Selected results will be

brie�y reported here. The combination of mesitylene as swelling agent192 with the

block co-polymer F127 as template and ageing at low temperatures (4 ◦C) resulted

in structured �lms exhibiting re�ections in small-angle X-ray scattering measure-

ments (SAXS, �gure 5.1) at around 0.84 (d = 10.5 nm) and 1.60◦ 2θ (d = 5.5 nm).

The ratio of the d-values amounts to 2 : 1 and can be an indication of a lamellar

structure.193 The re�ection at 3.56◦ 2θ originates from the molecular structure unit

of the precursor molecule and is also detected for pure precursor material.194

This initial structure was not stable towards solvent extraction and it was not possi-

ble to stabilize it with ammonia vapor treatment or heating at elevated temperatures.
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Figure 5.1: SAXS patterns of spin- and drop-cast �lms with F127 template after
synthesis. The inset shows the re�ections with logarithmically scaled intensity.

After a vapor treatment with hydrochloric or formic acid the material withstood the

solvent extraction with ethanol, but no re�ections indicating a periodic order could

be observed in the corresponding SAXS patterns. A stable periodic structure, how-

ever, was successfully synthesized by applying a vapor treatment with HCl and

tetraethyl orthotitanate (TEOS) at 60 ◦C for 2 h. SAXS measurements after the

treatment reveal a periodic structure that is stable towards heating at 120 ◦C and

solvent extraction (see �gure 5.2 A) showing a re�ection at 0.61◦ 2θ corresponding to

a large d-spacing of 14.5 nm. It is remarkable that the structure is not prone to any

shrinkage and that it inherits the same d-value obtained after synthesis even after

solvent extraction. The SAXS pattern of a thin �lm of this material after template

removal reveals several re�ections at 0.61◦, 1.05◦ and around 1.75◦ 2θ (�gure 5.2 B).

The relative ratios of the corresponding d-values account to approximately 1 :
√

3:

3, which is an indication for a hexagonal structure.17,195 Taking into account earlier

studies about the in�ltration of TEOS vapor into thin structured template �lms,

the SAXS patterns in �gure 5.2 B indicate a transformation from a lamellar to a
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hexagonal nanostructure.31�33 The swelling of the d-value from 10.5 to 14.5 nm and

of the �lm thickness from 100 to 200 nm support this hypothesis.31

Figure 5.2: A: SAXS patterns of the structured material after di�erent treatments.
The structure is stabilized by the HCl-TEOS vapor treatment and no shrinkage can
be detected after heating at 120 ◦C and subsequent solvent extraction. B: Comparison
of the SAXS patterns after synthesis and after template removal with a logarithmic
scaling of scattering intensity.

Di�erent temperatures, duration times and amounts of HCl and TEOS for the vapor

treatment were examined and best results were obtained for 60 ◦C, 2 h and 0.5 mL

of TEOS and HCl (5 M). Another parameter exhibiting a strong in�uence on the

evolution of the periodic structure is the total drying time of the �lm material after

casting onto the substrate. The optimal time was found to be 4 to 5 days after �lm

synthesis on account of the corresponding SAXS pattern in �gure 5.3, which shows

the highest signal to noise ratio and therefore the best periodicity of the structure.

The template removal from the PMO material was monitored by IR spectroscopy.

For comparison a spectrum of the precursor hydrolyzed with HCl without any ad-

ditives was recorded as well (see �gure 5.4).

Signals corresponding to the template F127 can only be found in the spectrum of

the non-extracted PMO �lm after the vapor treatment: A sharp peak at 2972 cm−1

for the stretching mode of the methyl groups of the iso-propyl moieties as well as

several signals between 1300 and 1200 cm−1 are visible and can be attributed to
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Figure 5.3: SAXS patterns of thin PMO �lms after identical TEOS-HCl vapor treat-
ments, but di�erent drying times, stacked along the y-axis.

Figure 5.4: IR spectra of the hydrolyzed precursor (black), the structured organosilica
with F127 template (red) and the porous structure after CO2 extraction (blue). Signals
assigned to the DTBT precursor are marked with dashed lines.

101



Results and Discussion 5.4

the block co-polymer F127.196 Characteristic peaks of the hydrolyzed DTBT pre-

cursor at 2930 cm−1 and 2860 cm−1 originate from the stretching vibration of CH2

groups.196 Stretching vibrations of the thiophene rings in the DTBT precursor cause

the signals at 1485 cm−1 and 1450 cm−1.197 Moreover, the peak at 1415 cm−1 orig-

inates from an in-plane vibration of an aromatic carbon double-bond in the DTBT

precursor molecule. The strong signals at 837 cm−1 and 798 cm−1 can be assigned

to vibrations of the para-disubstituted phenyl-rings of the DTBT precursor.196 The

broad signals around 1080 cm−1 corresponding to the Si-O units are present in all

three spectra as expected (see �gure 5.4).

After supercritical CO2 extraction only signals corresponding to the silica groups

around 1100 cm−1 and from the precursor can be found (c.f. �gure 5.4), which

implies a complete removal of the template.

Figure 5.5: N2 sorption isotherms at −196 ◦C of PMO material after CO2 extraction.

Further information about the porous structure was collected through nitrogen sorp-

tion experiments. The sorption isotherm in �gure 5.5 of the PMO after CO2 extrac-

tion is a mixture of a type ii and iv isotherm shape attributed to large mesopores
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(≥ 10 nm). The pronounced hysteresis loop could be an indication for cage-like

pores with small interconnections. The calculated BET surface area corresponds to

92 m2 g−1. A reliable interpretation of the isotherm is di�cult due to the not well

de�ned shape. One reason for this could be an inhomogeneous material resulting

from the bulk synthesis, which di�ers from the thin �lm synthesis in several points.

Firstly, to obtained su�cient material for the physisorption experiment, thin �lm

synthesis yielding only a few nanograms per �lm is not feasible. Therefore, large

glass substrates were drop-coated with the synthesis solution. This way the drying

time of the �lms is increased which is a key factor for the structure formation via the

self-assembly of the template micelles and the DTBT precursor. Another parameter

in�uencing the �nal porous structure is the vapor in�ltration of HCl and TEOS.

The di�usion path for the vapor species in drop-casted �lms is by an order of mag-

nitude longer as for thin spin-coated �lms - several micrometers compared to less

than 200 nm. The reduced periodicity in drop-casted �lms compared to spin-casted

�lms can be seen by comparing the signal intensity in �gure 5.1. Spin-coated �lms

show a higher intensity of the structure related re�ection (below 2◦ 2θ) compared

to the SAXS re�ection of drop-cast material.

Further information about the ordered porous structure of thin PMO �lms was

obtained with transmission electron microscopy (TEM). The TEM micrographs in

�gure 5.6 A and B reveal a regular porous structure with approximately 10 nm

wide channels arranged in small ordered domains with a worm like character. Fig-

ures 5.6 C and D show ordered domains of pores of 10 nm diameter that appear to be

hexagonally arranged. This matches the conclusions from the ratio of the d-values

extracted from previous SAXS pattern (�gure 5.2). The wall thickness estimated

from the TEM micrographs is around 10 nm.

The amount of in�ltrated silica introduced through the HCl and TEOS vapor treat-
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Figure 5.6: TEM micrographs (A-D) of removed �lm material after the HCl-TEOS
treatment and supercritical CO2 extraction. In �gures C and D the outlines of some
pores were marked to highlight the indication of a hexagonal structure.

ment was estimated from a thermogravimetric analysis of the porous bulk material

after template removal (see �gure 5.7). The organic DTBT unit decomposes in

a broad range between 150 and 700 ◦C, associated with the weight loss worganic

(equation 5.1). The calcined (char) yield chy of 45.3 wt% consists of SiO2 from the

in�ltrated TEOS vapor and the silica moieties of DTBT precursor molecule (equa-

tion 5.2). Under the assumption that all silica groups from the DTBT precursor

104



5.4 An Electronically Active PMO with a D-A Unit

and TEOS are fully hydrolyzed and condensed, the amount of in�ltrated TEOS can

be calculated via the combination of equation 5.1 and 5.2.

Figure 5.7: Thermogravimetric analysis of the CO2 extracted PMO bulk material.

The variables x and y correspond to the molar fraction of the DTBT precursor and

the in�ltrated TEOS, respectively. The molar mass of the organic moiety amounts

to M(
C32H26N2S3
) = 534 g mol−1. The resulting calculated molar ratio of DTBT

precursor to additionally introduced silica is 5.5 to 1. This corresponds to a total of

50 weight percent of the DTBT precursor in the �nal PMO material.

worganic = M(hydrolyzed precursorwithout Si2O3) · x (5.1)

chy = M(SiO2) · (y + 2x) (5.2)

5.4.2 Optoelectronic Properties

The molecular precursor for the DTBT-PMO was designed with a dithienyl benzo-

thiadiazole (DTBT) unit accompanied by a phenyl moiety terminated with an iso-

propyl siloxane at each side. The combination of a benzothiadiazole unit with a
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thiophene moiety on each side results in a donor-acceptor-donor structure.189

The planarity of the DTBT precursor unit promotes the π-stacking190 of the molecules

and also their crystallization. Needle-shaped crystallites form readily from a drop-

cast solution of the precursor in THF (see �gure 5.8). So far it has not been possible

to obtain high quality single crystals suitable for structure analysis. Nevertheless,

the Bravais lattice could be determined as monoclinic P with the approximate ele-

mental unit cell parameters a = 1.79 nm, b = 0.94 nm, c = 3.14 nm and β = 94.7◦.

The dimensions of the unit cell might suggest that one molecule of the precursor,

which has a length of approximately 3.4 nm from silicon to silicon atom, is posi-

tioned along a spatial diagonal. The XRD pattern of a spin-coated �lm of the DTBT

precursor shows a preferred orientation of the molecules because some signals dis-

appeared compared to the pattern of the powder. We surmised that the electronic

properties, for example the conductivity, of a PMO material built from this pre-

cursor could bene�t from the stacking tendency through favorable intermolecular

interactions.

Figure 5.8: A: SAXS pattern of crystalline precursor. Inset: 3D model of the DTBT
precursor molecule. Color code: Carbon = black, sulfur = yellow, nitrogen = royal
blue, silicon = cyan, oxygen = red. Hydrogen atoms are not depicted for clarity. B:
WAXS pattern of crystalline precursor (black), spin cast �lm of precursor in THF
solution (red), structured �lm of precursor with template F127 (blue) and structured
�lm of precursor and template after HCl-TEOS vapor treatment (green). The broad
background between 15 and 45◦ 2θ originates from the amorphous glass substrate.
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The crystalline precursor shows two re�ections at very low angles (see �gure 5.8 A).

The signal at 2.24◦ 2θ is only present for the crystalline precursor. The correspond-

ing d-value of 3.25 nm is close to the dimension of the molecule from silicon to

silicon atom. The other small-angle re�ection at 3.56◦ 2θ remains present until the

hydrolysis of the �lm by the acidic vapor (compare �gure 5.9).

Figure 5.9: XRD patterns of the DTBT precursor material (black, red),
DTBT/template �lms (blue) and the �nal PMO material (green) after template re-
moval from 3 to 15◦ 2θ.

Taking into account the estimated dimensions of the precursor molecule and the

XRD data (�gure 5.9), we may speculate that the non-hydrolyzed molecules appear

to build up an interdigitated molecular arrangement with strong π-π interaction of

the planar D-A-D cores.189 Interconnecting and condensing the network by the HCl-

TEOS vapor treatment appears to compromise the high degree of crystallinity as

there are no more re�ections below 10◦ 2θ. The comparison of the WAXS patterns

of the precursor and the �nal PMO �lm show a decreased crystallinity with a few

re�ections remaining above 35◦ 2θ in the �nal structured �lm.

The decrease in crystallinity and associated intermolecular π-π-interactions is also
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con�rmed by the UV-Vis spectra of structured �lms after synthesis and after the

vapor treatment and template removal in �gure 5.10 A. The optical absorption of

only dried precursor-template �lms is strongly red-shifted compared to the precur-

sor solution. The maxima in the visible light range (≥ 400 nm) can be �tted to

several peaks corresponding to di�erent molecular aggregate or interaction species

(see �gure 5.10 B). The structured �lms before the vapor treatment inherit two main

absorption maxima at 538 and 574 nm and one additional peak at 496 nm. After the

HCl-TEOS vapor treatment the absorbance is decreased about one third and blue-

shifted by about 50 nm. An analog blue-shift of the absorption maxima by 50 nm

can be observed for non-structured DTBT precursor �lms which were only exposed

to acidic vapor (HCl or formic acid). The main absorbance peak at 485 nm is even

15 nm blue-shifted compared to the absorbance maximum of the non-hydrolyzed

precursor in solution (c.f. �gure 5.11 B). This implies that the individual molecules

interact less with each other in the structured solid PMO �lms as in the liquid

solution. The vapor-in�ltrated TEOS molecules and the silica-condensation might

separate single DTBT units in a way that removes electronic interactions.

In a next step, the question of an interaction of the DTBT-PMO with possible

electron donor materials was investigated. To address this point, the energy levels

of the molecular DTBT precursor were estimated via di�erential pulsed voltammetry

(DPV) and Tauc plot analysis of the precursor in solution. The �rst oxidation level of

ferrocene at 4.8 eV below vacuum was used as an internal reference point. The shift

of the �rst oxidation level of the precursor of around 0.6 V results in an estimated

HOMO energy level of −5.43 eV (see �gure 5.11 A).198 The optical band gap was

calculated from the linear onset in the Tauc plot in �gure 5.11 B. With a band gap

of 2.23 eV, the LUMO level energy is located around −3.20 eV. Comparing these

values with literature values of the energy levels of PCBM of −5.63 and −3.75 eV198
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Figure 5.10: A, UV-Vis spectra of a DTBT/template dried �lm after spin coating
(as synthesized, black) and after the HCl-TEOS vapor treatment (2 h, 60 ◦C, HCl,
TEOS, red) and template removal. The insets show pictures of the corresponding �lms
with colored frame according to the graphs. B, absorbance of a dried �lm after spin
coating (before the HCl-TEOS treatment) plotted against the light energy and �tted
with a Gauss function to reveal the peak positions of the absorption species.

suggests that e�cient electron injection from the DTBT precursor toward PCBM

could be established (compare �gure 5.12).

Figure 5.11: A: Di�erential pulsed voltammetry of the DTBT precursor molecule
in solution. The reduction potential of the internal standard ferrocene is used as a
reference signal (at 0 V). The �rst oxidation level, which corresponds to the HOMO
level energy, of the DTBT precursor is shifted relative to ferrocene by about 0.6 V. B:
Tauc plot of the DTBT precursor molecule in THF solution.

To test this hypothesis, the photoluminescence (PL) quenching in PCBM-DTBT-

precursor blend �lms was investigated (see �gure 5.13 A). Pure non-hydrolyzed
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Figure 5.12: Schematic diagram of the position of the energy levels of the DTBT
precursor in relation to the energy levels of PCBM. A possible electron transfer from
DTBT to PCBM is shown.

precursor �lms excited at 530 nm show a broad luminescence ranging from about

625�700 nm. Contrary to this, pure PCBM �lms show nearly no photoluminescence

at this excitation wavelength. The PL intensity of a blend of PCBM and DTBT

precursor is decreased by about a factor of 3 (�gure 5.13 A), suggesting an energy

transfer from the DTBT precursor to the PCBM, as already expected from the

HOMO-LUMO energy levels. The corresponding UV-Vis spectra of the same �lms

imply that the blend �lms contain approximately the same amount of PCBM and

DTBT precursor as the pure �lms, because the absorbance values at the excitation

wavelength of 530 nm add up to the absorbance of the blend �lms. Therefore

the reduced photoluminescence has to be the result of an active quenching by the

presence of the electron acceptor PCBM and not of a simple reduction of the amount

of the luminescent DTBT material.

Based on the promising results of the PL quenching experiments, the performance

of the DTBT-based organosilica �lms were examined in photovoltaic devices with

PCBM as acceptor material. In addition to PMO �lms, dense layers consisting

of cross-linked hydrolyzed DTBT precursor molecules were also investigated. Dif-

ferent blocking layers were tested including molybdenum oxide, nickel oxide and
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5.4 An Electronically Active PMO with a D-A Unit

Figure 5.13: A: Photoluminescence spectra of �lms of PCBM, DTBT-precursor and a
DTBT-precursor/PCBM blend on fused silica substrates. The excitation wavelength
was 530 nm. B: UV-Vis spectra of the exact same �lms of the photoluminescence
measurements.

PEDOT:PSS as electron blocking layers and amorphous titanium dioxide and PFN

as hole blocking layers.99 Notably, working devices could only be produced with the

combination of a PEDOT:PSS layer underneath the PMO �lm and a PFN layer on

top of the PCBM layer.

Although we anticipated the PMO �lms to exhibit a higher performance due to

the larger interface area between the donor and acceptor phase199, the bilayer de-

vices based on dense �lms showed a higher, but still very moderate photovoltaic

performance (compare table 5.1).

Table 5.1: Solar cell performance under 1.5 AM illumination of devices with 100 nm
thick organosilica �lms and PCBM as electron acceptor phase.

sample VOC [mV] JSC [mA cm−2] FF [%] η [%]

dense organosilica 379 0.042 28 0.0044
porous organosilica 932 0.015 18 0.0025

The reduced JSC and simultaneously enhanced VOC of the PMO-device compared

to the bilayer device can be an indication that silica, being introduced during the

vapor treatment, reduces the charge carrier mobility and conductivity of the �lm.200

This would lead to more pronounced recombination losses due to slower sweep-out of
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photogenerated charge carriers and thus a lower overall performance of the device.

To examine the in�uence of the HCl-TEOS vapor treatment in more detail, PL

decay measurements from identically synthesized dense �lms (without template)

before and after the HCl-TEOS vapor treatment were carried out.

Figure 5.14: Photoluminescence spectra (A) and photoluminescence decay mea-
surements (B) of identically synthesized dense organosilica �lms before and after the
HCl-TEOS vapor treatment. The small shoulder at 1.2 ns in the �uorescence decay of
the HCl-TEOS treated �lm is an artifact of the excitation light due to back scattering
e�ects.

First of all, the PL intensity of a �lm after the vapor treatment decreased more than

4 times and was shifted to longer wavelength compared to an only dried �lm (see

�gure 5.14 A). Complementary to the UV-Vis absorbance data (c.f. �gure 5.10) the

PL spectrum of the dense �lm after synthesis appears to have an asymmetric shape,

which could be an indication of several luminescent species present. This impression

is con�rmed by the PL decay measurements, which reveal two lifetimes τ for the

trace of the as-synthesized �lm. The deconvoluted �t of the PL decay trace reveals

a short lifetime of 0.68 ns and a longer lifetime component of 2.38 ns. The �t of

the PL decay trace of a �lm after the HCl-TEOS vapor treatment exhibits only one

PL lifetime of 0.61 ns. After the vapor treatment and the associated cross-linking

of the DTBT precursor, the long-lived PL component vanished and only a short
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component below 1 ns remained. This could be the reason that the photovoltaic

devices with the hydrolyzed precursor showed only very low performances (see ta-

ble 5.1). The photovoltaic performance of the PMO material is further diminished

by the introduction of more than �ve times more insulating silica in relation to the

semiconducting DTBT precursor and this leads to a dilution of the semiconducting

moiety.

5.5 Conclusion

We successfully synthesized a new PMO material comprising a donor-acceptor-donor

building block. A stable porous structure that did not exhibit any observable shrink-

age after template removal was obtained through vapor in�ltration with HCl and

TEOS. SAXS and TEM results support the formation of a hexagonal structure with

10 nm pores and approximately 10 nm thick walls. Nitrogen sorption measurements

show type iv related isotherm which are not well de�ned and therefore indicate pos-

sible homogeneity issues at the up-scaled bulk synthesis. We could gain insights into

the correlation of the π-stacking behavior of the DTBT precursor molecules with the

resulting optoelectronic properties in �lms via UV-Vis and photoluminescence mea-

surements. Due to the planarity of the DTBT unit, the precursor molecules tend to

π-stack, which is indicated by a strong red-shift of the UV-Vis absorbance of �lms

compared to the molecules in solution. Interestingly, this red-shift of the UV-Vis

absorbance is reduced during the structure-building HCl-TEOS vapor treatment of

the corresponding PMO material and even reversed into a slight blue shift. The

in�ltration of the HCl and TEOS vapor appears to strongly decrease the electronic

interactions between the individual DTBT units. This is further supported by PL

measurements, which reveal a highly decreased photoluminescence intensity after

the vapor treatment. PL decay measurements showed that a second, longer-lived

113



Conclusion 5.5

PL species disappeared after the vapor treatment. The loss of the molecular inter-

actions (via stacking) and the fact that 50 wt% insulating silica is introduced into

the structure through the HCl-TEOS vapor treatment can explain the moderate

performance of the PMO �lms in photovoltaic devices. We surmise that a PMO-

material based on a modi�ed DTBT precursor could show increased performance if

the π-stacking interactions could be retained in the �nal porous structure.
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Chapter 6

Nanostructured Fullerenol-Based

Organosilica

This chapter is based on the manuscript of the article:

"Nanostructured Fullerenol-based Organosilica"

Norma K. Minar, Thomas Bein

in preparation
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Abstract 6.2

6.1 Abstract

Novel nanostructured composites consisting mainly of fullerenol molecules intercon-

nected via silica species were synthesized and characterized. The structure forma-

tion was based on the co-condensation of a hydroxylated fullerene (fullerenol) and

tetraethyl orthosilicate in the presence of non-ionic block co-polymers (Pluronic R©

P123 and F127), which were subjected to an evaporation-induced self-assembly pro-

cess. The resulting mesophases inherited over 80 wt% fullerenol in the organosilica

and were characterized by 1D small-angle X-ray scattering (SAXS), 2D grazing-

incidence small-angle X-ray scattering (GISAXS) and transmission electron mi-

croscopy (TEM). The fullerenol-organosilica showed a lamellar structure with the

template P123 and a more disordered structure of possibly non-oriented lamellar do-

mains with the template F127, respectively. Remarkably, both structures are stable

towards heat treatment at 335 ◦C in nitrogen. Due to pyrolysis of the structure-

directing agent P123, a type iv nitrogen sorption isotherm and a BET surface area

of 180 m2 g−1 were obtained for the corresponding fullerenol-organosilica materials.

6.2 Introduction

The access to C60 fullerene at preparative scales beginning in 1990153, initiated a

new area of organic chemistry based on reactions and functionalization of the C60

molecule. The number of publications with a focus on fullerene C60 rose from only

16 in 1990 to over 1200 in the year 2012.

The high interest in fullerene C60 originates from its remarkable mechanical201,

chemical202, electrochemical203 and photophysical204 properties. To employ such

properties for applications in materials science or nanotechnology, it is desirable to

develop synthetic strategies for the incorporation of fullerene molecules into stable
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matrices for the design of solid state devices.

One approach towards this end is the post-synthetic functionalization of a porous

matrix, for example porous silica columns.205,206 The loading of the matrix with

fullerene moieties via the surface grafting approach is limited by the surface area of

the material, the accessibility of the pores and also the solubility of the C60 precur-

sor molecule. Similar factors also restrict an alternative approach, i.e. the physical

adsorption of C60 into a porous host such as mesoporous silica (MCM-41).207 To

achieve a loading of only 12 wt% in the latter example, the in�ltration procedure

had to be repeated seven times.

In principle, silica sol-gel methods are promising for the incorporation of fullerenes

into a solid-state material, thus enhancing its thermal and mechanical stability.208

Sol-gel chemistry o�ers the ease of producing thin homogeneous �lms with low-

temperature treatments in a one-step synthesis procedure. Additionally, the struc-

ture and porosity of the resulting material can be tuned and controlled.

In spite of these advantages of the sol-gel method, doping dense silica with pure C60

could only be achieved at a level below 1 wt%.209 An elegant and e�cient solution

to the solubility issue210,211 of pure C60 is the use of functionalized C60 derivates.212

Polyhydroxylated fullerene - also called fullerenol - combines the intriguing proper-

ties of the fullerene core with the polarity and possible anchor points introduced by

the hydroxyl groups. Various applications for fullerenols were found, for example in

fuel cells213, macromolecular materials154 and in the bio-medical and life sciences214.

A few groups have developed approaches to synthesize dense silica-fullerenol hybrid

materials, but only rather modest fullerenol contents as low as 0.6 wt% could be

achieved.208

Here, we describe the synthesis of a new fullerenol-silica hybrid material with an

outstanding high weight ratio of fullerenol to silica in the �nal composites of over
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80 wt%. Fullerenol with approximately 12 hydroxyl groups was selected to obtain

a high solubility in polar solvents and additionally maintain a major part of the

π-conjugated fullerene core. The issue of fullerene phase separation or aggregation

was solved through the hydroxylation and nanostructuring was achieved through

an evaporation-induced self-assembly approach with block co-polymers as structure

directing agents. The synthesized composites showed a high periodicity and thermal

stability up to 335 ◦C. Bulk material could be synthesized by simple drop casting,

and homogeneous thin �lms could be made by spin coating. The periodic structure

of the hybrid material was characterized by small-angle X-ray scattering (SAXS),

grazing-incidence small-angle X-ray scattering (GISAXS) and transmission electron

microscopy (TEM). The composition was investigated by infra-red absorption spec-

troscopy and magic-angle spinning nuclear magnetic resonance (MAS-NMR).

6.3 Experimental

General

H2SO4·SO3 was purchased from acros. Fullerene (C60) was purchased from Buck-

yUSA (99.5 % grade). All other chemicals and solvents were purchased from sigma-

aldrich and used without further puri�cation.

Methods

The infra-red (IR) absorption spectra of �lms were recorded with a Nicolet iN10

from ThermoScientific in re�ection mode. An atmospheric correction was per-

formed with the Omnic Picta software (v1 SP4). Samples prepared in form of KBr

pellets were measured in transmission mode with a bruker Model IFS66v/s in-

strument. Thermogravimetric (TG) measurements were performed in a stream of
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synthetic air or nitrogen (25 mL min−1) on a Netzsch STA 440 C TG/DSC. The

measurements were carried out with a heating rate of 10 K min−1 in a temperature

range from 30 ◦C to 900 ◦C. One-dimensional small angle X-ray di�raction measure-

ments were performed on a bruker D8 Discover with Ni-�ltered CuKα radiation

(0.154 nm) and a position-sensitive detector (LynxEye). TEM images were acquired

with a fei Titan 80-300 microscope equipped with a �eld emission gun operated at

80 kV. The �lm material was removed from the glass substrate and deposited on a

carbon-coated copper grid for imaging. 2D-grazing incidence small-angle X-ray scat-

tering (GISAXS) was measured with a SAXSess system by Anton Paar (CuKα

radiation, sample-detector distance 306.7 mm) with a CCD detector (PI-SCX: 4300,

Roper Scienti�c). The samples were measured for 5�10 min with a tilt angle of 1.2�

1.8◦with respect to the primary beam. 29Si magic-angle spinning-(MAS) and 13C

cross polarization(CP)-MAS-NMR spectra were recorded on a bruker Avance III

500 spectrometer (11.7 T, at 99.4 MHz for 29Si and 125.8 MHz for 13C), using a sam-

ple spinning frequency of 10 kHz. Nitrogen sorption isotherms were measured with

a quantachrome Autosorb-1 instrument at −196 ◦C. Prior to the measurements,

all samples were degassed at 120 ◦C for 5 h. Brunauer Emmett Teller (BET) surface

areas were calculated from the linear section of the BET plot ( p
p0

= 0.05�0.2). The

pore-size distribution and pore volume were determined using a quenched solid-state

density functional theory (QSDFT) method (DFT kernel used: N2 at −196 ◦C on

carbon, cylindrical and slit-like pores for the adsorption branch).

Synthesis of Hydroxylated Fullerene

The synthesis of the fullerenol precursor was performed according to a procedure

developed by Chiang et al..215 12 mL of Oleum, H2SO4·SO3 (65 % SO3, 100 mmol)

was added to 0.80 g (1.1 mmol) C60 in a baked-out 250 mL round-bottomed �ask
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under nitrogen atmosphere and continuous stirring. After a few seconds the solution

turned dark green, indicating the formation of organic radicals. Several minutes later

poly-cyclosulfated C60 precipitated as an orange powder. The reaction mixture was

stirred for 15 h at room temperature and afterwards added drop wise to 200 mL

diethyl ether under vigorous stirring in an ice bath. The orange-red precipitate was

separated by centrifugation at 50 000 rcf for 8 min. Afterwards the precipitate was

washed once with diethylether and twice with a 2:1 mixture of diethyl ether and

acetonitrile. The product was dried under reduced pressure and 1.19 g (0.92 mmol,

83.4 %) of polycyclosulfated C60 was obtained as orange-red powder.

10 mL of degassed H2O was added to 0.50 g (0.39 mmol) of the poly-cyclosulfated C60

under nitrogen atmosphere. The suspension was stirred at 85 ◦C for 12 h and within

this time the color changed from orange-red to dark brown-red. The precipitate was

separated from the aqueous solution by centrifugation (50 000 rcf, 15 min). The

crude product was washed with water and centrifuged twice (50 000 rcf, 15 min).

The product (0.37 g, 0.40 mmol, 97.5 %) was obtained as brown-red powder with

an overall yield of 81.3 %.

IR (KBr): ν(cm-1) = 3267 (νO−H), 1623 (νC=C), 1362 (δ2 (C−O−H)), 1049 (νC−O),

775.

Raman (1064 nm, 15 mW, 1024 Scans, 25 ◦C, cm-1): 1565 (C=C), 1454 (C=C),

1228, 1053, 782, 711, 559, 399, 336, 232, 120.

Elemental analysis C60(OH)12·6H2 O; Calculated: C, 69.77 %; H, 2.34 %; N, 0.00 %.

Found: C, 70.04 %; H, 2.39 %; N, 0.00 % (instrument precision ± 0.30 %).

Film Synthesis

C60(OH)12 (150 mg, 0.16 mmol) was dissolved in 8.4 mL THF/EtOH (volume ratio

1:1) and diluted HCl (1 M, 150 µL, 0.15 mmol) to give a clear brown solution. The
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block co-polymers Pluronic R© P123 or F127 were added as structure-directing agents

(for exact amounts see table 6.2). After stirring the fullerenol solution for at least

1 h at room temperature, tetraethyl orthosilicate (TEOS, 200 mg, 0.96 mmol) was

added to give a molar ratio of fullerenol to silica precursor of 1 to 6.

The resulting sol-gel solution was aged at room temperature for 1 h. Bulk mate-

rial was synthesized by drop casting the aged sol-gel solution on glass substrates

and drying at ambient conditions. Thin �lms were synthesized by adding 8.4 mL

THF/EtOH (volume ratio 1:1) to the sol-gel solution and spin-coating the solution

onto glass substrates at 6000 rpm.

After synthesis, spin- and drop-cast �lms were dried at 120 ◦C for 1 h. Dried �lms

were extracted in ethanol and THF under re�ux for 20 h. A heat treatment at 335 ◦C

was performed in a tube furnace under nitrogen for 10 h with a heating ramp of

1 ◦C min−1. Supercritical CO2 extraction was performed in a 100 mL autoclave at

85 bar and 40 ◦C for 2 h.

6.4 Results and Discussion

Synthesis and Characterization of Fullerenol

The fullerenol synthesis via cyclosulfation in neat fuming sulfuric acid is an elegant

way to avoid the formation of hemiketals and sodium impurities.215 In a second

step the poly-cyclosulfated product is hydrolyzed in water to yield a fullerenol with

approximately 12 hydroxyl groups. We anticipated that the, according to calcula-

tions216, most stable addition pattern of C60(OH)12 fullerenol with a S6 symmetry

could be bene�cial for building a periodic network. The IR spectra of the poly-

cyclosulfated intermediate product and the hydrolysis product of the same are shown

in �gure 6.1.
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Figure 6.1: IR spectra of cyclosulfated fullerene and the resulting fullerenol of the
hydrolysis of the same. The spectra are shifted along the y-axis for clarity.

Both spectra feature a signal around 1622 cm-1 corresponding to the νC=C vibration

of the aromatic fullerene core. The asymmetric and symmetric stretch vibration of

the RO-SO2-OR groups, σas and σs cause peaks at 1425 and 1235 cm
-1, respectively.

The IR spectrum of the fullerenol C60(OH)y shows characteristic absorption at 1355

and 1050 cm-1 corresponding to σ2(C-O-H) and ν(C-O). The broad signal located

around 3300 cm-1 can be assigned to vibrations of the O-H groups and adsorbed

water.

The number of functional groups attached to the fullerene core can be estimated

via thermogravimetric analysis (TGA).217 Therefore the weight loss of both the

cyclosulfated fullerene and the hydroxylated fullerenol was determined by TGA up

to 900 ◦C under nitrogen atmosphere (c.f. �gure 6.2). Below 150 ◦C, strongly

adsorbed water molecules are removed. In the temperature range from 150 ◦C to

570 ◦C, the moieties attached to the C60-core decompose: for example for fullerenol

dehydroxylation, hemiketal formation and pinacol type rearrangements and their
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Figure 6.2: TGA thermogramms of cyclosulfated fullerene and the corresponding
fullerenol.

degradation take place. The weight loss above 570 ◦C is attributed to the structural

decomposition of the fullerene core.217 The calculation of the number of attached

groups can be carried out via the equation 6.1 according to Goswami et. al..217 The

variable m represents the molecular weight of the attached group, herein 96 g mol-1

for a SO4 and 17 g mol-1 for a hydroxy group. The weight loss between 150 and

570 ◦C corresponds to variable a and the char yield added to the weight loss above

570 ◦C is described by the variable b.

n(attached groups) =
720 g mol−1

b
· a
m

(6.1)

The particular weight loss values and corresponding calculated number of adducts

are summarized in table 6.1.

Table 6.1: Calculation of number of attached functional groups

Sample m [g mol−1] a [%] b [%] n(attached groups)

C60(SO4)x 96 45.5 53.1 6.42
C60(OH)y 17 20.9 71.2 12.4
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The resulting values are in good agreement with literature reports.217 The deter-

mined numbers of hydroxyl and cyclosulfate moieties show a 2:1 ratio, which is

consistent with the proposed hydrolysis mechanism shown in �gure 6.3.215

Figure 6.3: Schematic mechanism of the hydrolysis of the cyclosulfate groups at the
fullerene core. Due to the proposed mechanism exactly two hydroxyl groups result
from each cyclosulfate group.

The molecular formula of C60(OH)12 was further con�rmed by elemental analysis

(see experimental part 6.3). The solubility of the fullerenol implies also a number

of hydroxyl groups smaller than 16, because it is soluble in THF and ethanol but

not in water.218 In contrast, pure unfunctionalized C60 is only soluble in nonpolar

solvents such as benzene or toluene. Due to the shrinkage of the conjugated fullerene

π-electron chromophore by virtue of transforming six double bonds into single bonds

the absorbance is subject to a hypsochromic shift (see �gure 6.4).176

Figure 6.4: Picture of solutions of pure C60 in toluene and fullerenol C60(OH)12 in
THF/ethanol (volume ratio 1:1) displaying the hypsochromic shift of the absorbance.
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Synthesis and Characterization of Fullerenol-Organosilica

The good solubility of the synthesized fullerenol in a mixture of ethanol and THF

opens up the possibility to apply the evaporation-induced self-assembly (EISA)

method with structure-directing micellar surfactant aggregates. For this a poly-

ethyleneoxide (PEO) - polypropyleneoxide (PPO) block co-polymer (EO20PO70EO20,

Pluronic R© P123) was used as structure directing agent. Six molar equivalents of

the silica precursor tetraethyl orthosilicate (TEOS) were added to react with the

fullerenol to build up a hybrid sol-gel consisting of fullerenol bridged by silica moi-

eties. Initial �lm samples of sample 6L were synthesized by direct drop casting, re-

vealing a highly periodic structure with re�ections up to the 4th order in small-angle

X-ray scattering (SAXS). The most intensive re�ection at 0.85◦ 2θ corresponds to a

d -spacing of 10.3 nm (c.f. �gure 6.5 A). The ratios of the corresponding d -values of

the re�ections correspond to 1:2:3:4 which can indicate a lamellar structure.193 The

periodic structure is stable towards a heat treatment at 100 ◦C for 3 h in air and only

prone to a slight shrinkage (towards 0.88◦ 2θ, d = 10.0 nm). Attempts at solvent

extraction of the template Pluronic R© P123 partially dissolved the fullerenol, desta-

bilized the structure and only a broad re�ection around 1.2◦ 2θ could be detected

with a full-width-at-half-maximum (FWHM) value of over 0.5◦ 2θ (see �gure 6.5 B).

After an elevated temperature treatment at 200 ◦C, the structure is stable towards

ethanol and a sharp re�ection around 0.94◦ 2θ (d = 9.4 nm) persists. Even a second

order re�ection can be distinguished at 1.84◦ 2θ.

The reaction of the silica precursor with the fullerenol and the extraction e�ciency

were monitored via IR spectroscopy. In �gure 6.6 the spectrum of the employed

fullerenol is compared to the spectra of C60(OH)12-silica composite directly after �lm

synthesis and after the 200 ◦C heat treatment and solvent treatment with ethanol.

The vibrations of the hydrolyzed silica precursor correspond to the intense peak at
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Figure 6.5: SAXS patterns of sample 6L with template Pluronic R© P123, 1 equivalent
fullerenol and 6 equivalents TEOS. A, SAXS pattern of dried material after synthesis.
The inset shows the zoomed in pattern, revealing the third and fourth order of the
re�ection. B, SAXS patterns after di�erent temperature and solvent treatments. The
patterns are stacked along the y-axis.

1108 cm−1 and the signal around 830 cm−1. Signals corresponding to P123 (assigned

with a star symbol in �gure 6.6) include the characteristic symmetric and asymmet-

ric stretching modes of the CH2 and CH3 groups (2868 cm−1�2970 cm−1). Other

vibrational modes of P123 are for example the symmetric deformation vibration of

the CH3 groups (1374 cm−1), a wagging mode of the CH2 groups (1300 cm−1), a

C-O-C stretching mode (1250 cm−1) and the rocking mode of CH3 (934 cm−1).196

The absence of the C-O-H vibration of the fullerenol in the composite material sug-

gests that the fullerenol hydroxy moieties reacted with the silica precursor to form a

silica bridged fullerenol network. The signal of the aromatic fullerene core at around

1647 cm−1 is still present in the composite before and after EtOH treatment. The

shift by around 20 cm−1 can be explained with the changed environment inside the

silica network. The slight shoulder at around 1050 cm−1 can be assigned to the

C-O vibration of the fullerenol moieties. The shift of the signal from the aromatic

fullerene core and the absence of the C-O-H vibration are strong indications that

a C60-O-Si connection has been established.219 The IR spectrum after the ethanol

extraction resembles the spectrum of the C60(OH)12-silica composite directly after
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synthesis. Thus the solvent extraction with ethanol was obviously not suitable to

remove the template.

Figure 6.6: IR absorbance spectra of fullerenol and of fullerenol-silica-template com-
posite as synthesized and after 200 ◦C heat treatment and ethanol extraction. The
spectra are shifted along the y-axis for clarity.

The feasibility of decomposing the block co-polymers at higher temperatures was

investigated as alternative approach towards the solvent extraction of the template.

The thermogravimetric analysis of Pluronic R© P123 and F127 under nitrogen reveal

that the templates can be completely decomposed in the temperature range from

around 320 to 375 ◦C (�gure 6.7). The template removal in inert atmosphere at

temperatures below 350 ◦C has already been successfully applied to other meso-

porous organosilica systems.183,220 A temperature as high as 335 ◦C was chosen as a

good trade-o� between removing the template and maintaining the stability of the

fullerenol moiety.

However, after heating the composite material to 335 ◦C for 10 h under nitrogen, the

highly periodic structure was destroyed. Only a very broad re�ection located around

2.2◦ 2θ remained in the SAXS pattern shown in �gure 6.8. This behavior is char-
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Figure 6.7: Thermogravimetric analysis of the block co-polymers Pluronic R© P123
and F127 in nitrogen atmosphere. Total decomposition at about 350 ◦C was achieved
by pyrolysis of the polymers.

acteristic for a lamellar structure oriented parallel to the substrate surface because

voids resulting from the pyrolysis of the template layers collapse and the dense layers

of fullerenol-silica composite lay loosely stacked parallel to the substrate.221,222

Figure 6.8: SAXS pattern of sample 6L after synthesis and after heat treatment at
335 ◦C in nitrogen atmosphere.

Di�erent ratios of template to silica and fullerenol precursors were tested to identify

a composition with a stable periodic structure. In particular the relative amount

of template to TEOS was reduced as it is known that unstable lamellar phases

occur preferably at high amounts of template.223 In addition to Pluronic R© P123,
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the block co-polymer Pluronic R© F127 with a higher PEO content and molecular

weight was also used. The molar ratio of fullerenol to silica precursor was �xed at

1 to 6 equivalents (see table 6.2). For a few experiments small amounts of LiCl

were added to further enhance the hydrophilic-hydrophobic contrast. However, all

�lms prepared with LiCl delaminated from the substrate after the heat treatment

at 335 ◦C and for this reason experiments with these compositions were not pursued

further.

Table 6.2: Composition and SAXS re�ections for all fullerenol-silica composite sam-
ples. The abbreviation 'br.' in the last two columns stands for 'broad'. A broad signal
in SAXS usually implies a collapse of the structure.

weight ratio re�ection in SAXS [◦ 2θ]

sample
C60(OH)12
(1 eq.)

TEOS
(6 eq.)

template
THF /
EtOH

LiCl
HCl
(1M)

as synth.
after
335 ◦C

P123

6L 10.0 13.5 26.5 1000 0.00 10.0 0.89 2.0 br.
6Li 10.0 13.5 26.5 1000 2.60 10.0 0.89 2.2 br.
6La 10.0 13.5 20.0 450 0.00 10.0 0.91 2.1 br.
6Lai 10.0 13.5 20.0 450 2.00 10.0 0.89 1.1 br.
6Lb 10.0 13.5 13.9 450 0.00 10.0 0.94 1.04
6Lc 10.0 13.5 11.0 450 0.00 10.0 0.96 br. 1.75 br.
6Ld 10.0 13.5 26.7 1000 0.00 10.0 0.98 n.a.

F127

6Fa 10.0 13.5 9.30 450 0.00 10.0 0.76 0.83
6Fai 10.0 13.5 9.35 450 1.40 10.0 0.72 0.79
6Fb 10.0 13.5 20.9 830 0.00 10.0 0.75 0.80
6Fc 10.0 13.5 5.34 450 0.00 10.0 n.a. -
6Fd 10.0 13.5 4.00 450 0.00 10.0 n.a. -

The samples 6Lb and 6Fa were chosen for further examination because they exhib-

ited the best periodic order after the elevated heating procedure at 335 ◦C according

to the SAXS measurements (see �gure 6.9). Both compositions show sharp re�ec-

tions and are only prone to a small shrinkage of the structure below 11 %. Upon

heat treatment, the d-values change from 9.4 to 8.5 nm for sample 6Lb and from

11.6 to 10.6 nm for sample 6Fa, respectively.

IR measurements revealed that the elevated heat treatment was not su�cient to

remove the template completely as there are signals originating from the template

in the spectra of both composites at 2700�3000 cm−1 (see �gure 6.10). The aromatic
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Results and Discussion 6.4

Figure 6.9: SAXS patterns of samples 6Lb (A) and 6Fa (B) after synthesis and after
heat treatment at 335 ◦C in nitrogen atmosphere.

fullerene core was sustained which is proven by the signal at 1650 cm−1 from the

νC=C vibration. This vibration is still present in the IR spectra after the heat

treatment (�gure 6.10).

Figure 6.10: IR spectra of composite 6Lb and 6Fa after 10 h at 335 ◦C in nitrogen
atmosphere.

The molecular integrity of the fullerenol-silica nanocomposites, particularly of the

fullerene core, was further examined with solid-state magic-angle spinning nuclear

magnetic resonance measurements (MAS-NMR). 13C and 29Si MAS-NMR spectra
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6.4 Nanostructured Fullerenol-Based Organosilica

were recorded from samples 6Lb and 6Fa after synthesis and after 10 h at 335 ◦C

in nitrogen (see �gure 6.11). Signals originating from the aromatic sp2-hybridized

carbon atoms of the fullerene core are present for both composites before and after

the heat treatment, from 140�155 ppm in the 13C MAS-NMR spectra(�gure 6.11 A

and C). This supports the assumption that the fullerenol core is stable at this tem-

perature in an inert nitrogen atmosphere. Furthermore, the ethylene and propylene

units of the templates P123 and F127 give rise to signals at around 75 and 73 ppm

caused by PPO - CH2 and - CH units, at 70 ppm by PEO - CH2 units and at 17 ppm

by PPO - CH3 groups.

The 29Si MAS-NMR spectra of both composites show very similar signals (c.f. �g-

ure 6.11 B and D). After drying at 120 ◦C the most dominant species in the silica

network is a Q3 (explained in �gure 6.12) species with a signal at −101 ppm. Ac-

cording to the literature224,225 the 29Si NMR resonance of a Si(O-Aryl)4 species

(Q4*) causes a shift at the same position at −101 ppm. The Q4* species would

result from a linkage of the fullerenol molecules to the silica precursor at the hy-

drolysis/condensation reaction. Next to the intense signal from the Q3 and possibly

Q4* species only weak intensities from small amounts of Q4 (−110 ppm) and Q2

(−92 ppm) species can be detected (see �gure 6.11 B and D).226 After heating the

material to 335 ◦C under nitrogen, the degree of condensation of the network rises

as expected and the signal in the 29Si NMR spectra shifts to lower �elds for both

composites. Silanol groups on the surface and inside the silica network are still

present in samples calcined below 400 ◦C (2-3 OH groups per nm).227 Consequently,

Q3 species with one hydroxy group are likely to be present in the heat-treated com-

posites as well. Therefore, the broad signal in the 29Si NMR spectra (�gure 6.11 B

and D) ranging from −100�110 ppm of the samples after the heat treatment at

335 ◦C under nitrogen arises from an overlap of the resonances from Q3, Q4* and
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Results and Discussion 6.4

Figure 6.11: 13C and 29Si MAS-NMR spectra of composites 6Lb (A and B) and
6Fa (C and D). The 13C spectra were normalized to the fullerene core signal (around
145 ppm).

Q4 species.

Figure 6.12: Q-species of condensed silica.

Both composites were investigated by nitrogen physisorption to collect more infor-

mation about the partial removal of the block co-polymers. The composite 6Lb with
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6.4 Nanostructured Fullerenol-Based Organosilica

the oxygen-richer template P123 shows a type iv isotherm (see �gure 6.13) typical

for mesoporous materials. The adsorption isotherm shows capillary condensation at

high p
p0

values over 0.5 and the very prominent hysteresis indicates slit-like pores

with small connection windows. Despite the only partial removal of the template

P123 the composite 6Lb shows a BET surface area of over 180 m2 g−1. The pore

size distribution of 6Lb yields a total pore volume of 0.2 mL g−1 and displays a peak

at 2.5 nm and a rather broad distribution of pore diameters from 3 to 10 nm.

Contrary to composite 6Lb, the material 6Fa achieves nearly no accessible porosity

after the temperature treatment at 335 ◦C (compare �gure 6.13). The BET surface

area of composite 6Fa reaches only 7 m2 g−1 which implies that the major part of

the template F127 remained in the composite. One explanation for this could be

that the combustion of Pluronic R© P123 proceeds further due to the higher oxygen

to carbon ratio compared to Pluronic R© F127. An alternative reason could be that

the kinetics of the combustion in P123 and F127 are di�erent depending on the

interaction with the network material, which could be caused by the di�erent sizes

of the hydrophilic and hydrophobic parts.228.

Figure 6.13: A: Nitrogen sorption isotherms at −196 ◦C of the fullerenol-silica com-
posites 6Lb and 6Fa after the heat treatment at 335 ◦C in nitrogen. B: Pore size
distribution of 6Lb estimated from the adsorption branch.
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In view of the above results, di�erent strategies for the removal of the templates were

tested and investigated via IR measurements. In these experiments, the fullerenol-

silica network was condensed and �xed at 160 ◦C, and afterwards di�erent extraction

methods were applied.

Comparing the IR spectra in �gure 6.14 of di�erent samples extracted with THF

and ethanol or supercritical CO2 with the spectrum of the composite after synthesis

suggests that the amount of template - regardless if P123 or F127 - is not reduced to

any extent. The characteristic vibrational modes of the CH3 and CH2 groups of the

PEO and PPO blocks can still be detected after the di�erent treatments between

2700�3000 cm−1.

Figure 6.14: IR spectra of composite 6Lb after di�erent extraction treatments. It
was not possible to remove the template with any of the applied methods. The spectra
were shifted along the y-axis for clarity.

It appears that the Pluronic templates are trapped in closed pores or somehow

strongly incorporated into the fullerenol-silica network such that liquid extraction

methods cannot remove the block co-polymers.

The structure of both organosilicas, 6Lb and 6Fa, was further investigated by trans-

mission electron microscopy (TEM) and grazing incidence small-angle X-ray scat-
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6.4 Nanostructured Fullerenol-Based Organosilica

tering (GISAXS). A sample of the thermally unstable compound 6L was also inves-

tigated to reveal di�erences in the nanoscopic structure that could be responsible

for the di�erence in thermal stability.

The TEM micrographs of the sample 6L further con�rm the lamellar structure of

these materials (c.f. �gure 6.15 A1 and A2). Parallel layers with a distance of

approximately 5�6 nm can be detected. The lower distance measured in the TEM

pictures compared to the d -spacing of 10 nm obtained by SAXS can be a result of

strong shrinkage of the structure induced by the high vacuum of the electron micro-

scope sample chamber. The GISAXS pattern of sample 6L in �gure 6.16 A reveals

only one strong in-plane re�ection, which supports the assumption of a lamellar

phase being oriented parallel to the substrate.

Surprisingly, it was not possible to gather any structural information about the 6Lb

sample from TEM measurements (�gure 6.15 B1 and B2), even though it shows sig-

nals due to periodic structuring in 1-D SAXS (see �gure 6.9 A) and also in GISAXS

measurements before and after the 335 ◦C heat treatment (�gure 6.16 B). The ab-

sence of out-of-plane re�ections in the GISAXS pattern also indicate a lamellar phase

similar to 6L. We note that the TEM sample preparation of lamellar phases can be

very delicate due to the insu�cient mechanical stability.29 The nanostructure of the

sample could be destroyed in the process of removing the �lm material from the

substrate prior to the TEM investigation.

The TEM micrographs of the 6Fa composite show clearly nanostructured features.

The layer distances are in accordance with the SAXS re�ection pattern of around

10 nm. The GISAXS measurements before and after the 335 ◦C heat treatment pro-

vide more information about the structure (see �gure 6.17). The as-synthesized 6Fa

composite (�gure 6.17 A) shows also a strong in-plane signal suggesting a lamellar

structure with layers parallel to the substrate. In contrast to the composites with
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Figure 6.15: TEM micrographs of removed spin-coated thin �lms of di�erent
fullerenol-silica-template composites: A, sample 6L as synthesized, B, sample 6Lb
after 10 h at 335 ◦C in N2, C, sample 6Fa after 10 h at 335 ◦C in N2.
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6.4 Nanostructured Fullerenol-Based Organosilica

Figure 6.16: 2D-GISAXS pattern of as synthesized 6L composite (A) and composite
6Lb (B) after 10 h at 335 ◦C under nitrogen.

Pluronic R© P123, there is also an arc with about the same qz value as the in-plane re-

�ection. The prominent in-plane re�ection vanishes after the 335 ◦C heat treatment

and the arc-shaped re�ection builds nearly a closed Debye-Scherrer ring around the

origin (c.f. �gure 6.17 B).

Figure 6.17: 2D-GISAXS pattern of composite 6Fa as synthesized (A) and after 10 h
at 335 ◦C under nitrogen (B).

On the one hand, this arc can indicate the presence of smaller domains of a lamellar

phase that do not show a preferential orientation towards the substrate.229 On the

other hand, this arc can also originate from a worm-like or correlated micellar struc-

ture corresponding to disordered pores.25,230 These pores seem to be inaccessible

such that none of the applied extraction methods was capable of removing the tem-
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plate. This phenomenon of inaccessible mesopores has been occasionally observed

for thin silica �lms structured with CTAB and also for Pluronic templates.223,230

6.5 Conclusion

We were able to successfully synthesize a new nanostructured organosilica mate-

rial mainly based on fullerenol (around 80 wt%). By adjusting the amount of

structure-directing block co-polymer P123 or F127, respectively, we could synthe-

size periodically structured and thermally stable fullerenol-silica-block-co-polymer

composites. As demonstrated with X-ray scattering data, the lamellar mesostruc-

tures of the new composites are stable up to 335 ◦C in nitrogen and towards polar

solvents such as ethanol, THF and also supercritical CO2. The integrity of the

fullerene core after these treatments con�rmed by MAS-NMR and IR spectroscopy.

IR and 29Si MAS-NMR measurements of the composites imply a covalent linkage

between the fullerenol and the interconnecting silica. The organosilica templated

with P123 shows accessible porosity revealed by nitrogen sorption experiments. The

corresponding BET surface area reaches over 180 m2 g−1 and the total pore volume

accounts for 0.2 mL g−1.

By building a stable matrix with fullerenol molecules, the advantageous properties

of the same can be applied in solid-state devices. This opens up the possibility to

exploit the full potential of fullerenol in various applications such as catalysis231,

sorption206 or optoelectronics232. We suggest that our results o�er a starting point

to further develop di�erently structured fullerenol-organosilica materials with en-

hanced porosity, which will be attractive in view of the above applications.
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Chapter 7

Conclusion and Outlook

In this work, the nanostructure and the properties of novel inorganic-organic hybrid

materials were investigated. In chapter 3 the in-situ polymerization of a conducting

polymer into a preformed functionalized mesoporous titania network was explored.

Novel hybrid materials based on sol-gel synthesis routes are the focus of chapters 4, 5

and 6. Structuring on the nanoscale was achieved through soft-templating methods,

using an evaporation-induced self-assembly approach.

In chapter 3 the synthetic incorporation of the conducting polymer MEH-PPV into

mesoporous titanium dioxide �lms is demonstrated. The inexpensive, non-toxic

Gilch polymerization allowed for the straightforward synthesis of the conjugated

MEH-PPV polymer inside the mesoporous titania network. We investigated the in-

�uence of molecular surface functionalization preceding the in-situ polymerization.

These studies revealed that the molecular nature of the anchor molecule is essential

to yield a high amount of in-situ synthesized MEH-PPV. Surface functionalization

with chemically active molecules, which can be incorporated into the MEH-PPV,

were found to enhance the amount of the in-situ synthesized MEH-PPV up to a fac-

tor of 6 compared to non-functionalized samples, and thus enhanced the resulting
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absorbance which is essential for a good performance of solar cells. The evaluation

of the corresponding UV-Vis spectra revealed a higher conjugation length, as deter-

mined from the optical band gap, for in-situ polymerized MEH-PPV with reactive

functionalized titania compared to non-reactive functionalized or untreated titania.

While we observed a decrease in the e�ective conjugation length of the in-situ syn-

thesized MEH-PPV in non-treated titania �lms with smaller pores, this undesired

e�ect was avoided through the application of an active surface functionalization.

The two reactive anchor molecules acrylic acid and a molecule mimicking the monomer

structure were investigated in photovoltaic devices. The drastically di�erent per-

formance of the two anchor molecules suggests that the orientation of the grown

polymer chains with respect to the titania surface is an essential factor for e�cient

power generation.

In this study we showed that the successful in-situ growth of a conjugated polymer

in a porous metal oxide sca�old is on the one hand dependent on the functionaliza-

tion of the surface with active anchor sites. Conversely, this alone is not su�cient

and the geometry of the anchoring via the reactive linker molecules seems to be

advantageous for a perpendicular orientation of the polymer chains with respect to

the oxide surface.

These results could give an impetus for additional studies regarding the further

optimization of the anchor molecules and the resulting orientation of the in-situ

synthesized polymer chains, to exploit the full potential of the conjugated polymer-

metal oxide hybrid material. This way, new synthesis methods for more e�cient

hybrid materials for photovoltaic devices can be developed.

Chapters 4 and 5 focus on the synthesis of novel PMO materials from silsesquioxane

precursor molecules using a soft-templating EISA approach.

In chapter 4 a symmetrically functionalized fullerene C60 precursor was developed
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as building block for the formation of a fullerene-based covalent framework. We

surmised that the high three-dimensional symmetry of the fullerene precursor facil-

itates the self-assembly process of the highly periodic orthorhombic structure with

Fmmm symmetry and a pore size of around 7.5 nm. Measurements of the dielectric

constant of the fullerene PMO revealed a relatively low value around 3.0.

We suggest that integrating symmetrically functionalized fullerene cores having tun-

able optoelectronic properties into PMO materials will provide access to a whole new

family of hybrid fullerene materials with intriguing optical and electronic properties.

Following a di�erent approach, in chapter 5 a silsesquioxane with a π-conjugated

donor-acceptor-donor unit (dithienyl benzothiadiazole = DTBT) was employed with

the goal to introduce intriguing photosensitive and conductive properties into the

resulting PMO. Contrary to the 3D-symmetric fullerene precursor, the bulky and

not completely rigid structure of the DTBT silsesquioxane molecule apparently does

not create su�cient linkages in the network, such that so far we could not obtain a

stable periodic structure with the DTBT precursor alone using the EISA process.

Notably, a phase transformation from the unstable lamellar pure DTBT precursor

phase to a stable PMO with hexagonally arranged pores could be performed through

a vapor in�ltration of HCl and TEOS.

We gained insights regarding the molecular interactions between the DTBT moieties

in the network walls by optical and crystallographic measurements. All methods pro-

vide a strong indication that the DTBT units π stack in the �rst place and show

strong electronic interactions. However, the stabilization of the network through the

vapor treatment causes the DTBT units to loose some contact and therefore they

seem to be even more isolated than in solution: 1. the maximum of the UV-Vis ab-

sorbance is blue-shifted compared to a THF solution and 2. PL decay measurements

reveal the disappearance of a longer-lived light emitting species. The moderate per-
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formance of the DTBT PMO in photovoltaic devices is attributed to the partial loss

of π-stacking and the associated decrease in transport properties. In addition to the

loss of the π-π interactions, 50 wt% silica is introduced by the HCl-TEOS vapor

treatment, which has insulating properties and diminishes the conductivity of the

�nal PMO even further.

We believe that a PMO material based on DTBT or related precursors can show

highly increased photosensitive and electronic properties if the interactions in form

of the π-stacking are maintained in the �nal porous structure. In future experiments,

synthetic pathways with alternative silsesquioxane building blocks and di�erent soft

templates should be explored to achieve this goal.

In the last part, in chapter 6, hydroxylated fullerenol was incorporated into a

nanostructured silica network. We successfully synthesized lamellar mesostruc-

tures of fullerenol-silica-block-co-polymer composites with two di�erent triblock co-

polymers, P123 and F127. Remarkably, both lamellar structures show a good ther-

mal stability, up to 335 ◦C in nitrogen, and are stable towards polar solvents such

as ethanol, THF and also supercritical CO2, which was con�rmed by X-ray scatter-

ing. MAS-NMR and IR spectroscopic measurements displayed the integrity of the

fullerene core after the synthetic steps. Additionally, the results of the IR measure-

ments of the composites imply a covalent interconnection of the fullerenol and the

silica moieties. After removal of the template P123, the corresponding composites

show a relatively high porosity with a pore volume of 0.2 mL g−1 and a BET surface

of over 180 m2 g−1. Creating a stable matrix with a high fullerenol content (around

80 wt%) opens up the possibility to apply this new material in solid-state devices.

This way the full potential of fullerenol in various applications such as catalysis or

sorption can be made accessible. These results o�er a starting point to optimize

the nanostructure in future experiments, for example by applying other structure

142



7 Conclusion and Outlook

directing agents. Enhanced access to the pores will lead to a signi�cantly increased

active surface area and the intriguing properties introduced by the fullerenol moi-

eties can be investigated.

In summary, hybrid inorganic-organic materials are of great interest for a large

variety of applications. Nearly unlimited combinations of organic with inorganic

building blocks o�er new and exciting perspectives through customizing the proper-

ties of the resulting material. Understanding the relationship between the properties

and the structure on the molecular- and the nano-scale is essential for the successful

design of new versatile materials for future applications, ranging from photovoltaic

devices to dielectric interlayers in microelectronics.
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Abbreviation list

AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . atomic force microscopy

BET . . . . . . . . . . . . . . . . . . . . . . . . . . . Brunauer-Emmett-Teller

BJH . . . . . . . . . . . . . . . . . . . . . . . . . . . Barret-Joyner-Halenda

CCD . . . . . . . . . . . . . . . . . . . . . . . . . . . charge-coupled device

cmc . . . . . . . . . . . . . . . . . . . . . . . . . . . . critical micelle concentration

CP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . cross-polarization

CSA . . . . . . . . . . . . . . . . . . . . . . . . . . . cooperative self-assembly

DFT . . . . . . . . . . . . . . . . . . . . . . . . . . . density functional theory

DMA . . . . . . . . . . . . . . . . . . . . . . . . . . 9,10-dimethylanthracene

DPV . . . . . . . . . . . . . . . . . . . . . . . . . . . di�erential pulsed voltammetry

DSC . . . . . . . . . . . . . . . . . . . . . . . . . . . di�erential scanning calorimetry

DTBT . . . . . . . . . . . . . . . . . . . . . . . . . dithienyl-benzo-thiadiazole

EISA . . . . . . . . . . . . . . . . . . . . . . . . . . evaporation-induced self-assembly

EQE . . . . . . . . . . . . . . . . . . . . . . . . . . . external quantum e�ciency

FWHM . . . . . . . . . . . . . . . . . . . . . . . . full-width-at-half-maximum
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Abbreviation List

GISAXS . . . . . . . . . . . . . . . . . . . . . . . 2D grazing-incidence small-angle X-ray scatter-

ing

HOMO . . . . . . . . . . . . . . . . . . . . . . . . highest occupied molecular orbital

IR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . infrared

ITO . . . . . . . . . . . . . . . . . . . . . . . . . . . . indium tin oxide

LCT . . . . . . . . . . . . . . . . . . . . . . . . . . . liquid-crystal templating

LUMO . . . . . . . . . . . . . . . . . . . . . . . . . lowest unoccupied molecular orbital

MALS . . . . . . . . . . . . . . . . . . . . . . . . . multi-angle laser scattering

MAS . . . . . . . . . . . . . . . . . . . . . . . . . . . magic-angle spinning

MAS-NMR . . . . . . . . . . . . . . . . . . . . . magic-angle spinning nuclear magnetic resonance

MEH-PPV . . . . . . . . . . . . . . . . . . . . . poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene

vinylene]

NMR . . . . . . . . . . . . . . . . . . . . . . . . . . nuclear magnetic resonance

PCBM . . . . . . . . . . . . . . . . . . . . . . . . . phenyl-C61-butyric acid methyl ester

PEDOT:PSS . . . . . . . . . . . . . . . . . . . poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

PEO . . . . . . . . . . . . . . . . . . . . . . . . . . . poly(ethylene oxide)

PFN . . . . . . . . . . . . . . . . . . . . . . . . . . . poly (9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-

�uorene)-alt-2,7-(9,9-dioctyl�uorene)

PL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . photoluminescence

PMMA . . . . . . . . . . . . . . . . . . . . . . . . poly(methyl methacrylate)

PMO . . . . . . . . . . . . . . . . . . . . . . . . . . periodic mesoporous organosilica

PPO . . . . . . . . . . . . . . . . . . . . . . . . . . . poly(propylene oxide)
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PPV . . . . . . . . . . . . . . . . . . . . . . . . . . . poly(p-phenylene vinylene)

PSD . . . . . . . . . . . . . . . . . . . . . . . . . . . pore size distribution

QSDFT . . . . . . . . . . . . . . . . . . . . . . . . quenched solid state density functional theory

SAXS . . . . . . . . . . . . . . . . . . . . . . . . . . small-angle X-ray scattering

SEC . . . . . . . . . . . . . . . . . . . . . . . . . . . size exclusion chromatography

SEM . . . . . . . . . . . . . . . . . . . . . . . . . . . scanning electron microscopy

TBAPF6 . . . . . . . . . . . . . . . . . . . . . . . tetrabutylammonium hexa�uorophosphate

TEM . . . . . . . . . . . . . . . . . . . . . . . . . . . transmission electron microscopy

TEOS . . . . . . . . . . . . . . . . . . . . . . . . . . tetraethyl orthosilicate

TGA . . . . . . . . . . . . . . . . . . . . . . . . . . . thermogravimetric analysis

UV-Vis . . . . . . . . . . . . . . . . . . . . . . . . ultra violet-visible

WAXS . . . . . . . . . . . . . . . . . . . . . . . . . wide-angle X-ray scattering

XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . X-ray di�raction
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