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Abstract

Diblock copolymers like poly(styrene)-block -poly(2-vinylpyridine) pave the way for

controllable self-assembled monolayers of nanoparticles. Using particular polymer

weights and concentration, spherical micelles of PS-b-P2VP can be constructed with

a non-polar PS corona and a polar P2VP core. Various precursor salts can be loaded

into the core of the micelles due to interactions with the polar core which forms

as the active site for nanoparticle growth. The PS corona protects the core from

the atmosphere and non-polar solvents. The micelles can then act as nanobeakers

for aqueous chemistry in two ways; spontaneous reactions between precursors result

in nanoparticles or the trapping of precursor salts can be oxidized or reduced us-

ing polymer removal techniques like gas plasmas. In this way, reverse micelles are

a facile method of growing metal, metal oxide or dielectric nanoparticles. Process

parameters, such as concentration, molecular weights, nature of solvents and type of

precursor salt, offer control over the periodicity and size of the monolayer of nanopar-

ticles. Reverse micelle templating is a potentially useful nanofabrication method for

tailor-made nanoparticles for use in electrical and optical devices which is not limited

to form-factor of substrates. In this thesis, obstacles are identified that hinder the

utility of PS-b-P2VP templated nanoparticles in device fabrication. The polymer is
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insulating which is detrimental to electrical applications. Additionally, the character-

ization of a monolayer of polymers, thus far, is limited to structural techniques such

as SEM and AFM. This thesis sheds light on the mechanism of precursor loading

in the micelle core, discusses the efficiency of different polymer removal techniques

and uses vibrational spectroscopy for the characterization of monolayers of polymer,

loaded polymer and nanoparticles. We have tested enhanced Raman methods using

AFM probes to extend the resolution of normal Raman to view monolayers of empty

polymers as well. Moreover, using FeCl3-loaded polymer micelles, the control offered

by PS-b-P2VP templated growth on the crystal structure of nanoparticles is laid

bare. The usefulness of the technique is further divulged by using ordered γ-Fe2O3

nanoparticles in water-splitting photoanodes where they show an increased efficiency

with the inclusion of nanoparticles and their periodicity. This is just an example

of devices using reverse micelle templated nanoparticles, paving the way for future

applications. The flexibility of this method is further revealed by constructing self-

assembled Au/SnO2 nanojunctions within the PS-b-P2VP micelle cores. This was

done by exploiting the spontaneous redox reaction between HAuCl4 and SnCl2 in an

aqueous environment, and so can be replicated for other metals and metal oxides like

Pt, Pd, Ag, TiO2 and ZnO2. The composite nanoparticles formed exhibit a tunable

size and dispersion as typically seen with PS-b-P2VP micelles and so, can be used

for various applications which require metal/metal oxide junctions.
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Chapter 1

Introduction

1.1 Background and Motivation

Nanofabrication can be categorized in two main groups; ”top-down” or ”bottom-up”

approaches. As the names suggest, the former relies on a larger structure which is

either broken down or etched away to give nanostructures while the latter mainly

forms the wider array of synthesis methods which rely on forming nanostructures

from precursors. Nanoparticle decoration of surfaces with uniform size and ordered

dispersions have been of considerable interest for applications where surface wettabil-

lity, overlayer adhesion, or work function modification are desirable. Nanostructures

also find widespread use for applications that exploit properties where they differ

from that of their typical bulk counterparts. A smaller subset of these bottom-up

approaches are self-assembly techniques using templating methods which have been

a matter of great interest for their potential in easy and cheap fabrication. [1, 2]

Diblock copolymer lithography relies on amphiphillic diblock copolymers which

self-assemble into predictable patterns when suspended in a solvent and deposited on
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a surface. [3–9]Diblock copolymers such as Poly(styrene)-b-poly(2-vinylpyridine) (PS-

b-P2VP) consist of two chains of copolymers bound to each other. [7–19] In the pres-

ence of a selective solvent, diblock copolymers self-assemble in different arrangements,

forming the backbone of diblock copolymer lithography. [3–5,7,8,20]The control over

diblock copolymer lithography emerges from the interactions and self-interactions be-

tween the two polymers while in different solvents. In terms of process parameters,

this comes down to concentration of solution, nature of solvent, and molecular weight

of each block which can be selected for desirable phases. [3–5,7,8,20,21] Above a criti-

cal micellar concentration (Ccmc) in a non-polar solvent, PS-b-P2VP self-assembles as

spherical micelles, where P2VP forms the polar core and PS serves as the non-polar

corona. The schematic in Figure 1.1 (a) shows the arrangement of each block copoly-

mer in a spherical micelle. The hydrodynamic radius of the reverse micelles in the

solution depends on the concentration and the molecular weight of the blocks. Addi-

tive polar solvent can also be used to ’swell’ the core of the micelles, which effectively

increases the micelle size. Different ratios of PS/P2VP fraction leads to a different

equilibrium of self-interaction of the polymer and exhibits different periodicity of the

polymer micelles. By optimizing the deposition parameters, cheap and facile deposi-

tion techniques can be used to obtain ordered monolayers of self-assembled micelles

as shown in Figure 1.1 (b).

The polar micellar cores forms the site of nanoparticle synthesis when the precursor

is introduced to the micelle solutions. The mechanisms of loading of the micellar

core is split into two main categories; interaction of the metal ions with the P2VP

units and osmotic pressure forcing the diffusion of the precursor salts from the non-

polar solvent to the polar core. The core surrounded by the PS shell offers the
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Figure 1.1: (a) Schematic of a PS-b-P2VP spherical micelle indicating the
arrangement of the diblock copolymers which are indicated with the PS as a grey
line and the P2VP as the yellow. (b) AFM image of a spin-coated monolayer of

PS(75k)-b-P2VP(66.5k) micelles on a clean Si substrate.

precursors ’protection’ from the environment, as in this way the reverse micelles act

as nanosized reaction vessels for aqueous reactions resulting in desired nanoparticles.

The entire process from formation of polymer micelles to nanoparticles is illustrated

in the schematics Figure 1.2. Exploiting the micellar phase of PS-b-P2VP, a variety

of metal, metal oxide and dielectric nanoparticles have been formed.

(a) (b)

FeCl3

NN Fe3+

Spin coating Plasma treatmentMicelles formation Salt loading Final particles
Diblock copolymer 

solvation

m
N
n

PS-b-P2VP

Figure 1.2: Schematic of (a) a single FeCl3-loaded PS-b-P2VP micelle, indicating
the trapping of the metal ion in the core and (b) reverse micelle deposition process
including polymer removal from a monolayer to produce templated nanoparticles.

The use of PS-b-P2VP micelle templated nanoparticle arrays in devices is limited
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due toa few reasons. The presence of insulating polymer surrounding nanoparticles

poses n obstacle for applications where electrical contact between layers is desirable.

Moreover, the ability to characterize small amounts of material, down to monolay-

ers, is important to assess the role of nanoparticles in any application. Typically,

structural characterization like AFM can be used to visualize the topographical fea-

tures of nanoparticles as in Figure 1.1 (b). They are extermely useful for structure

sizes and elemental analysis but these techniques are limited in their ability to probe

chemical properties such as molecular vibrations. Techniques like AFM and SEM are

also costly and effort-consuming compared to non-invasive spectroscopic techniques

such as Raman Spectroscopy which resolve fingerprint scattering patterns to identify

structures. Normal Raman spectroscopy cannot, however, only resolve modes from

monolayer of PS-b-P2VP micelles. To effectively use PS-b-P2VP reverse micelles as

a method of producing ordered arrays of nanoparticles and use them in devices, there

must be a good understanding of the mechanisms of polymer loading, polymer re-

moval and there must be a cheap and reliable way of characterizing thin films just

structural analysis.

1.2 Overview of thesis

The following thesis is a combination of published work or work that is in the process

of being published and with these articles, I hope to shed light on the viability of using

diblock copolymers for self-assembled templated nanoparticles. This technique can

be employed for the synthesis of a nanoparticles of different materials and, therefore,

is useful for a variety of applications. Reverse Micelle deposition is also enticing

for its flexibility in deposition for a variety of solution-deposition methods such as
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spin-coating, spray-coating, dip-coating, and roll-to-roll printing can be used.

I have attempted to address challenges in the growth and use of PS-b-P2VP

templated monolayers of nanoparticles; Chapter 2 discusses polymer removal and

its effect on the resulting nanoparticles while Chapter 3 expands on our ability to

visualize the polymer at different points of the process and discusses the ability of

viewing monolayers of loaded micelles. This ability to characterize small amounts of

materials and to track polymer removal opens the avenue for control and monitoring

the entire process. Chapter 3 also discusses the ability to characterize and synthesize

various transition metal oxides and noble metal nanoparticles using metal halide

precursors.

Chapter 4 exhibits our understanding of the system in terms of the control offered

over monolayers of Fe2O3 nanoparticles, allowing us to control the amount of each

polymorph (hematite, maghemite and magnetite) grown and this, in turn, allows us to

tune the particles for specific applications. The usefulness of this ability is illustrated

in the second article in Chapter 4 which employs ordered and disordered arrays of

γ-Fe2O3 nanoparticles in hematite-based photoelectrodes for water splitting. With

this article, we can see the effect of enhanced charge extraction on current density due

to the α/γ-Fe2O3 junction. Ordered nanoparticles are observed to deliver a greater

efficiency. This chapter forms an example of the possibilities that this technique offers

in tailor-making nanoparticles that can be used in devices.

Chapter 5 extends the discussion to the use of reverse micelle templating for the

growth of composite nanoparticles. In this case, we have reported successful growth of

SnO2 –Au nanoparticles which can easily be characterized using spectroscopic meth-

ods such as XPS, Raman and UV/Vis spectroscopy. By controlling the amount
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of precursors, the size of nanoparticles and their properties were tuned. This in-

cluded optical properties and magnetic properties. We discuss the merit of SnO2 –Au

nanoparticles for use in catalysis where greater surface area from hexagonally packed

nanoparticles would be a boon and in photonic applications where we observed a de-

creased loss in waveguide transmission when the nanoparticles were used as a cladding

layer. This chapter serves to outline the flexibility of the PS-b-P2VP system in mak-

ing designer novel structures and its applicability to device fabrication.

Due to the inclusion of articles that are published or in the process, there is a sig-

nificant overlap in the introduction and experimental methods in all the chapters. The

introduction of each paper discusses the merits and, where relevant, the challenges

of using Reverse Micelle templating for the growth of nanoparticles. Discussions on

the different kind of nanoparticles that are possible using this method has also been

included. In case of the experimental methods, similar techniques were employed in

the characterization of the template and the nanoparticles, ranging from vibrational

spectroscopy to electron and force microscopy, and so there is some overlap in the

discussion of the characterization of empty and loaded polymer.
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Chapter 2

Removal of polymer template from

deposited layers

2.1 Submitted: Effectivity of Plasma Etching on

Template Removal of Reverse Micelle Deposited

Nanoparticles
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Deposited Nanoparticles

Authors: Ramis Arbi, Muhammad Munir, David Hoyle, Staz Dogel, and Ayse

Turak

This manuscript has been submjtted to Elsevier Polymers awaiting review.
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2.1.1 Introduction

Over the past two decades, nanometer-sized materials and devices have attracted

much research interest, due to the wide variety of prospective applications of nanoma-

terials in electronics, high-density data storage, chemical sensing, drug delivery, med-

ical diagnostic systems, and nanocatalysis [22–27]. The explosive growth in solution

processed semiconductors has also driven new emerging technologies with organic, hy-

brid, perovskite and all inorganic-nanoparticle systems developing significantly over

the last four decades due to the promise of cheap, flexible displays and lights and the

sources to power them. Though they have impacted the consumer landscape, such

devices have not dominated the market as has been long predicted, as a roadblock

in effective nanoparticle device development is homogeneity, uniformity and effective

size control, in the materials and at various interfaces [28].

Uniformity and periodicity of nanoparticle arrays is essential particularly in con-

trolling electrical [15, 29–32], optical [12, 33, 34] and catalytic properties [35] of dec-

orated surfaces and interfaces. Self-assembly of amphiphilic block copolymers is a

model example of a ”bottom-up” approach to the construction of nano-objects on

large areas. Di-block copolymers, due to their amphiphilic nature, spontaneously

form core-corona micelles in selective solvents. Using the micelles as “nanoreactors”

allows the formation of highly controllable nanoparticles for a wide variety of materi-

als [11–17]. One widely used system is poly(styrene)-b-poly(2-vinyl pyridine), where

pyridine acts as a monodentate ligand for a variety of transition metal and halo-

gen ions [36]. For many applications, however, post-processing is required to remove

the polymer ligand shell from around the nanoparticle, as it can interfere with the

electrical or catalytic properties.
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Plasma etching, with reactive or inert gases, is an attractive low temperature

option, as it is possible to remove the polymer template without losing the periodicity

of the particle array [8,13,14]. Oxygen plasma in particular is effective due to reactive

ion species which aid in its oxidative polymer cleaving action where the large organic

structures fragment selectively into smaller volatile fractions [37–39]. It is typically

selective towards the polymer and other organic molecules, leaving the inorganic

nanoparticles unaffected, but often resulting in an oxygen terminated surface [40,

41]. However, the use of oxygen plasma can be detrimental for oxygen sensitive

materials, such as metals, halides, or organic component containing hybrids. It can

also be problematic for applications which involve nanoparticle decoration of organic

active layers such as in organic optoelectronic devices [42]. This suggests the need to

understand the plasma process and any alternative approaches for removing diblock

copolymers as a template.

Amongst the many techniques at our disposal for examining the fabrication pro-

cess of micelle templated particles, Raman spectroscopy is particularly useful in its

ability to characterize the polymer micelles in small quantities [17, 43, 44]. Addi-

tionally, with transition metal salts such as iron chloride, a complex occurs with the

nitrogen on the 2VP groups in the core of the micelles, which results in the enhance-

ment of the ring stretching modes of the P2VP ring [43,45]. This allows for a unique

opportunity to observe the changes in the Raman spectra of a monolayer of loaded

micelles after progressive polymer removal to track the evolution of both polymer and

oxide modes [17,43]. As various polymorphs of iron oxide exhibit distinct modes un-

der Raman [17,46,47], the resulting phase of the nanoparticles after polymer removal,

therefore, provides further insight about the mechanism of oxide growth.
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In this contribution, we use the chemical fingerprints from Raman spectroscopy to

compare the impact of oxygen plasma on iron chloride loaded reverse micelle templates

and compare it to other gas plasmas in terms of its effectivity and action on the

polymer. We have also extended the discussion to include two non-plasma related

methods, UV/ozone assisted etching and electron cloud assisted etching, to assess

their viability as polymer removal methods.

2.1.2 Materials and Methods

Reverse Micelle Preparation and Deposition

Polystyrene-block-poly(2-vinyl pyridine) powders (PS-b-P2VP, Polymer Source) of

molecular weight, Mn: 750000-b-66500, were used for this study (also referred to

as dense-core micelles). Where indicated, another polymer of weight, Mn: 28000-b-

36000, was also used and labelled as crew-cut micelles. The polymer was dissolved

in o-xylene, which is a selective solvent for PS, to a concentration of 3mgml−1. The

solutions were stirred for 24 hours, following which a precursor salt (in this case,

anhydrous FeCl3, 99.99 %, Sigma-Aldrich) was added. A loading ratio (salt:2VP)

of 1.5 was used for this study to ensure strong complexation features in the Raman

study. After an additional 24 hours of stirring, the solution as centrifuged for 15 min

at 6500 rpm to separate the excess salt.

The loaded micelle solution (M/PS-b-P2VP) was then dynamically spin-coated at

2000 rpm for 45 seconds on to clean substrates. For SEM and AFM measurements,

silicon substrates were used and for Raman measurements, aluminum foil substrates

taped on glass were used.
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Polymer Removal

Plasma Treatment

M/PS-b-P2VP films were introduced to different plasmas for varying amounts of

time at a fixed chamber pressure in a RF plasma chamber (29.6W, Harrick), as listed

in Table 2.1. Pure gases were alpha grade, used directly without drying.

Table 2.1: Chamber pressure under different gas environments for plasma
treatments.

Gas Chamber Pressure (mTorr)
Oxygen 800-900
Nitrogen 800-900
Argon 400-500
Hydrogen 1000

Mixed gases were achieved with 100mTorr of air being leaked into the chamber

while maintaining the net chamber pressures listed in Table 2.1 for samples indicated

as leaky O2 or leaky N2.

Hitachi ZoneSEM (UV/Ozone) Treatment

Hitachi Zone SEM Desktop Sample cleaner was used in multiple steps of 30 min-

utes of exposure under ultimate chamber vacuum using 1 min exposure intervals. The

settings used offered the maximum power and exposure of the instrument. [48]

Hitachi Sparkle EC (Electron Cloud) Treatment

Hitachi Sparkle EC was used where the sample was irradiated with an electron

cloud under ultra-high vacuum conditions (< 10−9 Torr) and the vent of the chamber

was connected to a residual gas analyzer (RGA) allowing for active monitoring of the

fragments of selected masses, including CO2 at 44 units. [49,50]
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Characterization

Raman Spectroscopy

Raman spectroscopy was performed by a Renishaw inVia spectrometer at 514

nm laser excitation on spin coated samples on Al foil. The laser power was set to 1

mW and an objective of 20x and 1800 Lines.mm−1 grating was used. The baseline

of the spectra was created and then subtracted to highlight the peaks of interest.

In addition, the spectra were smoothed using a Savitzky-Golay function in Origin

and normalized in the region between 150 to 2000 cm−1. The spectrum features

were deconvoluted using Lorentzian line shape profiles to highlight the iron oxide

characteristic peaks. The spectra were normalized in two ways and indicated as such:

either between 0 and 1 for most analysis; or divided by the absolute intensity at 1000

cm−1 for the etch time study.

Scanning Electron Microscopy and Atomic Force Microscopy

To determine the micelle or nanoparticle sizes after deposition, scanning electron

microscope (SEM) and AFM measurements were performed. SEM micrographs were

obtained with a FEI VERSA 3D using an accelerating voltage of 5kV - 10kV and

probe current of 12 - 27 pA. The images were analyzed using ImageJ.

Atomic force microscopy (AFM) micrographs were collected using an Asylum

MFP-3D instrument (Oxford Instruments AsylumResearch) in alternating current

(AC) mode under ambient environment. AFM probes(Nanotools, EBD-NCH) with

a spring constant of 40 N m −1 and a resonance frequency at 330 kHz were used

in non-contact tapping mode for surface scans. AFM images were analyzed using

WSxM 5.0. [51]
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2.1.3 Results and Discussion

Raman spectroscopy is a versatile tool which can provide detailed information of

the material based on the vibrational modes of the phonons. Using the Raman sig-

natures of the precursors, the co-polymers and the various iron oxide polymorphs,

we have previously performed a comprehensive analysis of the formation of iron ox-

ide nanoparticles using FeCl3 and poly(styrene)-block-poly(2-vinyl pyridine) (PS-b-

P2VP) [17,43,45]. One factor that has enabled the study of the step by step evolution

and dynamics of this process is the Raman visibility of all the moeities involved, from

the as-received polymer to the final iron oxide nanoparticles. Of particular benefit

is the emergence of a chemical fingerprint of the complexation of the nitrogen on

the 2VP groups in the core of the micelles with transition metal salts, which re-

sults in the enhancement of the P2VP ring stretch modes over the PS ring breathing

modes [43, 45]. These features can then be tracked over time to confirm complete

polymer removal from a monolayer of salt loaded reverse micelles and the establish a

consistent endpoint for the nanoparticle formation process. In the case of iron chlo-

ride loaded polymers, the endpoint is indicated by the presence of iron oxide Raman

modes and absence of any polymer modes [17,43].

Figure 2.1 (a) shows a schematic of the sequence of events that occur during the

oxygen plasma etching of iron chloride loaded PS-b-P2VP micelles, to assist with the

visualization of the process, mirrored by the Raman spectra in Figure 2.1 (b). The

loaded micelles show the characteristic features associated with the complexation of

iron chloride with P2VP (black curve in Figure 2.1 (b)): P2VP ring stretching modes

(ν(19b), ν(19a), ν(8b) and ν(8a) in Wilson’s numbering [52–54]) between 1480 and

1600 cm-1 [17, 43, 45], and twisting modes of the P2VP backbone backbone (γ(CH2)
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centered around 1320 cm–1. A shoulder peak is also visible around 1150 cm–1, which

can be attributed to the CH-in plane bending in P2VP ring [45]. As the plasma

interacts with the loaded micelle, these features slowly start to decrease in intensity

as the polymer is etched away. In the case of iron chloride loaded micelles, after 15

mins in an oxygen plasma (green curve in Figure 2.1 (b)), there is the emergence of

two modes at 700 cm-1 and 335 cm-1, corresponding to γ-Fe2O3 [17]. After continuing

plasma exposure, polymer related features decrease and the iron oxide related features

increase until the endpoint is reached after 40 min (cyan curve in Figure 2.1 (b)),

when no polymer features can be observed. Further plasma exposure results in a

slight decrease in the intensity of the iron oxide related spectral features.

The polymer could also be visualized under the SEM and AFM therefore that

was used to simultaneously confirm the removal of polymer. The loaded micelles

and oxygen etched nanoparticles as observed under the SEM are given in Figure 2.1

(d) and (e) respectively, showing the polymer encapsulated salt converted into the

iron oxide nanoparticles of smaller diameter. AFM imaging at intervals of polymer

removal (shown in Figure SI-1) show a decreasing size of particle upto a particular

etching time beyond which no further size reduction was observed, which was taken

as the nanoparticle formation endpoint. The endpoints observed by AFM agreed with

the time stamps at which the complexation peaks disappear in the Raman spectra.

Complete removal of the polymer can also be confirmed by elemental analysis in XPS,

by tracking nitrogen in the pyridine ring in the core of the micelles. As can be seen

in Figure SI-2, the XPS signal for the N1s peak can be observed for loaded micelles,

decreasing in intensity with plasma interaction with the polymer until it disappears

after complete polymer removal. This again coincides with the Raman predicted
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enpoints for the nanoparticle formation process.

This distinct behaviour observable in the Raman spectra allows for the different

steps of the polymer removal process to be quantified. This can be done by plotting

the decay of the resonant pyridine ring stretch mode (2VP) around 1600 cm−1 against

etching time. This approach is more reliable in comparison to following the emergence

of Fe2O3 peaks, as it allows confirmation of the selective removal of the polymer rather

than just isotropic surface removal. In the latter case, the forming nanoparticle layer

could act as a mask, in which case the Fe2O3 and loading peaks would coexist, leaving

no reproducible method of establishing the endpoint of the process.

To maintain internal consistency, the area of the 2VP peaks were quantified by

normalizing the spectra with respect to the intensity at 1000 cm−1. For samples

with polymers, this mode represents the dominant PS mode and for samples with no

polymer, this mode represents the intensity of the background at that wavenumber.

For completely removed polymer, the intensity at the complexation 2VP modes was

the same as the background, therefore it is possible to use the normalized area ratio

to measure the declining 2VP peaks with respect to etching time. For each process

therefore, the end point is defined similarly as the point when the 2VP mode area

was the same as the background and well-defined iron oxide related modes exist. To

our benefit, various polymorphs of iron oxide exhibit distinct modes under Raman.

The resulting phase of the nanoparticles, therefore, provides further insight about the

mechanism of oxide growth under different conditions [17].

Different techniques were applied to the particle arrays progressively and the sam-

ples were characterized at various intervals to track the removal of polymer. Figure 2.1

(c) shows the percentage area of the fitted mode of the 2VP fraction of the polymer
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at different time steps of treatment. This allows direct comparison of the polymer

removal speed of the different techniques.

Assorted Plasmas

As illustrated in Figure 2.1 (c), going from a loaded micelle of monolayers to nanopar-

ticles takes 25 min to remove with both N2 and O2 mixed with leaked air (leaky N2

and O2), while using just the pure gases individually took longer than 40 min (40min

and 50 min for O2 and N2 respectively). The changes in the Raman spectra with

respect to exposure time follow the same pattern with slight differences in the final

phase of Fe2O3 nanoparticles in leaky and pure O2 and N2 gases.

For the different plasma exposures, the unetched spectra initially shows the PS

mode at 1000 cm−1 and the 2VP loading peaks between 1150 and 1600 cm−1. The

first observation after a short exposure is the loss of the PS mode, following which

after about 10-15 min the 2VP peaks reduce in intensity while γ-Fe2O3 emerge around

300 cm−1 and 700 cm−1. Further exposure to plasma results in complete removal of

the polymer as 2VP peaks disappear and Fe2O3 modes remain.

The differences between N2 and O2 plasma action on the polymer removal process

can be seen in the phases of the resulting nanoparticles as shown in Figure 2.1 (f).

We have previously observed that in oxygen plasma, the predominant phase is spinel

γ-Fe2O3 with some Fe3O4 [17, 43], as shown in Figure 2.1(f). Quantification of the

phases was done using the same method as used previously in Arbi et al. [17] where

the area of the fitted peaks were compared. In all four cases, spinel iron oxide was

formed at the end point of the etching process. Additional air in an O2 plasma has

little impact on formation of iron oxide phases. In the case of N2 plasmas, a higher
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ratio of Fe3O4 to γ-Fe2O3 was observed than for that in O2 plasmas. This would be

expected as Fe3O4 is an oxygen deficient iron oxide phase, with arbitrarily distributed

cation vacancies forming at octohedral sites [55]. Etching in pure N2 plasma shows

the highest amount of Fe3O4.

O2 and N2 are expected to produce dominantly reactive plasmas, where highly

reactive ionic O+ and N+ species are formed. In a reactive plasma, the highly energetic

ions bombard the polymer, typically dissociating a C-H bond to produce a radical

polymer species. An oxygen ion or molecule can react at this site to form a peroxide

radical which can then form a hyperoxide with reaction of adjacent carbons [56].

These volatile fragments then can cleave off, removing the hydrocarbon, through a

chemical etching process [57].

In the case of leaky plasmas, the mixture of gases with different breakdown volt-

ages leads to reactive ion etching. Reactive ion etching combines plasma etching

by a reactive gas plasma and sputtering etching by an inert gas plasma [38, 58, 59].

In the reactive etching case, the bombarding sputtering species are removing a in-

hibitor layer that forms as a result of the lower energy reactive ions, which are the

selectively interacting with the polymer. Typically, the combination of ion bombard-

ment to dissociate the bond with an inert gas, with a reactive chemical etching with

volatile oxygen species, results in faster etching than either alone [60]. The presence

of impurities in the plasma gas can also increase the degree of oxygen dissociation,

again enhancing the etching effect [61]. This results in the faster removal of polymer

with leaky gas plasma as opposed to the pure gas plasma, as expected for mixed gas

plasmas.

For contrast, we also examined argon as a source of inert plasma species, which
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would remove polymer purely by energetic bombardment. As a consequence of ran-

dom ionic bombardment without the accompanying oxidation, the action of the

plasma was observed to be nonuniform over the entire surface. This lead to com-

plete removal of all materials randomly over the surface or incomplete removal of

polymer. The Raman spectra of Ar etched samples show the reduction of the poly-

mer peaks without a proportional increase in Fe2O3 peaks as observed for the other

plasmas, and therefore was not included in Figure 2.1 (c). On the contrary, increased

exposure to Ar plasma led to the reappearance of the symmetric ring breathing PS

mode at 1000 cm−1 and the spectra at the 50 min mark shows a mix of α-Fe2O3 and

γ-Fe2O3 phases (as shown by the dotted pink and green lines, respectively, in Fig-

ure 2.2). We have previously observed that when it is not adequately shielded from

the ambient environment by the micelle FeCl3 will preferentially form α-Fe2O3 [17].

The observed behaviour with Ar plasma suggests some removal of the groups giving

rise to the loading peaks, i.e. 2VP and FeCl3, but potentially that the PS parts

of the polymer remain. Additionally, the appearance of α-Fe2O3 suggests oxidation

of the loaded salt after exposure to the ambient environment following the plasma

treatment, rather than during plasma processing. This confirms the dual role that an

oxygen plasma plays in the formation of some metal oxide particles – for iron oxide

formation, the oxygen plasma simultaneously removes the polymer and oxidizes the

entrapped salt. Additionally, it give some insights into the effect of the plasma on the

polymers themselves. Typically in an O2 plasma, the polymer peaks disappear start-

ing with PS with the slower diminishing of 2VP loading peaks, whereas the opposite

occurs in the Ar plasma case. This suggests that polymer oxidation plays a major

role in the fractionation of PS, while P2VP, particularly with complexated with the
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metal, is more vulnerable to pure ionic bombardment.

H2 plasma was also used as a reactive ion plasma, however, the endpoint of plasma

removal could not be reached in the times tried for this study. At the 50 minute mark,

iron related peaks have just started to appear and a reduction in the 2VP loading

peaks can be observed. However, the polymer peaks are the dominant modes in the

spectra, with even the PS ring breathing mode at 1000 cm−1 still visible. As observed

under the SEM (see Figure SI-3), a significant decrease in the size of loaded micelles is

observed after 50 minutes of exposure, suggesting that the plasma does have an effect

on the loaded micelle system. As H2 plasma is a reducing plasma, Fe metal might be

expected to evolve as a result of the plasma process rather than iron oxide. Metallic

iron does not show a change in polarizability or optical phonons and is, therefore,

Raman invisible. In this case, the existence of polymer peaks suggests incomplete

polymer removal over the duration tried, rather than formation of iron nanoparticles.

Regardless of the form of the final particles, the Raman behaviour suggests that the

H2 plasma is the slowest of the gas plasmas used in this study.

Dependence on Molecular Weight of the polymer

Previously we have determined that different molecular weight PS-b-P2VP polymers,

with the same ratio of PS to P2VP units, can be classified in their ability to protect the

metal salt against hydration [17]. Dense-core polymers with higher molecular weight

offer stiffer micelles and greater protection of the salt compared to lower molecular

weight crew-cut micelles. The ability to protect the salt results in different phases

of iron oxide: dense core micelles produce γ-Fe2O3 nanoparticles due to an absence

of hydration in the core while crew cut micelles produce α-Fe2O3 nanoparticles. The
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larger and less stiff micelles are not able to protect FeCl3 from hydration, which

results in the formation hydroxides inside the micelle, which in turn result in α-Fe2O3

dominant nanoparticles under oxygen plasma etching [17].

Studying the progressive removal of polymer using O2 from the two kinds of

polymer micelles, as displayed in Figure 2.3, we can observe that the polymer peaks

disappear much faster with strong iron oxide modes for α-Fe2O3 appearing after just

10 min for the lower molecular weight micelles. The endpoint of the process occurs at

the 25 min etch mark for crew-cut as opposed to 45 minutes for the higher molecular

weight dense-core micelles.

This behaviour can be explained in terms of the molecular weight of the two

polymers. The molecular weight of the polymer is due to the number of styrene and

2-vinyl pyridine monomers that make up the entire polymer chain. As the dense-core

micelles are formed using the heavier molecular weight polymers, and therefore have a

higher number of monomers, the time taken to completely remove the polymer takes

longer.

Plasma compared to other methods

We have also compared the plasma action to other low temperature techniques that

are used for the fractionation and removal of organic contaminants for surface clean-

ing. We compared the effect of exposure to UV/ozone treatment (Hitachi Zone) and

the recently developed electronic bombardment technique (Hitachi Sparkle) [49,50].

Raman spectra of a monolayer of the Fe-loaded micelles after progressive treat-

ment by both techniques are displayed in Figure 2.4. In the case of Zone, complete

removal of the polymer with the emergence of γ-Fe2O3 modes took more than 16
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hours, compared to less than an hour observed with reactive plasmas. We also ex-

amined thicker drop-cast samples (not shown), which required more than 60 hours of

exposure, compared to 6 hours in an O2 plasma.

Previous studies indicate that the effect of UV exposure on PS can lead to either

cross-linking or scission, depending on the availability of oxygen and the exposure

time. [62, 63] With the Hitachi Zone, we are utilizing UV in the presence of reac-

tive oxygen species which should ideally lead to fragmentation and removal of the

polymers. However, the Raman spectra is unchanged up to 6 hours expsure. After

6 hours, γ-Fe2O3 peaks began to emerge, and coexist with the complexated 2VP

polymer modes. After continued exposure, the polymer peaks eventually reduce in

intensity with the iron oxide modes increasing. As can be seen in Figure 2.4 (a),

even after exposure times of up to 12 hours, the characteristic PS peak is observ-

able with the Fe2O3 peaks. This suggests that beyond 6 hours is when the polymer

blocks start being removed allowing for oxidation of the precursor salt. For shorter

intervals, it is possible that the polymer is just being crosslinked. The emergence of

γ-Fe2O3 nanoparticles is as would be expected in the rich oxygen species environment

consisting of ozone as part of the mechanism of Zone etching.

In the case of Sparkle, where the sample was exposed to an electron beam, the

run cycle was limited to 6 hours. As can be seen in Figure 2.4 (b), α-Fe2O3 peaks

are just starting to emerge, nearly at the detection limit of the instrument, with the

loaded polymer peaks still visible. Though the data in Figure 2.4 (b) is normalized,

the relative intensity of the complexated peaks was seen to have decreased relative

to the other visible peaks. As RGA spectra could be measured at the vent of the

Spark EC chamber simultaneously with the electron bombardment, we examined the
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masses of any fractionated polymer evolving during the experiment (see Figure SI-4).

A sharp decrease for the masses of 44 and 69 were observed in the RGA spectra

after 6 hours exposure, at the same time as the iron oxide peaks emerged. This

suggests that after 6 hours of exposure, the salt-loaded cores of the loaded micelles

were exposed enough such that the thermodynamically stable α-Fe2O3 formed with

the polymer-loaded FeCl3 upon exposure to air during the Raman measurement, as

also observed for crew-cut micelles and for Ar plasma etching. The exposure to the

electron beam is performed under a vacuum environment and therefore, Sparkle EC

is one of the few techniques which does not have a high energy oxygen environment.

Similar to that observed for Ar etching, α-Fe2O3 dominant nanoparticles are formed.

However, in this case, it appears that the micellar structure may have been disrupted

by the electron bombardment, but that there was no significant removal of either PS

or P2VP species.

2.1.4 Conclusion

In this article, we have discussed different methods of polymer removal for di-block

copolymer micellar templates for nanoparticle depotion and assessed their effectivity

in terms of removal mechanism and time. For that purpose, we have used Raman

spectroscopy of FeCl3-loaded polymer as a screening tool in this study. FeCl3-loaded

polymer shows enhanced P2VP Raman modes that allow tracking of the progres-

sion of polymer removal and nanoparticle formation throughout the entire formation

process. Polymer removal is observable by the evolution of Raman features of the

samples measured at various intervals. We have used reactive ion plasma (O2 and N2),

reductive plasma (H2) and inert plasma (Ar) in progressive intervals and analyzed
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the changes in relative Raman mode intensities of the loaded polymer. We discovered

that reactive ion plasmas are the fastest way to remove the polymer, with mixed

gases showing the shortest polymer removal times. H2 had the slowest rate of poly-

mer removal, with barely any change in the complexation peaks after the same length

of plasma exposure as O2 and N2 required to completely remove the polymer. We

have also used the same method to evaluate other methods to remove polymer such

as UV/ozone exposure (Hitachi Zone) and electron bombardment (Hitachi Sparkle).

Both these methods are considerably slower than any of the plasmas.

Interestingly, as the polymer removal method needs to serve two roles during the

fabrication process for iron oxide nanoparticles, we observed different iron oxide poly-

morphs arising from various techniques. When there was abundant oxygen species

during polymer removal (O2, N2, Zone), spinel phases were formed. Where the plasma

did not participate in the oxidation of the precursor salt and FeCl3 was exposed to

the environment with polymer removal (Sparkle, Ar, H2), αFe2O3 was formed. Com-

paring the effect of reactive and inert sputtering gases shows that polymer oxidation

plays an important role in PS fractionation, while P2VP is more vulnerable to pure

ionic bombardment. Using the characteristics peaks of Fe/PS-b-P2VP complexation

in Raman as a fingerprint has proved insight into the nature of micellar removal under

different conditions.
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Figure 2.1: (a) Schematic of the loaded micelles, illustrating the removal of polymer
by oxygen plasma. (b) Raman spectra of Fe/PS-b-P2VP micelle films at different
times using oxygen plasma, normalized with respect to the intensity at 1000 cm−1

(c) Ratio of fitted breathing modes during etching for different techniques (d) SEM
of Fe/PS-b-P2VP micelle film before plasma treatment, and (e) Fe2O3 nanoparticles

after oxygen (with air) plasma treatment of 25 min. (f) Raman Spectra of iron
oxide nanoparticles after complete polymer removal with Oxygen and Nitrogen

plasmas, with and without leaked air, showing the fitted γ-Fe2O3 and Fe3O4 modes.
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Figure 2.3: Raman spectra of Fe/PS-b-P2VP micelle films formed using dense-core
and crew-cut micelles stacked with respect to oxygen plasma treatment time.
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3.1.1 Introduction

Nanoparticle decoration of surfaces with uniform size and ordered dispersions have

been of considerable interest for applications where surface wettabillity [64,65], over-

layer adhesion [66], catalysis [67] or work function modification [30] are desirable.

Nanostructures also find widespread use for applications that exploit nanoscale prop-

erties that differ from their typical bulk counterparts. With the rise of interest in ap-

plications for various nanoparticles, self-assembly techniques using templating meth-

ods have become increasingly attractive due to their potential for inexpensive and

vsersatile fabrication. [1] However, challenges remains in the ability to characterize

small volumes of material, which is often critical in understanding and, consequen-

tially, exploiting nanoparticle properties. Self-assembly of nanoparticles using tem-

plating relies on molecules such as diblock copolymers [12, 43, 68, 69], nanotubes [70]

and organic ligands [71, 72]. Interactions, between the ‘binding’ sites on the organic

molecule and the nanoparticle precursor determine the nanoparticle dispersion defined

by the dispersion of the template. The ability to detect the template is as significant

as detecting the nanoparticles themselves. To that end, multiple techniques can be

employed to probe nanoparticle and template shape, size and molecular composition.

A particularly versatile and useful technique is Raman spectroscopy, which relies

on inelastic light-matter scattering events. It can provide detailed information of
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the material based on the vibrational modes of the phonons. The Raman spectra

originates from the Stokes and anti-Stokes components in the dipole moment, from

which the polarizibility can be expanded as a linear function of oscillation frequency

[73]. As an incident photon interacts with a molecule, it induces a dipole moment P

to the electron cloud. The Raman spectrum results from the frequency shift from the

incident frequency (µ0) of the photon as a result of the vibrational frequency of the

molecule (µm). It is, therefore, capable of revealing material properties, such as the

atomic bonds, vibrational states, purity, crystallinity and strain for a wide variety

of materials which is otherwise missing or difficult to achieve in imaging techniques

such as electron microscopy, and the methods can be used to complement each other.

[74,75]

Raman spectroscopy has benefits for soft matter and nanostructures over other

techniques that provide information about atomic compositions and crystal structures

such as energy-dispersive X-ray spectroscopy (EDX) [76], X-ray diffraction [77], elec-

tron energy loss spectroscopy [78] and X-ray photoelectron spectroscopy [79], where

large sample volume, poor signal to noise ratio, beam damage and charging of non-

conductive samples can be an issue. They may often fail to fully differentiate between

phases of materials in the nano regime (especially for organic materials), or require

large quantities of material or coatings to achieve sufficient conductivity. These are

areas where Raman spectroscopy excels. It does not require the presence of a vacuum,

conductive samples or dyes to resolve the signal from the sample and is relatively fast,

depending on the number of accumulations and the area being scanned. For these rea-

sons, Raman spectroscopy can be used as a fingerprint technique for the identification

of nanomaterials and the phase they contain. [43]
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Despite all its versatility, Raman often suffers from low scattering cross sections

when applied to ultra-thin films and highly reflective materials due to the low inherent

sensitivity of Raman scattering [80–82]. For very low volumes, such as monolayers

and nanoparticles, the signal from the material of interest can be drowned out in the

background scattering. This has lead to the development of and active research on a

variety of enhanced Raman techniques to exploit its strengths while mitigating some

of its weaknesses.

Tip-enhanced Raman spectroscopy (TERS) has emerged as a particularly useful

and powerful technique [83–89]. It employs a fine scanning probe to obtain chemical

and morphological information of samples containing structures in the nano-particular

regime [90–92], and has demonstrated great success as a non-destructive fingerprinting

technique. The TERS signal benefits predominantly from two contributions: near-

field effects emerging from the sample area in the proximity of the scanning probe

and far-field effects emerging from the illuminated sample area. [93] Some contribution

also emerges from the charge transfer effect due to the interaction of the plasmonic

metal on the tip and the sample. [94,95]

The near-field effects arise from the creation and decay of localised surface plas-

mons (LSPs) and surface plasmon polaritons (SPPs) resulting from the sharp apex of

the AFM tip. The plasmonic metal tip in the presence of a ‘perturbing media’ (the

sample being characterized) provides a non-radiative decay channel for LSP into SPP

in the near field [96]. The scattered light is observable as the enhanced TERS signal.

This enhancement is highly dependant on the size and shape of the tip, with different

sizes of the apex exhibiting different resonating frequencies, and the proximity of the
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tip to the surface. [83, 88] Additionally, due to the proximity of the plasmonic sur-

face and the sample, enhancement due to chemical interactions also arise [97–100].

This chemical enhancement depends on the formation of charge transfer complexes

between the plasmonic entity and the molecule of interest by absorption of photons

of suitable wavelengths. Though this enhancement is useful for identification, the

interaction between the plasmonic metal and the sample can sometimes lead to unde-

sirable outcomes including destroying nanostructures on a surface. This is a particular

concern for organic molecules with a high affinity for metals. For instance, polymers

such as poly-2-vinylpyridine (P2VP) form complexes with plasmonic metals such as

Ag or Au, and contact of P2VP structures with plasmonic moieties can lead to the

destruction of those structures. [54,101]

The far-field effects originate from a combination of variables, including laser spot

size, laser path, polarization of light, and interference in transparent samples [83].

Typically, these form the TERS background signal as the near-field effects dominate

the spectrum when the tip is engaged. To enhance the near-field contributions, care

is usually taken to minimize the far-field effects. The ratio of near-field contribu-

tion to far-field contribution can be maximized by using light polarized perpendicular

to the scanning probe, which confines free electrons on the metal surface at the

apex. [102] The far-field and near-field contributions also exhibit different polariza-

tion, allowing for a minimum of the far-field effects. Additionally, TERS also benefits

from non-linear optical processes such as second-harmonic generation and hyper Ra-

man; however, to reap these benefits specific methodologies and samples need to be

used. [83,103] The interplay of mechanisms can also lead to the relaxation of Raman

selection rules, allowing Raman forbidden modes to emerge. [73]
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Due to these various mechanisms, the Raman spectrum from TERS are enhanced

relative to normal Raman in terms of signal strength by orders of magnitude (104)

and can exhibit modes which are not allowed under normal Raman scattering condi-

tions [88]. Many of the mechanisms for signal enhancement are also found in other

enhanced Raman techniques, such as interference-enhanced Raman (IERS), surface

enhanced Raman (SERS), polarized Raman, or Coherent anti-Stokes Raman scatter-

ing (CARS), which might also provide better resolution than conventional Raman,

though for highly specialized substrates or detector set-ups [53,54,80,81,83,104–106]

often limiting their use. Due to the nature of its enhancement, TERS has devel-

oped into a powerful tool for the characterization of surfaces and structures with a

high spatial resolution. However, it is also intrinsically limited to small spatial areas

(typically within a range of 20-80 nm from the AFM tip). [90–92,107]

In this contribution, we describe a technique that benefits from the enhancement

provided by employing a fine-tipped probe without the tip being in contact with the

surface, taking advantage of the far-field effects. Unconventional Tip-assisted Raman

Spectroscopy (uc-TARS) employs a bottom illuminated Raman set-up with a gold

coated AFM tip to characterize thinner layers than are possible under typical Raman

conditions. In terms of the versatility of applying this Raman approach to a variety of

samples, this technique has set-up requirements similar to TERS; however, with the

ability to scan larger areas and without the need for vacuum conditions or conductive

samples, it represents a desirable approach that can be used to detect small amounts

of soft materials. To exploit this technique, we here clarify the relative contributions

of various near and far field effects to this unconventional approach, using Raman

techniques which share those mechanisms to examine the resultant effects on a model
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system.

The material used for this investigation was polystyrene-block -poly(2 vinyl pyri-

dine) (PS-b-P2VP), a diblock copolymer that is widely used in nanomaterial synthesis

through reverse micelle templating [12,30,43,108–111]. Due to its chemical structure,

it has many Raman accessible vibrational modes [53,54] with a particular sensitivity

of the pyridine group to plasmonic metals. [54, 112]. Taking advantage of diblock

copolymer self-assembly, PS-b-P2VP also forms a variety of patterns when deposited

from solution that can be easily manipulated, down to spatially distinctive nanos-

tructures in a single monolayer. As such reverse micelles are used as nanoparticle

template ”nanoreactors” [11,68], it is of practical use to have a non-destructive tech-

nique that is able to characterize a single layer of polymer, so as to effectively examine

larger surfaces decorated by reverse micelle templated nanoparticles.

Using uc-TARS, it was possible to detect a monolayer of PS-b-P2VP micelles and

resolve the characteristic modes of the polymer. This spectrum was compared to

spectra acquired using analogous samples to determine the mechanisms behind the

enhancement achieved from uc-TARS. We have here identified a technique to probe

molecular bond information of a monolayer of material that is not limited to a small

scan area by exploiting effects beyond the near-field optics governing conventional tip

enhanced approaches.

3.1.2 Experimental

Reverse micelles were prepared using polystyrene-block -poly(2 vinyl pyridine) (PS-b-

P2VP, Polymer Source) diblock copolymers of weights Mn: 75000-b-66500; and Mn:

48500-b-70000. The powders were dissolved in o-xylene in concentrations above the
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critical micellar concentration, typically 3mg/ml. The solutions were magnetically

stirred for at least 24 hours before sample preparation.

Raman samples were prepared using drop-casting for thick layers and spin-coating

of 4µl of the polymer at 2000 rpm for monolayers. Multilayers were also achieved by

spin coating multiple times. Thickness was determined using variable angle spec-

troscopic ellipsometery (J. A. Woolam IR-VASE M-200). For conventional Raman,

the polymer solutions were drop-cast (4µl) on freshly cleaved KBr substrates due to

the low background scattering (Supplemental Information Figure SI-1). For inverted

set-up measurements (inverted Raman, uc-TARS and polarized Raman), the polymer

solutions were spin-coated on a sapphire disk (Ted Pella Inc.). For SERS and IERS,

specialized substrates were used for monolayer or multilayer deposition. For SERS

substrates, 5nm of Ag was sputtered on a sapphire disk. For IERS, 120 nm of ITO

was deposited on gold (Vacuulayer Inc.).

For conventional Raman, SERS and IERS measurements, a Renishaw InVia spec-

trometer was used. All measurements were top illuminated with 514 nm laser. The

laser power was set to 10mW and an objective of 20x (NA=0.40) and 1800l per mm

grating was used. For convenience, as the spectrometer is located parallel to the

laser perpendicular to the surface being measured, this mode will be referred to as

”normal” Raman. For normal Raman measurements, the laser was focused at regions

with visible residue (”coffee stain” area) where there was a larger amount of polymer.

The inverted set-up measurements were used for uc-TARS, polarized Raman, and

bottom illuminated (i.e. inverted) Raman, performed on an NT-MDT AFM-Raman

spectrometer. All measurements were bottom illuminated with a 514 nm laser. The

objective involved was an oil-immersion 20x (NA=0.60) lens. A glass slide was placed
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on the lens after applying the immersion oil, the sapphire disk was in turn placed on

the glass slide, with the polymer facing the lens. A second glass slide was secured on

top to allow fastening of the sample.

For polarized measurements using the inverted set-up, the polarization was con-

trolled using a Glenn-Taylor prism in the laser path. For uc-TARS, a gold coated

AFM tip was engaged behind the sample so that the tip was not in contact with the

polymer, but the glass slide holding the sample.

Figure SI-2 in the supplemental information shows a schematic version of the

sample arrangements in each type of measurement.

The baseline of all spectra was subtracted using Origin and the spectra were

smoothed using the Savitzky-Golay function. Furthermore, all spectra were normal-

ized against the 1000cm−1 peak of PS symmetric ring breathing. Raw intensity values

for each technique are summarized in Table SI-1 in the supplemental information.

Atomic force microscopy (AFM) characterization were carried out using an Asy-

lum MFP-3D instrument in the alternating current mode under ambient environment

on spin coated reverse micelles on Si wafers. The AFM images were processed by

WSxM. [51]

3.1.3 Results and discussion

Figure 3.1 shows how the spectra for a monolayer of micelles collected using uc-

TARS compared against the Raman spectra for a thick layer of micelles and bulk

PS-b-P2VP, normalized to the peak at 1000 cm−1. The peaks marked by dotted lines

are a few of the most prominent Raman modes expected for the polymer – 1000 cm−1,

corresponding to the symmetric ring breathing of PS; 1454 cm−1, corresponding to
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either the pyridine ring stretch in P2VP or methylene deformation in PS; and 1613

cm−1 corresponding to the pyridine ring stretch in P2VP [43, 53, 54]. PS-b-P2VP in

different phases does not typically undergo any molecular change and, therefore, the

same Raman modes would be expected for the bulk and micellar phases. As expected,

Figure 3.1(d) shows no difference between the modes observed for micelles and bulk

PS-b-P2VP, when they are normalized to the dominant PS mode. Using a Au coated

tip behind the sample with bottom illumination, the uc-TARS spectra appears to

exhibit modes at the expected wavenumber shifts for a monolayer of micelles; how-

ever, the relative intensities of the peaks are not consistent with those observed in

the normal Raman spectra, suggesting a selective enhancement. In addition to the

unexpected intensity of the peak at 1454 cm−1, two peaks appear to emerge around

1200 cm−1 which can be assigned to CH-in plane bend from P2VP expected at 1195

cm−1 and CC stretch between the ring and the backbone from PS and P2VP ex-

pected at 1206 cm−1 and 1217 cm−1. In the normal Raman spectra for the diblock

copolymer, the peaks around 1200 cm−1 usually appear as just a broad peak around

1217 cm−1 for even large amounts of material. The peak observed below 800 cm −1

can be assigned to twin peaks of sapphire (the substrate) expected around 750 cm−1

as will be discussed later. [113]

Figure 3.1 (a-c) illustrates schematically the differences in the sample arrangement

for the collection of each spectra and their respective thicknesses. Typically, due to

the low inherent sensitivity of Raman scattering, ultra-thin films and highly reflective

materials are difficult to measure due to low scattering cross sections. [80–82] The low-

est amount of volume detected by normal Raman depends on a variety of factors such

as the material of interest and the substrates chosen. For PS-b-P2VP, we determined
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that the limit of normal Raman was around 120 nm, and detection of a monolayer of

micelles is impossible (see supplemental information Figure SI-3). Therefore, the bulk

and drop-cast layers have strong visible Raman modes, as they consist of a flake of

polymer or multiple dropcast layers, respectively. Typically, drop-casting results in 6

layers of micelles, which are approximately 20-25nm in diameter per micelle. Samples

prepared with lesser material were not able to be characterized (Figure SI-3). The

success with a thicker layer comes from a greater signal-to-noise ratio resulting from

easier focusing of the laser spot on a greater volume of the material of interest and

greater signal contrast between the polymer signal and background. For a monolayer

(∼20 nm thickness), the signal from the polymer is typically drowned out amongst

the background signal in normal Raman. On the other hand, the sample volume for

uc-TARS was a monolayer. The enhancement achieved with uc-TARS appears to be

on the order of 103 (Table SI-1), though a direct intensity comparison is complicated

by the use of different Raman systems for measurement. Figure 3.2(a) shows the

monolayer of micelles characterized using uc-TARS, where the micelles are arranged

in a nearly hexagonally close-packed surface arrangement. The ability to distinguish

a signal from a monolayer of polymer from the background using uc-TARS illustrates

the benefits offered by this technique; however, to fully utilize its potential, the mech-

anisms behind the enhancement need to be identified. Additionally, although there is

no apparent change in the Raman selection rules using uc-TARS, there is a clear se-

lective enhancement favouring certain modes, as is evident from the different relative

ratios of peak heights observed using uc-TARS and normal Raman for the normalized

data.

Figure 3.2(b) shows the observed normal Raman spectra of homopolymers of
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Figure 3.1: Configurations of various Raman set-ups for (a) Inverted TERS of
monolayer micelles; (b) Normal Raman of drop-casted thick micelles layers on KBr
and (c) Normal Raman of bulk PS-b-P2VP flake on Cu tape on glass. (d) Raman

spectra of micelles of respective techniques in the schematic, normalized to the
mode at 1000 cm−1.

PS, P2VP, and of the block copolymer. The exhibited modes are summarized in

Table 1. The inset for Figure 3.2(a) shows the schematic micelle with PS and P2VP

blocks indicated. As a result, the Raman spectra of PS-b-P2VP diblock copolymer

consists of modes emerging from both polymers, as identified in Figure 3.1. As the

molecules possess structural similarities, the Raman spectra of PS and P2VP share

some common modes at similar waveshifts. For instance, both share the methylene

twist modes at 1330 cm−1 and 1380 cm−1, and the ring stretch around 1560 cm−1. [53,

54] Moreover, there is a pyridine ring stretch from P2VP and methylene deformation

from PS that are coincident around 1450cm−1. Yet there are a few distinct modes

of each, due to the ring structure difference between benzene and vinyl pyridine.

For instance, the 1000cm-1 symmetric ring breathing mode ν(1) (assigned with the

Wilson’s numbering system) in PS appears strongly while the 989 cm−1 mode for
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Table 1: Table of expected Raman peaks for PS, HP2VP, PS-b-P2VP
PS, cm-1 HP2VP, cm-1 PS-b-P2VP, cm-1 Assignment

619 625 620 In-plane bend of the ring
739 733 734

760;798 815 793 CC stretch between ring and backbone
989 C-H out of plane bend

1000 1000 Symmetric ring breathing
1032;1054;1152;1184 1054;1086;1152 1033;1054;1195 CH in-plane bend

1206;1228 1217 1217 CC stretch between ring and backbone
1293

1326 1326 1326 Methylene twist
1380 1380 1380

1434 1440 Pyridine ring stretch
1445 1444 Methylene deformation
1576 1565;1586 1567 Pyridine ring stretch
1597 1600 Ring stretch
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Figure 3.2: (a) AFM topography of a monolayer PS-b-P2VP micelles spin-coated on
Si. Inset: schematic of a PS-b-P2VP reverse micelle. (b) Offset normalized Raman

spectra of PS, P2VP and PS-b-P2VP suspended in oxylene and drop-casted on
KBr, measured by normal upright Raman.(c) Table of Raman modes observed for

PS, P2VP and PS-b-P2VP.

C-H out of plane bend is suppressed. [53, 54] Similarly, the CC stretch between ring

and backbone mode appears at 1217 cm−1 for P2VP, suppressing the PS peaks at

1206 cm−1 and 1228 cm−1. Another mode appears at 1600 cm−1, which could be

attributed to a shifted P2VP pyridine ring switch. As the micelles exhibit a mixture

of these modes, the individual peaks can be used as the fingerprint for the copolymer

blocks. The ν(1) mode at 1000 cm−1 for PS is the strongest mode, so it is in general

used as the characteristic peak for the identification of the polymer. Due to this

ability to distinguish between different components and their distinct modes, PS-b-

P2VP served as an ideal template to examine the effective enhancement obtained via

different Raman techniques.
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The wide variety of possible mechanisms that could contribute to the enhance-

ment observed with uc-TARS are illustrated in Fig 3.3(b-f); namely, surface plasmon

resonance, interference-based enhancement, increased laser path, polarization based

enhancement and higher order optical effects. Each mechanism was chosen by consid-

ering different phenomena possibly occurring at each step of the experiment. Com-

parisons are made with techniques that share these mechanisms to understand the

enhancement offered by uc-TARS by discussing the Raman peaks acquired for PS-

b-P2VP micelles using each technique. Figure 3.3(a) illustrate the spectra acquired

using the corresponding techniques which use the mechanisms proposed to contribute

to uc-TARS. All spectra are normalized against the 1000cm −1 peak of PS to eliminate

any effects due to differences resulting from the Raman system utilized. Moreover, for

each technique, the thickness of the smallest film that could be characterized using

the respective technique is indicated to illustrate the required interaction volume for

each.

Though the tip is not in proximity to the micelle monolayer, thereby negating

any near-field interactions, we consider the plasmonic enhancement effect as shown

in Figure 3.3(b) of the gold plasmonic moiety on the AFM tip as this is the typi-

cal enhancement mechanism for tip-enhanced approaches. Surface-enhanced Raman

spectroscopy similarly benefits from enhancement arising from a thin layer of a plas-

monic metal on the substrate [82, 114], so SERS can be compared to uc-TARS to

determine the role of plasmonic resonance on the spectra. Typically, two mechanisms

can contribute to the enhancement observed in SERS: the localized SPR of the plas-

monic species on the substrate, and charge transfer effects due to adsorption of the
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Figure 3.3: Possible Raman enhancing mechanisms of TERS. (a) Raman spectra of
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molecule onto the plasmonic film. [101,115] The former results from the electromag-

netic theory of SERS while the latter is a chemical enhancement, and de-convoluting

the effect of each is a topic of active research. [116,117]

The SERS spectra in Figure 3.3(a) contains the characteristic peaks at 1000 cm-1

and other expected Raman modes. SERS still required at least two layers to fully

resolve the polymer peaks, with a thickness of 40 nm (see Figure SI-2(b) and Table

3.2). However, as this was achieved from substantially less polymeric material com-

pared to normal Raman, the visibility of the characteristic peak at 1000 cm-1 shows

the volume enhancement effect from the plasmonic Ag film as has been observed

previously for these block co-polymer systems [53, 54]. Moreover, certain modes are

favourably enhanced in SERS on Ag, for example, the peaks at 1324 cm−1 and 1585

cm−1 which evolve from the P2VP modes of γ(CH2), the methylene twisting mode

and ν(13), the C-C stretching mode between the pyridine ring and the backbone.

These modes are characteristic of complexation of the polymer and the plasmonic

metal. [43, 53] Enhancement of the pyridine stretching modes are observed in both

uc-TARS and SERS; however, SERS shows different relative intensities, which can be

summarized in terms of enhancement factors displayed in Table 3.2. There is a clear

enhancement of the complexation related modes at 1324 and 1585 cm−1 compared

to normal Raman, but no significant enhancement of the mode at 1454 cm−1 or the

features around 1200-1300 cm−1. The SERS modes also appear to be shifted to lower

wavenumbers, which is attributed to the adsorption of the 2VP block on Ag. [73,101]

This chemical interaction causes the diblock copolymer micelles to unravel, leading

to an increase in intensity of pyridine related modes [54]. Hong et al [54] previously

42



Ph.D. Thesis – Ramis Arbi McMaster University – EP

attributed the emergence of such peaks to micellar destruction due to the strong inter-

action between pyridine and Ag. Figure SI-4 in the supplemental shows the spectra of

P2VP complexated with a Au salt, showing the characteristic peaks at 1324 and 1585

cm−1. Though this is useful in confirming the presence of 2VP moeities, it actually

limits the use of SERS for reverse micelle systems used for nanoparticle templating,

as it is no longer a non-destructive approach. As seen in Figure SI-2 (f), the presence

of a glass slide and the sapphire substrate between the AFM tip and the polymer

micelles limit the interaction of the tip with the target molecule, ruling out a chemi-

cal interaction based enhancement for uc-TARS. As a result, the enhancement of the

modes at 1613 cm−1 is relatively modest (∼1.37x), much closer to the ratios reflected

by normal Raman than SERS(∼10.6x), confirming that uc-TARS is not benefitting

from the selective enhancement offered by the presence of a plasmonic metal as in

SERS. Moreover, the ring stretching mode at 1454 cm−1 is enhanced ∼5.12x versus

0.5x for SERS. The visible modes at 1250 cm−1 in uc-TARS cannot be accounted for

by SPR, as they are not present in SERS.

Due to the sample geometry, with a highly reflective tip situated behind a dielectric

film (in this case sapphire), another possible mechanism for enhancement arises due

to interference as shown in Figure 3.3(c). Interference-enhanced Raman spectroscopy

requires a smooth reflective back coating covered with a transparent dielectric of

controlled thickness to offer an enhancement of up to 30 times [106]. The dielectric

thickness is critical for the incident and scattered light to exhibit self-interference.

Theoretically, the combined thickness of the dielectric substrate should be around

(2m+1)λ
4

. [106] The thickness of the dielectric layer will result in π-phase shifts as the

incident ray is reflected from the bottom with higher refractive index. Destructive
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Table 3.2: Table of relative enhancements obtained from the spectra for each
technique, including the P2VP ring stretch at 1613 cm−1, and methylene

deformation at 1454 cm−1 with the PS ring breathing at 1000 cm−1

Technique Pyridine
ring
stretch/
PS ring
breath-
ing

Enhancement
vs NR

Methylene
Defor-
mation/
PS ring
breath-
ing

Enhancement
vs NR

Thickness
of poly-
mer film
(nm)

Enhancement
at PS ring
breathing

uc-TARS 0.49 1.37 0.78 5.12 20 3000
SERS 3.78 10.6 0.07 0.48 40 10
Inverted
Raman

0.42 1.18 0.48 3.16 20 260

IERS 0.34 0.96 0.16 1.05 20 14
Inverted
Raman
@60

1.88 5.28 0.83 5.48 20 130

Inverted
Raman
@45

1.34 3.74 0.57 3.69 20 70

Normal
Raman

0.36 1 0.15 1 120 1
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interference occurs on the reflected component of the incident ray while constructive

interference occurs for the scattered ray. For a 514nm excitation laser, the thickness

for IERS would be 125 nm. [104, 105] The total modification factor (F(d,λ1, λ2)) of

IERS is the combination of the modification (f1(d,λ1)) due to the self-interference

of the incident light (λ1) and modification (f2(d,λ2)) from the self-interference of

scattered and emitted light (λ2). [106]

The spectra for IERS is shown in Figure 3.3(a), where the characteristic 1000 cm−1

is prominent and the other expected modes between 1200 and 1600 are observed. As

shown in the supporting information Figure SI-2(d), IERS signals result from the

arrangement of a monolayer of micelles on specially grown ITO films on gold. As

this was detected using the normal Raman system, enhancement from interference

effects are significant, allowing characterization of material well below the normal

Raman detection limit (∼20nm vs 120nm). The spectrum is directly comparable to

the normal Raman spectra observed for thick layers of the polymer. As IERS is a

purely optical effect, all modes are enhanced equally. Therefore, the IERS results

in enhancement in terms of the volume as seen in Table 3.2 but has no selectivity

of modes. It is possible that the interference has some effect on uc-TARS spectra;

however, the thickness of the glass slide used in uc-TARS was larger than the 125

nm required for IERS. Therefore, even though the requirement for a highly reflective

back layer was fulfilled, constructive interference should not be observed, and it is

likely only making a small contribution.

Another aspect of uc-TARS that could lead to enhancement in the resulting spec-

tra is an increased laser path length due to the instrumental configuration. uc-TARS
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was carried out with bottom illumination so an inverted microscope with an oil-

immersion objective was used as seen schematically in Figure 3.3(d). As the the

glass slide carrying the sample was in contact with the oil, a higher numerical aper-

ture could be used, allowing for better focus of the Raman laser on the sample. [88]

Additionally, compared to normal Raman, the laser path is doubled in the inverted

set-up. This would be exaggerated even further with the tip engaged, through reflec-

tion off the tip surface (see supplemental Figure SI-2 (f)) . Any effects emerging due

to far field focusing or path length increases would also be visible in the inverted Ra-

man without the tip engaged. To examine such effects, inverted Raman spectroscopy

without the tip was performed on a monolayer of polymer micelles.

As seen in Figure 3.3 (a), the spectrum for inverted Raman resembles the spectra

for thick layers of PS-b-P2VP under upright normal Raman. The characteristic 1000

cm−1 is present with expected peaks visible in the 1300 cm−1- 1500 cm−1 region. The

intensity ratio exhibited by 1454 cm−1 and the 1613 cm−1 the inverted normal Raman

is spectra are similar to the uc-TARS spectra (see Table 3.2), but differ from that

observed in normal Raman for thick micelles. However, the peaks at around 1200

cm−1 are absent from the spectra, and an intense peak at 900 cm−1, most likely from

the immersion oil, appears.

Interestingly, the spectra acquired from the inverted Raman had a very low signal-

to-noise ratio compared to normal Raman, and was able to resolve a peak below 800

cm−1, attributed to sapphire. Comparing supplemental Figure SI-2 (e) and (f), we

can see that the laser path is significantly smaller in inverted Raman compared to

uc-TARS. The AFM tip also enables a sharper focus of light while reflecting off it

on to the material of interest, acting similar to a parabolic mirror. [118] As such, in
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inverted Raman, a noisier spectra is observed with only a single peak of sapphire at

750 cm−1. uc-TARS, on the other hand, likely benefitting from far field focussing and

path length increase was capable of resolving twin peaks of sapphire (724 cm−1 and

750 cm−1 ) [113]. The inverted Raman of the empty Sapphire disk exhibits the peak

around 750cm−1 as can be seen in Figure 3.3 (a).

The improved optics of the set-up and the increased path length from inverted

Raman do lead to enhancement of the spectrum, resolving the characteristic strong

peaks of a monolayer of the diblock copolymer, and the fine features of the substrate,

confirming its role in the observed uc-TARS signal.

Typically, the polarization of light has an effect in tip enhanced spectroscopy,

as far-field effects are dependent on the LSPR induced modulation of light due to

the plasmonic metal coating the tip, with the greater LSPR effect on polarization

in the axis of the plasmonic structure. [83] This amplifies the intensity of certain

polarizations of light in the axis of the tip over others, thereby effectively partially

polarizing the light reflected off the tip. This has been determined to be highly de-

pendant on the LSPR response of the plasmonic structure which is in turn dependant

on the geometry of the structure, and for rod like structures (for example, the tip)

it is greater along the longer axis. [119]. Additionally, anisotropic thin films of gold

polarize incident light [120] and therefore, it may be possible that the gold on the

AFM tip contributes to the polarization of the reflected light off the tip. Typically,

as near-field effects are desirable in TERS, it comes down to the competition between

the LSPR generated and the gap between the material and the tip (typically ¿20 nm)

and the far-field polarization effects from the interaction of the incident light and the

LSPR. The former forms the basis of the TERS signal and the latter is treated as the
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background noise. However, since the the near-field effects have been avoided in uc-

TARS, this far-field effect could be considered a mechanism of the increase in signal

for uc-TARS of modes that are aligned with the intensified polarization of light. This

polarization of light off the tip can be emulated and tested by polarizing the incident

light in inverted Raman at different angles using a Glenn-Taylor prism, to assess the

role of polarization of light in the uc-TARS spectra.

To determine the role of the polarization of incident light off the AFM tip (as

seen in Figure 3.3 (e)) in the uc-TARS spectra, the polarizer on the inverted Ra-

man spectrometer was adjusted to different angles with the tip withdrawn (shown

schematically in supplemental Figure SI-2 (c)). The spectra acquired using 45◦ light

is presented in Figure 3.3 (a) as this showed selectivity for P2VP with visible PS

peaks. Since the polarized Raman was essentially inverted Raman with a polarizer,

the differences arising between the spectra from the two techniques can be attributed

to polarization effects.

In the polarized Raman spectra, the characteristic peaks are visible with a favourable

enhancement towards 2VP peaks. The mode at 1454 cm−1, due to methylene defor-

mation, 1613 cm−1, due to the ring stretching mode of P2VP and the methylene twist

modes around 1300 cm−1 are all enhanced relative to normal Raman. Intensity of

ring stretch Raman modes of PVP have been observed, in literature, to fluctuate with

respect to polarization and the alignment of the nematic phase (parallel alignment of

molecules) when arranged in a liquid crystal. [121] Clearly, the P2VP modes benefit

from polarizations at angles where PS peaks are less selected.

This selective enhancement was further investigated over a range of polarizations.

Figure 3.4 summarizes the effect on the 1000 cm−1 peak, which is the strongest peak
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observed for PS. The spectra were normalized by the P2VP modes observed around

1600 cm−1 emerging from the ring stretch. Without any polarization (inverted Ra-

man), at 0◦ polarization (Figure 3.3 (a)), the signal from PS is the strongest, with

∼2.8x greater intensity than the P2VP ring stretch mode. As the light is polarized,

the peak at 1000 cm−1 decreases in intensity relative to the P2VP mode, and eventu-

ally disappears after 135◦ polarized light. At this same polarization, the 2VP peaks

around 1600cm−1 exhibit their strongest intensity, ∼ 15x greater than that observed

at 0◦. Moreover, the 1000 cm−1 also appears to be shifted to lower wavenumbers with

increasing polarization, approaching the expected mode for P2VP due to the C-H out

of plane bend at around 990cm−1. [53] This is further evidence of P2VP modes being

favoured, as typically these P2VP peaks are not visible in the diblock copolymer,

which is dominated by the PS signal. The broadening of the 1000 cm−1 peak also

suggests enhancement of P2VP modes over PS modes, since the P2VP peaks emerges

around 990 cm−1, but is not typically visible under normal Raman compared to the

PS peak. Unlike in SERS, there is no possibility that this broadening can result from

micelle unraveling.

The ratio of P2VP modes and PS modes that is closest to that observed by uc-

TARS is observed for 45◦ polarization for the ring stretching mode (1613 cm−1) and

at 60◦ for the methylene deformation (1454 cm−1). However, no polarization angle

measured was able to fully match the peaks observed in uc-TARS. Polarization also

seems to selectively select against the sapphire modes, as they are significantly lower

in the polarized Raman spectra compared to those observed in inverted Raman.

Conventionally, polarization is often neglected in conventional TERS, as it does

not contribute to the signal emerging from the near-field effects [96], rather forming
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the background signal. In uc-TARS, however, without the effect of the near field

LSPR-enhancement, the polarization of light off the AFM tip can be observed as

an enhancement mechanism, mildly favouring the P2VP associated Raman modes.

Though the polarization can provide an explanation for the selectivity emerging from

uc-TARS for P2VP modes, the polarized Raman does not show the same relative

peak intensities as uc-TARS, for any one polarization angle, as is observed in Table

3.2. This could result from the fact that the light polarized by the polarizer was 100%

and the light polarized off the AFM tip would be much less.
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Figure 3.4: Inverted Raman of a monolayer of PS-b-P2VP reverse micelles under
different polarization conditions, focused on the peak at 1000 cm−1 typically

associated with the PS component of the diblock copolymer.

Figure 3.3(f) shows the 2nd harmonic generation and the hyper Raman effect due

to the strong electric field at the sample. These effects emerge from the oscillation

of the tip, which leads to the changes in electric field, giving rise to a polarizability

gradient [83, 103]. The hyper Raman effect is difficult to isolate, typically emerging

from the sample conditions [103]; however, due to the polarizability gradient, it can
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lead to a relaxation of the Raman selection rules, with non-active Raman modes

expected to appear due to non-linear scattering. Since no such artifacts can be

identified in the uc-TARS, hyper Raman and other higher order optical effects are

unlikely as possible mechanisms for uc-TARS. Additionally, the presence of the glass

slide and sapphire disk (as seen in Figure SI-2 (f)) between the polymer and the AFM

tip should prevent any hyper Raman effect resulting from the electric field between

the tip and the polymer.

Table 3.2 summarizes the enhancements observed in the various techniques in

terms of the volume required to achieve a Raman spectrum, the intensity enhancement

of the PS ring breathing mode observed at 1000 cm−1, the ratio of the PS ring

breathing mode and the P2VP ring stretching mode observed at 1613 cm−1, and

the ratio with the 1454 cm−1 pyridine ring stretch mode, with respect to the ratios

obtained from a normal Raman spectrum of a thick sample of PS-b-P2VP micelles.

All of the methods require much less volume of material to observe a Raman spectrum

from the diblock copolymer micelles, with IERS, inverted Raman, polarized Raman

and uc-TARS all able to show significant features from a monolayer. Every technique

resulted in almost an order of magnitude increase in the signal intensity at the PS

ring breathing mode, when corrected for the sample thickness. IERS did not shown

any of the enhanced selectivity for P2VP modes that was observed in uc-TARS.

SERS did display significant enhancement of P2VP peaks over PS peaks, with only

a relatively modest enhancement of the PS mode; however, this was a result of the

chemical interaction of the micelles with the Ag surface, resulting in complexation and

unraveling of the micelles. Polarization does offer enhanced selectivity of the P2VP

modes, including the ones observed in uc-TARS. However, the ratio of peak intensities
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could not be matched to that observed in uc-TARS for a fixed polarization angle. The

closest selectivity and signal enhancement to that observed for uc-TARS for the 1454

cm−1 modes was observed for inverted Raman; however, the substrate and immersion

oil peaks were enhanced much greater than the polymer peaks, limiting its use for

practical measurements.

In light of all the techniques investigated, the uc-TARS spectra can be described

in terms of enhancement stemming from increased laser path, improved far-field focus

due to the tip, and the depolarization of the light off the AFM tip. The role of the

increased laser path and the additional tightening of the focus due to the incorporation

of an AFM tip explains the resolution of the sapphire twin peaks below 800 cm−1,

and the enhancement of the characteristic polymer peaks at 1000 cm−1 and between

1300 cm−1 and 1500 cm−1. The role of polarization is more subtle but can be an

explanation of the selectivity of uc-TARS for certain P2VP modes, specifically 1454

cm−1 and 1613 cm−1, and the splitting of the broad peak around 1217 cm−1 into

two individual peaks for PS and P2VP. However, the existence of the strong PS peak

at 1000 cm−1 in the uc-TARS spectra indicates that the polarization is not at the

optimal angle for maximum enhancement of the P2VP peaks. It appears that the

increased laser path and far field effects are the dominant mechanism of enhancement,

with benefits for selective enhancement from polarization.

3.1.4 Conclusion

We have demonstrated a modified Raman technique incorporating an AFM tip that

provides significant signal enhancement, without requiring near field enhancement

that the inclusion of an AFM probe typically provides. Instead, an interplay of
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mechanisms allowed for enhancement of signal from very small volumes of materials

over large areas of interest. By using PS-b-P2VP micelles and comparing the spectra

acquired to that from other enhanced Raman techniques, a better understanding was

developed of the mechanisms likely contributing to this unconventional tip assisted

Raman spectroscopy (uc-TARS). uc-TARS benefits from an increased laser path, im-

proved far-field focusing due to the tip, with contributions from polarization off the

gold coated AFM tip. Therefore, we have here identified a technique to probe molec-

ular bond information of a monolayer of material that is not limited to a small scan

area by going beyond the near-field optics governing conventional TERS. This opens

up avenues of interest in non-destructive characterization mapping of nanaostructures

on a surface and opportunities for in-situ characterizations.

Supporting Information

Supporting Information is available from Royal Society of Chemistry online or

from the author. This hyperlink will take you to the Supporting Information
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3.2 Resonance enhanced Raman modes of poly-

mer due to proximity of certain precursor salts

3.2.1 Introduction

Pyridine, with nitrogen replacing a methine group ––CH– in the benzene ring, has

garnered interest on account of its structure and properties. As the nitrogen lone

pair is not delocalized with the aromatic bonds, pyridine is basic and can donate the

lone pair to Lewis acids to form adducts [122–126]. As a result, pyridine acts as a

monodentate ligand for a variety of transition metal ions and also, the lone pair exerts

an indirect influence on the environment of the benzene-like ring [122]. This has lead

to the use of bipyridine, terpyridine and other poly-pyridine systems as multidentate

ligands for various molecular complexes.

Pyridine and its polymeric forms are insoluble in some organic solvents such as

toluene or xylenes; coupling them with soluble polymers can allow for their use in

templating of nanostructures by providing active sites for trapping metal salts [6,8,11,

43,127]. This is particularly useful in the case of pyridine-based copolymers, such as

poly(styrene)-b-poly(2-vinyl pyridine), which form varying self-assembled structures

(lamillae, planar or micellar) depending on the solvent, concentration and molecular

weight of the blocks [6, 7, 128–130]. The uniformity of the polymer self-assembly can

be tuned making PS-b-P2VP an important polymer in the field of diblock copolymer

lithography and self-assembled monolayers [8, 20, 131]. One of the most useful PS-

b-P2VP phases is spherical reverse micelles formed in non-polar solvents, with the

hydrophobic poly(styrene) chains on the outside forming the protective corona and

the hydrophilic poly(2-vinyl pyridine) forming the core. In this manner, the spherical
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micelles can be used as nanoreactors to make ordered nanoparticle dispersions of

controllable size and phases by segregating the precursor salts in to the cores of the

micelles. These micelle cores can also be utilized as nanobeakers for localized multi-

salt reactions [34]. It has been used for the synthesis of nanostructures of metals,

metal oxides, dielectrics and perovskites for applications as diverse as photovoltaics,

catalysis, chemical or optical sensing, energy storage, or photonics. [8, 12, 17, 19, 32,

34–36, 43, 108, 132–141]. In addition to the polymer, solvent and precursors, the

surface energy of the substrate and deposition method of choice also affect the size

and periodicity of the self-assembled structures. [16, 142, 143] All the variables come

together to allow tailor-made monolayers of different materials.

To produce specific designer nanomaterials for target applications, it is necessary

to have an understanding of all the mechanisms involved in nanoparticle synthesis.

The first step towards establishing an understanding is to have an ability to charac-

terize the particles and the polymer reliably at every stage of the synthesis process.

To that end, there are a plethora of techniques in the toolbox, ranging from vi-

brational spectroscopy to electron spectroscopy and force microscopy to electron mi-

croscopy. A key method is Raman spectroscopy, which probes the structural informa-

tion, phase and molecular interactions of a material through inelastic light scattering

off chemical bonds. It can be used to identify fingerprint patterns for identification of

Raman-visible metal oxides and polymers, and can be used to resolve small quantities

of material down to monolayers [17, 43, 44]. For the case of PS-b-P2VP and FeCl3,

changes in the Raman and FTIR spectra of neat polymer after Fe-salt introduction

have been reported, indicating ligation of the salt with polymer and hence ’loading’ of

the salt into the micelle [17,43,144]. These vibrational peaks can, therefore, be used
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as a screening tool to confirm the interaction of salt and polymer, and the segregation

of the salt inside the micellar structure.

In order to use Raman to confirm the successful loading of polymer, we must

understand the mechanism behind the changing spectral features. Vibrational modes

of the polymer can be influenced by either structural changes in the polymer due to

the interaction with the metal salt [145–147] or by charge transfer between the metal

and polymer [148–150]. To distinguish between the two, it is important to correlate

potential complexes that can be formed formed and the resultant expected changes in

the vibrational spectra, using ligand field theory as a basis to determine the number

of metal-ligand interactions.

Depending on the coordination geometry of the ligand and the transition metal,

the splitting of the d-orbital of the metal can take different forms due to the overlap of

ligand and metal orbitals. For instance, in an octahedrally coordinated sphere, dx2y2

and dz2 orbitals (eg) are raised in energy while the remaining 3 d orbitals (T2g) are

slightly lowered, while in a tetrahedrally coordinated sphere the opposite holds true.

The decrease in energy of the electronic configuration in the ligand field is commonly

known as the crystal field stabilization energy (CFSE) and is generally higher for

octahedral complexes of most transition metals, making them more stable. CFSE

is dependant on the coordination geometry, number of d-electrons in the transition

metal, and the strength of the ligand [151, 152]. The spectrochemical series lists

ligands based on their strength as follows [151,152]:

I− < Br− < Cl− < OH− < pyridine < bipyridine < CN−

The magnitude of the d-band splitting is also dependent on the strength of the

56



Ph.D. Thesis – Ramis Arbi McMaster University – EP

ligand, with higher splitting observed for stronger ligating species [151,152].

Pyridine is an intermediate level ligand being a strong σ-donor thanks to its nitro-

gen lone pair and a π-acceptor with its delocalized π∗-orbital. Stronger-field ligands

would lead to a greater splitting of the d-orbitals and result in low-spin complexes

with paired electrons preferentially occupying the lower energy states. Pyridine-based

polymers like Poly(2-vinyl pyridine) act as polydentate ligands and exhibit strong

binding strength to metal salts when compared to monodentate or bidentate ligands.

The postions of donor atoms in a polydentate ligand (macrocycle) are fixed, allow-

ing less conformational freedom, this reduces entropic effects on its binding energy,

thereby making the complex more stable. [153,154] This is referred to as the macro-

cyclic chelation effect [153,154] and is the reason behind preferential ligation between

metal and pyridine-based polymers, in the presence of metal halide salts. In the case

of PS-b-P2VP diblock copolymer and halide based salts, this is most likely a critical

mechanism for encouraging infiltration into the micelle.

The changes observed in the vibrational spectra for complex ligand formation ap-

pear to selectively enhance some polymer modes over others, in an effect reminiscent

of enhanced Raman methods such as surface or tip enhanced Raman spectroscopy

(SERS/TERS) [44]. SERS, in particular, emerges as an interplay of two main mech-

anisms: electromagnetic enhancement due to plasmonic resonance and chemical en-

hancement due to the formation of charge transfer bands [44, 148, 155, 156]. This

second resonance based enhancement is considered the main mechanism of enhance-

ment emerging from metal oxides or semiconducting surfaces [148,149,155,156], where

plasmonic effects are not present. Charge-transfer occurs between the surface and

the overlayer due to vibronic coupling of the electronic structures. These so-called
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Herzberg-Teller contributions to SERS display enhancement of vibrational modes

emerging from surface charge transfer while conserving the normal Raman selection

rules [148,149,155,157].

In resonance Raman spectroscopy, the excitation wavelength falls within the elec-

tronic absorption band of the material being probed. This is in contrast with normal

raman where the excitation wavelength is out of the region of absorbance of the

material. This results in the excitation of only localized vibrations within the ab-

sorbing group as the excitation wavelength approaches the absorbance band. This

results in a selective enhancement of only some groups related to the absorbing ma-

terial. [73, 112, 158, 159] Resonance raman can be employed for organic coordination

compounds of transition metals, where enhancement is observed from mixing of ex-

cited state of the material (e) with an intermediate state (s), given that the two

states are closely located. This can be summarized in terms of charge-transfer ef-

fects (Herzberg-Teller contributions). [148,149,155,157,159]. This also allows for the

appearance of overtones and combination bands under resonance conditions which

typically cannot be seen. [159]

In this study, we examine the typical shape of ‘loaded’ PS-b-P2VP micelles mea-

sured with Raman spectroscopy in terms of possible mechanisms, and possible resul-

tant complexes to explain why it is observable for some metal salts such as Fe and not

others such as Zn. The mixing of states and allowed metal-ligand and ligand-metal

charge transfer bands appears to lead to a resonance-based enhancement of P2VP

modes in proximity to precursor metal salt. The availability of charge transfer bands

close to the excitation wavelength seems to play a significant role, and can be used as

a route to examine other salts as potential precursors for reverse micelle templating.
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3.2.2 Experimental Methods

Reverse micelles were prepared using polystyrene-block -poly(2 vinyl pyridine) (PS-

b-P2VP, Polymer Source) diblock copolymers of weights Mn: 75000-b-66500. The

polymer was dissolved in o-xylene in concentrations of 3mg/ml. The solutions were

magnetically stirred for at least 24 hours before sample preparation.

Precursor salts were added to prepared polymer solutions in amounts calculated

with respect to 2VP units. Loading ratios of 1:1 (M:2VP) were used unless indicated

otherwise. HAuCl4 · 3 H2O (≈ 99.9 %), AlCl3 (anhydrous, ≈ 99.99 %), FeCl3 (anhy-

drous, ≈ 99.99 %), ZnCl2 (anhydrous, ≈ 99.995 %), and CuCl2 (anhydrous, ≈ 99.995

%) were acquired from Sigma Aldrich and all handling of precursors was performed

under N2 environment inside a glovebox.

For polymer removal, the deposited films were exposed to O2 plasma (29.6W,

950mTorr, Harrick PlasmaCleaner) for 45 min.

Raman samples were prepared using drop-casting of 4µl of the solution for thick

layers on freshly-cleaved KBr crystals and spin-coating of 4µl of the solution at 2000

rpm on aluminum foil for monolayers. Multilayers were achieved by spin coating mul-

tiple times. A Renishaw InVia spectrometer was used for all measurements equipped

with a 514 nm laser. The laser power was set to 10mW and an objective of 20x

(NA=0.40) and 1800l per mm grating was used. The baseline of all spectra was

subtracted using Origin and the spectra were smoothed using the Savitzky-Golay

function. For fitting, Lorentzian lineshape profiles were used on baseline subtracted

data between 900 cm−1 and 1750 cm−1. Polarized Raman was performed using an NT-

MDT AFM-Raman spectrometer. All measurements were bottom illuminated with

a 514 nm laser. The objective involved was an oil-immersion 20x (NA=0.60) lens. A
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glass slide was placed on the lens after applying the immersion oil, the sapphire disk

was in turn placed on the glass slide, with the polymer facing the lens. A second

glass slide was secured on top to allow fastening of the sample. The polarization was

controlled using a Glenn-Taylor prism in the laser path.

Fourier Transform Infrared Spectrum were acquired using Attenuated Total Re-

flectance (ATR) on a Bruker vertex 70 using the standard mid-IR laser by drop-casting

the solution on the diamond-ATR crystal. The output spectra was subtracted against

the background spectra acquired without the sample.

Raman spectra were simulated using Wiley Know-it-all [160] for idealized molec-

ular fragments.

Atomic force microscopy (AFM) characterization were carried out using an Asy-

lum MFP-3D instrument in the alternating current mode under ambient environment

on spin coated reverse micelles on Si wafers. The AFM images were processed by

WSxM. [51]

3.2.3 Results and Discussion

Previously, we have reported on the enhancement of polymer modes observed with Fe-

loaded PS-b-P2VP as a method of monitoring the successful loading of polymer and

as a tracking mechanism for polymer removal and growth of nanoparticles. [17,43,161]

Using Raman spectroscopy, we have been able to track the entire synthesis process

from neat polymer to fully formed nanoparticles [17, 43]. Using this knowledge, we

have successfully tailored the synthesis process to produce iron nanoparticles of dif-

ferent phases (hematite, maghemite and magnetite) and dispersion [17,42,43].
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Specific 2VP ring modes in FTIR spectroscopy have also been reported in litera-

ture to suggest the coordination of FeCl3 with the nitrogen on 2VP, where the free

pyridine ring is expected to red-shift from 1590 to 1619 cm–1 upon coordination, with

a pyridine mode around 1570 cm–1 which remains unchanged [144]. Figure 3.5 (a)

show the results from FTIR of drop-casted samples of neat and loaded polymer which

conform exactly to the expected shift reported by Sageshima et al [144]. The same

materials under Raman show significant enhancement in a region between 950 and

1750 cm–1, where the major peaks of the PS and the P2VP block appear as listed

in Table 3.3, suggesting that these features are also related to the formation of a

complex between the 2VP and FeCl3, as in Figure 3.5 (b).

Considering the ligating properties of pyridine groups, this interaction should form

between the lone pair containing nitrogen and the metal. Therefore, we first consider

the interaction of salt (Mn+) and pyridine molecules, with the P2VP core acting as

a multidentate ligand for polymer-salt complexes. Two distinct interaction groups

can be considered for simplification: the interaction of Mn+ with the nitrogens on

neighbouring 2VP units on the same backbone and the interaction of Mn+ with the

nitrogens on 2VP units on separate chains, as shown in the toy schematic in Figure

3.5(c). A distinct difference for the two cases would be a distortion of the back

bone in the former and increased stiffness of the inter-chain interactions in the latter.

These effects would lead to an change in bond lengths of the effected groups. An

increase in bond length would lead to a shift to higher frequencies and therefore,

higher vibrational shifts. [162] The specific functional groups that might be affected

by such an interaction are given in Figure 3.5 (e). The Raman spectra in Figure

3.5 (d) shows the simulated Raman spectra in the region of interest of the molecule
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showed in the inset as acquired from Wiley Know-it-all compared against the pristine

PS-b-P2VP micelle Raman spectrum.

In an attempt to confirm the modes emerging from individual functional groups,

we can compare the simulated modes with assigned experimental modes of the poly-

mer. The particular groups of interest as shown in Figure 3.5 (e) are labelled red

in the Fe-bipy schematic shown. The modes for the –CHR3 and R–CH2 –R groups

emerge from the backbone. They are expected around 1400-1470 cm−1 and 1370-1390

cm−1 for antisymmetric and symmetric deformations for –CHR3 and 1440-1480 cm−1

for bending deformation for R–CH2 –R. These modes are identified and assigned as

ν(13), γ(CH2) and δ(CH2) in Table 3.3. For the Ph–R groups, a number of ring

modes are expected with stretching and a combination of bending-stretching modes

are expected between 1430-1620 cm−1. CH bending modes emerging from in-plane H

bending are also expected between 990-1180 cm−1. These modes are identified and

assigned as ν(8a), ν(8b), ν(19a), ν(19b), ν(9a), ν(15), ν(18b), ν(18a) and ν(1). Since

the styrene and vinyl-pyridine contain a lot of the same groups, the simulated modes

cannot be used to distinguish between the two blocks. Similarly, the simulation is

based on database calling for each group, specific modes with loaded polymer could

not be simulated using Know-It-All. Therefore, these simulated modes can be used

to identify the groups in proximity to the transition metal and discuss the selectivity

of enhancement in terms of specific functional groups.

Looking at the Raman spectra with respect to the addition of precursor salt shows

the evolution of the loading peaks with increasing salt addition, as can be viewed in

Figure 3.6 (a). With the neat polymer, typical PS-b-P2VP modes are observable as

listed in Table 3.3.
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Figure 3.5: (a) FTIR and (b) Raman spectra of neat PS-b-P2VP (blue) and
FeCl3-loaded PS-b-P2VP (green) with the peaks expected for free and coordinated

pyridine rings indicated. (c) Toy schematic of loaded micelles showing possible
Fe-salt coordination with 2VP monomers on the same chain and on different chains.
(d) Simulated Raman modes for the functional groups in (e). The inset in (d) shows

the structure of the molecule for which the spectra was simulated. (e) The
particular groups from the diblock copolymer unimer that would be affected by

metal ligation by the lone pair.
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Table 3.3: Expected Raman mode of PS-b-P2VP copolymer [53,54,163]

Wilson’s Notation Raman
Shift
(cm–1)

Polymer Block Mode

ν(8a) 1612 PS
ν(8a) 1602 P2VP Ring stretching mode
ν(8b) 1583 P2VP
ν(19a) 1482 P2VP

δ(CH2) 1456 PS/P2VP back-
bone

methylene deformation

ν(19b) 1443 P2VP Ring stretching mode

γ(CH2) 1332 PS/P2VP back-
bone

twisting modes

ν(13) 1224 PS/P2VP back-
bone

C-C stretching (ring and backbone)

ν(9a) 1196 PS
ν(15) 1170 PS
ν(15) 1160 P2VP CH in-plane bending
ν(18b) 1064 P2VP
ν(18a) 1040 PS

ν(1) 1012 PS totally symmetric ring breathing
ν(1) 1005 P2VP
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Figure 3.6: (a) Raman spectra of neat polymer and FeCl3-loaded polymer with
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Au nanoparticles after polymer removal and recovered polymer after cyanide
assisted salt removal.
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As the amount of salt increases, peaks assigned to P2VP ring stretching modes

(ν(19b), ν(19a), ν(8b) and ν(8a)) increase in intensity while peaks assigned to PS

(ν(1), ν(9a), and ν(18a)) or total symmetric modes of P2VP (ν(1)) decrease in in-

tensity. A shoulder peak can be observed around 1150 cm–1 which can be attributed

to the CH-in plane bending in the PS ring and the P2VP ring, but considering the

enhancement of other P2VP modes, it is safe to assume that the visible shoulder

is also P2VP related. Similarly, another shared mode that appears to be enhanced

can be attributed to the twisting modes of the polymer backbone (γ(CH2)) centered

around 1320 cm–1. With this mode, it is assumed that the enhancement is emerging

from the P2VP backbone as opposed to the PS backbone.

We have confirmed that the interaction is a ligation type with a metal salt ion,

as the enhancement of the P2VP mode is dependant on the presence of the metal

salt and is reversible if the salt is removed. This is evident in Figure 3.6(b) which

shows the Raman spectra of the polymer loaded with HAuCl4, which shows similar

enhancement in the region of the Fe-P2VP interaction. As CN– forms strong colored

complexes with HAuCl4 and is a stronger ligand than pyridine, treatment of the

loaded polymer should leach the ions but leave metallic compounds behind. After

KCN treatment the Raman spectrum is identical to neat polymer, confirming the

successful removal of the loaded salt. By contrast, as Au metal and oxides are not

Raman active, etching the loaded polymer with oxygen plasma results in a featureless

spectrum from gold nanoparticles.

We have observed that these loading peaks constitute a true enhancement of the

polymer signal. As shown in Figure 3.7, the neat polymer spectra under normal

Raman spectroscopy is not visible for samples thinner than 6 spin-coated layers (∼
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Figure 3.7: Raman spectra of varying volumes of neat polymer and a monolayer of
Fe-loaded polymer.

100-120nm), requiring multiple depositions or even drop-casting to resolve the spectral

features. As a result, spin-coated monolayers (∼ 20nm) of neat micelles are invisible

to normal Raman [44]. By contrast, a single monolayer of spin-coated FeCl3-loaded

micelles are easily visible [17]. Therefore, the enhancement offered by the loading

of polymer is two-fold. Firstly, there is a greater signal from a smaller amount of

material and secondly, only certain modes benefit from this enhancement.

This effect is reminiscent of enhanced Raman techniques, such as surface en-

hanced Raman spectroscopy (SERS), where selective enhancement occurs due to a

combination of plasmonic resonance and of chemical resonance through charge trans-

fer bands [44,148,149]. Though enhancement of Raman modes are unlikely to result

from plasmonic effects in salt-loaded micelles, chemical enhancement may play a

role in metal salt and polymer interactions in the absence of plasmonic generation.

Charge-transfer would be expected to occur between the metal and ligand states due
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to vibronic coupling of the highest occupied and lowest unoccupied molecular orbitals

(HOMO and LUMO) of the metal and the excited and ground states of the ligand.

These so-called Herzberg-Teller contributions or resonance Raman enhancement of

vibrational modes would be expected to emerge from metal-ligand and ligand-metal

charge transfer while conserving the normal Raman selection rules [148,149,155,157].

For the FeCl3-2VP complex formed, σ bond due to the electron lone pair of the

Nitrogen and the delocalized π∗ orbital from the ring overlap with the Eg and T2g

of the metal. [122] This supplies the charge transfer band for the resonance-enhanced

excitation of the ring and backbone modes of the polymer in proximity to the salt.

Since, the Raman modes of interest observed between 900 and 1750 cm–1 are clearly

polymer modes, we can identify functional groups of the polymer that overlap closest

with the coordination of the metal. These functional groups contributing to the

overlapping states are also indicated in the schematic in Figure 3.5 (b).

Expanding this concept to other salts, it can be seen that there are some salts

for which this enhancement is observed but others for which it is not. Transition

metal salts, including CuCl2 [164], AlCl3 [165], HAuCl4 [166], and ZnCl2 [167], have

been used to form complexes with the nitrogen on the pyridine ring due to the same

interactions observed with FeCl3. [122, 124, 126, 168] Figure 3.8 shows the Raman

spectra of polymer micelles loaded with different salts and AFM images of their

corresponding nanoparticles after polymer removal. The characteristic loading peaks

are clearly visible in the Raman spectra of HAuCl4-loaded, FeCl3-loaded, CuCl2-

loaded and AlCl3-loaded but absent for ZnCl2-loaded polymer, even though all salts

show nanoparticle formation. The modes for ZnCl2-loaded polymer match the relative

intensities of neat polymer. However some shifts in the spectral features around 1050
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Figure 3.8: Raman spectra of neat polymer and salt-loaded polymer and AFM
images of nanoparticles after polymer removal.

cm−1 and 1590 cm−1 are visible. These can be attributed to the ring stretching and

breathing modes of P2VP and shifts in the Raman spectra could indicate changes in

the bond vibrations due to a complex formation with ZnCl2. With the other salts,

changes in intensity are drastically different from the neat polymer, and while the

enhanced peaks acquire a similar ‘shape’, the relative intensities and shifts in modes

are different for different salts.

These features can be deconvoluted into the potential polymer modes identified

for enhancement in Figure 3.5 (e) to compare the differences between different salt

interactions. Figure 3.9 shows the fitted Raman spectra and peak centers for neat

polymer and loaded polymers with assignment of the various modes given in the
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enclosed table. As with the case of FeCl3-loaded polymer, the peaks observable with

HAuCl4, CuCl2 and AlCl3 loaded polymers can be assigned to 2VP modes while

the modes from the PS fraction are absent. The signal to noise ratio for the AlCl3-

loaded spectra is considerably lower compared to the other salts and it shows an

additional peak around 950cm−1. As the nanoparticle layer also showed a low density

of nanoparticles suggesting incomplete loading of micelles, this decreased intensities

is likely related to the loading density of the polymer, as observed in Figure 3.6 for

low FeCl3-loading ratios. This suggests that better loading of AlCl3 would lead to

better loading peaks, as a planned follow-up experiment.

Of note is that the peaks observable in the loaded spectra have slightly shifted

centers compared to the neat polymer with the ring stretching modes, ν(19) and ν(8),

and the backbone twisting mode, γ(CH2), moving to higher Raman shifts. This is

consistently true for all salts except AlCl3 which shows a shift to lower shift for the

backbone mode, γ(CH2), at 1302 cm−1. Raman spectra are sensitive to changes in

bond length, and a decrease in the shift suggests a decrease in the bond length of the

backbone for AlCl3. It is also possible that the polymer mode is visible due to the

low loading density of the AlCl3 samples as discussed previously.

The loading of precursor salt results in stiffening of the P2VP micelle core due to

the formation of the salt/P2VP complex and the resulting stearic repulsion between

adjacent P2VP chains and 2VP units on the same chain. Quantitative nanomechan-

ical mapping of loaded micelles [12, 169] shows increased Young’s modulus of the

micelle interior compared to unloaded micelles. In absence of the resonance enhanced

peaks, as with ZnCl2-loaded micelles, the intensity of Raman polymer modes show

similar intensities to the neat polymer with some additional peaks and shifts. These
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additional peaks can be attributed to C-C stretching between the ring and the back-

bone while shifts are observed in the peaks for ring stretching and breathing modes.

These shifts and additional peaks may tentatively be considered characteristic of load-

ing and the stiffening of the micellar core in the absence of the enhancement of 2VP

modes, subject to confirmation with other salts.

In normal Raman, the scattered intensity (I) follows a dependance on ν4,

I ∝ (ν0 + νk)4

where ν0 is the excitation frequency and νk is the frequency of kth vibrational mode

and the plus indicates Stokes radiation. With resonance Raman, this dependance

becomes complex as the excitation wavelength approaches the frequency of transition

from the ground state to a coupled excited state [158]. This enhancement of intensity

is specific to normal modes that are efficiently coupled to excited states. [158] The

restriction of enhancement localizes to only those modes that are coupled effectively.

In the case of loaded polymer, this behaviour can be used to explain the observed en-

hancement of P2VP modes over PS modes. Under these conditions, the enhancement

would be dependant on coupled excited and ground states of the metal and 2VP and

the availability of charge transfer states which are close to the frequency of the exci-

tation wavelength. For enhancement to be observed then, there should be available

charge transfer states close to the excitation wavelength of the spectra, which in this

case was 514.5 nm, which can be examined using the absorption behaviour of the

salts.

The absorption spectra of FeCl3 complexes show a maxima at 365 nm, which has

been identified as a charge transfer band, and weaker peaks up till 728 nm, which
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have been attributed to d-d transitions [170]. CuCl2 forms octahedral complexes

with non-sterically hindered aromatics like pyridine but results in square-planar ar-

rangement with sterically hindered aromatics like 2-methylpyridine due to Jahn-Teller

effects for stability. A distorted octahedral (square planar) complex is expected from

CuCl2/P2VP, which results in further splitting of the respective T2g and the Eg states.

Therefore, for CuCl2/2VP complexes, a complicated electronic spectra has been re-

ported as extending from the UV into the IR, with the strongest peak around 365

nm and extending up to 865 nm. Peaks were reported at 605, 830, 970 and 1750

nm. [164]. Au(III) complexes exhibit a square planar geometry and, in particular

complexes with pyridine derivatives, show absorption bands around 400 nm-440 nm,

emerging from Ligand-to-Metal charge transfer bands. [166,171].

AlCl3, though it is not a transition metal, acts as a Lewis acid and therefore can

form adducts with lone pair donating groups. Aluminum complexes form a similar

group of complexes as Fe3+ and can occupy octahedral and tetrahedral geometries,

including anionic and cationic species with chlorides [165]. Though no specific studies

on AlCl3 interactions with P2VP exist, charge transfer effect in AlCl3-based aromatic

complexes has shown absorptions, ranging from UV to mid-visible ranges depending

on the strength of interaction with the ligand, with stronger interactions leading to

absorbance of longer wavelengths [172].

On the other hand, ZnCl2 is not a transition metal as it has a filled d-shell restrict-

ing the role of the d-orbitals in d-π orbital overlap for charge transfer [173]. However,

it typically shows similar coordination behaviour with ligands as that observed with

the transition metals. Due to its filled d-shell, zinc chloride does not show absorp-

tion bands when forming complexes with aromatic compounds at room temperatures,
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but does so at elevated temperatures where it forms colored compounds. [174]. The

color signifies electronic transitions in the visible region. Though it may be possible

to observe similar resonance enhanced features for such zinc compounds, those tem-

peratures are not accessible for the salt-loaded compounds, as they are higher than

the critical transition temperature for PS-b-P2VP, therefore it was not possible to

confirm their presence.

Considering that only HAuCl4, FeCl3, CuCl2 and AlCl3 complexes exhibit absorp-

tion within the range favourable for resonance enhancement of the P2VP modes, these

are the salts for which enhancement due to salt loading are observed in visible range

Raman excitation. Further support for this proposed mechanism can be collected by

expanding to other salts such as cobalt chloride, manganese chloride or platinum chlo-

ride, all of which show charge transfer bands and electronic transitions which exist in

the visible part of the electromagnetic spectrum. An interesting case to investigate

would be for metals salts which do not show any visible absorbances similar to ZnCl2.

In this case, nickel chloride would be a candidate, where it should show resonance only

when excited in the UV as suggested by its absorption spectra [168]. This suggests

further studies of using other excitation wavelengths for Raman of loading behaviour

in such salts could be used to confirm this behaviour.

3.2.4 Conclusion

Reverse micelle deposition is a solution based technique which allows us to self-

assemble monolayers of templated nanoparticles. There are two approaches that

can be used to confirm the infiltration of the salt into the micelle. First, nanostruc-

tures can be observed after polymer removal under AFM, which is time consuming
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and provides no other information about the synthesis process. On the other hand,

Raman spectroscopy provides a fingerprint in the characterization of neat and loaded

micelles due to the existence of enhanced ’loading’ peaks with some salts. Raman

is relatively fast in-situ approach to probing the successful loading of the polymer,

while also giving insight into the interaction between the salt and the polymer by peak

convolution. In this article, we have discussed the mechanism of selective enhance-

ment of P2VP modes over PS modes in salt-loaded PS-b-P2VP micelles in terms of

resonance Raman spectroscopy. The mixing of states and allowed metal-ligand and

ligand-metal charge transfer bands lead to a resonance-based enhancement of P2VP

modes in proximity to precursor metal salt in the absence of plasmons. The vibronic

coupling and charge transfer effect allow for the observation of thin films down to

monolayers and it can be utilized as a screening mechanism for effective loading as

the enhancement scales with loading ratio. For salts which exhibit visible absorption

charge transfer bands upon complexation with pyridine ligands, it is possible to use

visible excitation to stimulate loading peaks using resonance Raman effects. If there

is no visible absorption, it may be possible to use other excitation wavelengths to

examine the process of complexation. Correlating absorption with Raman may be

a way forward to in-situ spectroscopy during nanoparticle fabrication which is not

possible by other methods. We have also described a method of removing the loaded

salt from the polymer to revert to its pristine state using strong ligands like CN– .
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4.1.1 Introduction

Iron oxide nanoparticles have attracted considerable attention for both fundamental

and practical reasons, as they are low cost, eco-friendly and easy to prepare. The

naturally occurring crystal phases, α-Fe2O3, γ-Fe2O3, and Fe3O4, have been widely

used in diverse applications, as each has unique biochemical, magnetic, and catalytic

effects.

α-Fe2O3, the most stable iron oxide, has found application in gas sensors, pho-

toelectrodes, photocatalysts, and batteries [35, 175–179] due to its high resistance

to corrosion, selective absorption, useful bandgap, and low cost. γ-Fe2O3, the sec-

ond most common Fe2O3 polymorph has been exploited in storage media, biomedi-

cal sensors, drug delivery systems, magnetic resonance imaging, and water-splitting

electrocatalysis [35, 180–184] due to its biocompatibility, biochemical properties and

unique magnetic features. Iron oxide nanoparticles are in general interesting for their

magnetic response, which can be attributed to the γ-Fe2O2 and Fe3O4 spinel phases.

Diverse applications take advantage of the different physicochemical attributes of

the different polymorphs. Being able to tune the crystal structures from one pure

monophase to another would allow the specific tailoring of the nanoparticles for de-

sired applications.
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Due to their closely related crystal structures and stoichiometries, phase trans-

formations between the various iron oxide polymorphs are possible during synthesis

and application [176, 185–193]. This has prompted investigation into the formation

mechanisms of the polymorphic phases and the transitions between them. Different

factors including particle size, synthesis process, level of hydration and temperature

have been seen to influence the transition [179]. γ-Fe2O3, particularly, is in an intrin-

sically metastable state, with the inverse spinel structure tending to convert into the

more thermodyamically stable hexagonal α-Fe2O3 phase [194–196]. As the transition

from γ to α is dependent on whether the particle has enough energy to overcome

the activation barrier, there is a critical size and temperature below which γ dom-

inates [190, 197–199]. Yet, the level of hydration has also been seen to drastically

affect the synthesis process to preferentially favour the formation of one phase over

another [190,198]. With α-Fe2O3 being a a weakly ferrimagnetic material, it is neces-

sary to limit its formation to achieve nanoparticles with significant magnetic response

independent of size [43]. Unlike the transformation between α and γ phases, the

transformation between Fe3O4 and γ-Fe2O3 are compositional without any structural

change, with arbitrarily distributed cation vacancies forming at octohedral sites [55];

hence temperature can play a significant role in nanoparticle phase stability. At high

temperatures, even Fe3O4 nanoparticles may oxidize directly to α-Fe2O3 [55]. Such

phase instability can result in changing electronic response over time, which is known

to affect the effectiveness of iron oxide based electrocatalysts [193]. Insight into the

mechanisms of formation and phase transition are therefore highly desirable to control

nanoparticle synthesis to target favourable properties.
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Various methods have been employed for the synthesis of stable monodispersed

nanoparticles. This involves the use of different bottom-up approaches such as co-

precipitation [200–203], sol-gel synthesis [204,205], chemical reduction [206], bio/green-

synthesis [207], epitaxial growth [208, 209], vapor deposition [210–212] and diblock

copolymer lithography [12, 31, 43]. Each technique has its merits in terms of the

types of materials synthesized, ease of growth and feasibility in terms of resources

used. Passive self-assembly techniques have an upper-hand in this regard, allowing

control of the final structures and compositions through manipulation of the process

parameters, since no active control has is required throughout the process. This is a

benefit for deposition as specialized surfaces are not required, as is often the case in

lithography techniques or top-down approaches.

We have recently shown that it is possible to produce highly monodisperse, pure

γ-Fe2O3 nanoparticles with a narrow size distribution and controllable particle size,

using a diblock copolymer reverse micelle template [43]. The self-assembly of macro-

molecules to aid in the formation of nanopatterns is a rapidly growing area, as a

route to functionalize surfaces with tunable surface wettabillity [64, 65], overlayer

adhesion [66], catalytic activity [67] or work function [30, 108, 109]. The complex

interplay of various parameters, including stirring times, precursor loading ratios,

solvents, co-polymer molecular weights, or the ratio of blocks, results in a wide tun-

ability of particle size, polydispersity and crystal structures [12]. Moreover, these

nanoparticles can be transfer-printed on to substrates that may be sensitive to direct

processing [42].

In this contribution, we use the chemical fingerprints from Raman spectroscopy
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to explore the impact of modifying the growth conditions and post-deposition treat-

ments on the formation of iron oxide nanoparticles. The shielding environment of the

micelles was seen to prevent the formation of a hydrated phase that can directly con-

vert to the thermodynamically stable α-Fe2O3 at low temperatures. As a result, the

micelle environment is able to stabilize the highly desirable magnetic spinel phases.

Our approach allow us to challenge the current concept that the α- to γ- phase

transition is necessarily driven by particle size, as we are able to produce multiple

coexisting phases while maintaining a fixed particle size. Based on these findings,

we are able to effectively tune the nanoparticle crystal structure in a spectrum from

100% inverse spinel phases (γ-Fe2O3, Fe3O4) to 100% hexagonal phase (α-Fe2O3) sim-

ply by manipulating the processing parameters. This can be used to tailor designer

nanoparticles with fixed size and tunable composition for applications that exploit

the specific properties of different polymorphs.

4.1.2 Results and discussion

Effect of type of polymer on iron oxide phases formation

Raman is a vibrational spectroscopy technique which can be used to investigate crys-

tal structures and molecular vibrations using inelastic scattering [213]. The crystal

structures of FexOy polymorphs, and hence the the vibrational modes and Raman

spectra of α, β, ϵ and γ of Fe2O3, Fe3O4 and FeCl3 have been observed to be dis-

tinct from each other [46,47,74,213–216] as outlined in supporting information Table

SI-1†.

Using group theory, the active Raman modes of a system can be predicted. γ-

Fe2O3 with the P4132 space group has five active Raman modes (A1g, E1g and 3 x
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T2g), mathematically describing their atomic vibrations against their principle rota-

tional axis and inverse structures. Though γ-Fe2O3 and Fe3O4 belong to the same

space group, the observed Raman modes at similar wavenumber have a different

atomic origin, making them easily distin- guishable [46,217]. α-Fe2O3 (R3c) has five

Eg modes, though two are typically resolvable only below 100K [218], and two A1g

modes.

Recently, we used the Raman signatures of the precursors, the co-polymers and

the various iron oxide polymorphs to describe the formation process of γ-Fe2O3 during

synthesis using polystyrene-block -poly(2vinyl pyridine) (PS-b-P2VP) reverse micelles

[43]. We found that when FeCl3 interacts with the P2VP block inside the micelles, it

induces two additional Raman modes, attributed to the stearic hinderance of Fe-2VP

complexation around 1306 cm-1 and 1591 cm-1 [43]. This complexation is essential to

encourage the infiltration of the precursor salts into the micelle environment.

However, complexation itself does not seem sufficient to form a particular oxide

polymorph. To examine this effect, we used PS-b-P2VP copolymers with different

molecular weights (MW) to template iron oxide nanoparticles. Figure 4.1 shows the

Raman spectra of nanoparticles produced using micelles of lower and higher MW

under identical post-etching treatment, with Lorentzian peak fitting to show the

existing phases (see supporting information Figure SI-1.)†

Figure 4.1 (a) shows the iron oxide nanoparticles immediately after etching with

no heat treatment applied. For the upper spectrum, nanoparticles produced using the

PS-b-P2VP with the higher MW show the broad peak around 700 cm-1 which can be

deconvoluted with two Lorenzian peaks at 671 cm-1 and 721 cm-1 which are the A1g

stretching mode of tetrahedral units of Fe3O4 and γ-Fe2O3 respectively [46,189,219].
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Figure 4.1: Normalized Raman spectra of the iron oxide nanoparticles (a) after
etching under O2 plasma, and (b) after annealing at 600◦C for 2h in N2 with

Lorentzian peak fitting for nanoparticles formed using PS-b-P2VP diblock
co-polymer of (upper) higher and (lower) lower molecular weights.
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The peak centred around 350 cm-1 could be assigned as the translatory T2g of Fe3O4

(330 cm-1) and the T1g of γ-Fe2O3 (340 cm-1) [46,189,217,220]. As no other features

are observed, using higher MW PS-b-P2VP results in the formation of nanoparticles

of a purely spinel phase.

On the contrary, the Raman spectra acquired from nanoparticles produced using

the lower MW PS-b-P2VP in Figure 4.1 (a) show five additional peaks characteristic

of α-Fe2O3. Three can be assigned to symmetric double-degenerate Eg modes [218,

220,221] – 292cm-1 (vibrations due to Fe atoms), 409cm-1 (vibrations of O ions with

respect to the Fe ions in the plane perpendicular to the c-axis of the hexagonal unit

cell) and 610cm-1. The other peaks at 223cm-1 and 497cm-1 could be assigned to the

A1g stretching modes of α-Fe2O3 due to the vibrations of Fe ions moving along the

c-axis of the hexagonal unit cell and O ions moving along the c-axis of the hexagonal

unit cell respectively [218,221].

After annealing at 600◦C for 2 hours under N2 environment, for the lower MW

co-polymer template, the A1g peaks of Fe3O4 and γ-Fe2O3 disappear, leaving only

the five distinct peaks, suggesting purely hexagonal phase of α-Fe2O3 [217, 218, 220].

The formation of crystalline iron oxides was also confirmed by x-ray diffraction, x-ray

photoelectron spectroscopy, electron energy loss spectrscopy, transmission electron

microscopy, and selective area diffraction measurements (see supporting information

Figure SI-3†).

With the higher MW co-polymer template, annealing leads to the peaks associated

with spinel phases becoming more intense and sharply defined, with the emergence

of a peak at 509 cm-1 for the Eg mode of γ-Fe2O3. This suggests increased crys-

tallinity of γ-Fe2O3. Such high temperature annealing has been proven to increase
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the crystallinity of reverse micelle templated γ-Fe2O3 nanoparticles [43]. However, an

additional peak is also seen which can be assigned to the A1g peaks of α-Fe2O3 at 225

cm-1. [217,218,220]. Liang et al. [43] observed prolonged high temperature annealing

resulted in the formation of α-Fe2O3, and also observed that even 2 hours annealing

at 600◦C lead to a loss of magnetic susceptibility [43], supporting the existence of a

mixed phase. (See supporting information Section SI-7)

The nanoparticles obtained from the higher MW PS-b-P2VP result in a higher

yield of the spinel phases with a uniform size, periodic distribution on the surface,

and lower variability in the particle diameters compared to the lower MW PS-b-P2VP

(see supporting information Figure SI-4†). Additionally, it is observed that a pure

α-Fe2O3 phase is achievable using the polymer with the lower MW, and pure spinel

phase is achievable using the polymer with higher MW. Though Ayyub et al. [199]

had observed size-induced transitions in nanocrystalline Fe2O3, with particles bigger

than 30nm dominantly being α-Fe2O3 and those smaller dominantly γ-Fe2O3, we

observed this behaviour for particles of the same average particle size (∼30nm), see

supporting information Figure SI-4)†. In fact, the γ-Fe2O3 particles were larger than

the α-Fe2O3 ones on average (36nm vs 27 nm), and this particle size was unaffected

by annealing. As a result, we can confirm that this difference does not arise from

particle size effects. Therefore, there is a clear influence of the type of polymer on

the resulting phases of FexOy observed.

To understand how the polymer can affect the structure of the nanoparticles, we

examined the differences in the micellar geometries formed and the infiltration of the

precursor. Figure 4.2 shows the impact of loading the two PS-b-P2VP polymers, as

well as a homopolymer HP2VP loaded with FeCl3 precursors.

83



Ph.D. Thesis – Ramis Arbi McMaster University – EP

Lower MW+FeCl3 
Higher MW+FeCl3

HP2VP+FeCl3 

15911306294 330

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

Raman shift (cm-1)
600400200 800 1000 1200 1400 1600 1800 2000

intercalated-
FeCl3

hydrated-
FeCl3

2VP Related Modes
1446

Figure 4.2: Raman spectra of the FeCl3 loaded in the two PS-b-P2VP copolymers &
homopolymer HP2VP, showing the expected salt-2VP complexation peaks at higher

wavenumbers in all cases. Both the lower molecular weight co-polymer and the
homopolymer show a peak at low wavenumbers consistent with the hydrated iron

chloride salt.

84



Ph.D. Thesis – Ramis Arbi McMaster University – EP

The process of iron oxide nanoparticle formation from a precursor salt loaded di-

block copolymer micelle was recently described by us in Liang et al [43]. We identified

four Raman modes of FeCl3 loaded micelles which are characteristic of the complex-

ation of FeCl3 and 2-vinylpyridine (P2VP) [43]. These include the three pyridine

related stretch modes, around 1306 cm-1, 1440 cm-1, and 1591 cm-1, which are en-

hanced due to the interaction of the electron lone pair of nitrogen on the pyridine rings

with the Fe. As can be seen in Figure 4.2, both co-polymers and the homopolymer

spectra show these features, suggesting that FeCl3 is complexated with the P2VP as

expected. The third signature observed by Liang et al. was a peak around 290 cm-1,

which can be assigned to the A1g of FeCl3, shifted as a result of intercalation with

P2VP [43,222,223].

Though the higher MW PS-b-P2VP shows the expected A1g peak for intercalated

FeCl3 at 294 cm-1, lower MW PS-b-P2VP shows a peak at 330 cm-1 which is consistent

with the A1g of hydrated FeCl3 [216, 224]. A similar behaviour was observed for the

homopolymer loaded with FeCl3, as seen in Figure 4.2. In that case, the FeCl3 salts

complexated on the homopolymer HP2VP chain are exposed to water adsorbed on

the KBr substrate during sample preparation. As FeCl3 is highly hygroscopic, it

is able to immediately form a hydrated phase. This was also observed when FeCl3

without any polymer is deposited directly from o-xylene on the KBr surface (see

supporting information Figure SI-5)†. Moreover, when homopolymer loaded FeCl3

or pure FeCl3 is plasma etched, characteristic peaks for the α-Fe2O3 phase can be

observed (see supporting information Figure SI-5†).

Nanoparticles formed using FeCl3 solutions with different procedures without mi-

celles have also been shown to result in intermediate iron hydroxides which ripen
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into α-Fe2O3 [225]. Generally, adsorption and incorporation of water or hydroxyls is

critical for stable α-Fe2O3 formation as particle size decreases (the hydroxyl mecha-

nism) [190,198]. As the polymer complexated FeCl3 which exhibit the hydrated phase

(the polymer with the lower MW and HP2VP) result in a predominantly α-Fe2O3

phase, the formation of a hydrated phase during incorporation with P2VP seems

to be a requirement for the formation of α-Fe2O3 at low temperatures from micelle

templates. This is similar to that observed by Cui et al [226] for composite systems,

where dried polymer xerogel composite results in γ-Fe2O3, where wet xerogel resulted

in α-Fe2O3. For micelle templating, the polymer with the higher MW offers a pro-

tective environment for the FeCl3 from water which both the polymer with the lower

MW and HP2VP lack.

An analysis of the structure and characteristics of the two micelles without any

salt loading allows us to develop a model of the different behaviour of the salt with

the different micelles. As shown in Table 4.1, the two polymers have similar ratios of

P2VP to PS blocks, with the lower MW polymer having a slightly greater abundance

of P2VP units. As the FeCl3 complexates with the 2-vinylpyridine, this suggests that

the lower MW copolymer has more abundant sites for interaction.

Typically, in micellar formation, there is a correlation between the micelle size and

the MW, as the molecular weight of each portion of a diblock copolymer is closely

related to the block length. Generally, in diblock copolymer systems, longer chains

are expected to result in a larger micellar size [5,10,227,228]. However, as can be seen

in Table 4.1 that is not the case for these PS-b-P2VP systems. The average micelle

diameters, as measured by SEM, were substantially larger for the lower MW micelles

(see supporting information Figure SI-6)†. The trend holds when we compare the
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SEM results to the lateral size observed in the AFM topography micrographs seen

in Figure 4.3(a) and (b) (line profiles through one representative micelle shown in

Figure 4.3(e) and (f)). However, the height of the micelle as measured in the AFM

did not increase with lateral size, being similar for both.

Table 4.1: Comparison of micelle characteristics between lower molecular weight
and higher molecular weight diblock copolymers.

Polymer characteristics Higher MW Lower MW

P2VP:PS ratio 0.89 1.29

Mn PS (g/mol) 75,000 28,000

Mn P2VP (g/mol) 66,500 36,000

Mn PS:P2VP (g/mol) 141,500 64,000

Micellar diameter (nm)1 41.12 ± 3.64 94.57 ± 4.01

Core diameter (nm)1 30.86 ± 4.10 74.66 ± 3.92

Corona thickness (nm)1 5.13 ± 2.74 9.96 ± 2.80

Micelle centre height (nm)1 9.54 ± 1.12 8.12 ± 0.95

Micelle core Young’s Modulus (GPa)1 2.24 ± 0.05 0.17 ± 0.07

Hydrodynamic diameter (nm) 90.1 ± 0.78 159.8 ± 0.64

Polymer fraction of core (ϕP2V P ) 1.05 0.26
1average value determined by 100 measurements of different particles deposited on Si

Iodine staining was used to determine the inner core radius, as iodine is known to

preferentially stain pyridine over polystyrene, due to the complexation of iodine and

pyridine [229]. Using the difference in the measured micelle and core diameters, the

thickness of the PS corona can also be estimated to get an idea of the size and shape

of the resultant micelles. This analysis indicates that the higher MW copolymer has

a smaller denser core compared to the lower MW one, which is twice the size despite

the much shorter polymer chains.

Quantitative nanomechanical mapping (QNM) was employed using the AFM in
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tapping mode to understand the mechanical differences between the two polymers.

QNM allows the measurement of the Young’s modulus variation on a surface, and

has been successfully applied to examining the properties of soft materials [230–232].

Figure 4.3 illustrates the AFM topography and QNM modulus variation, with the

height and Young’s modulus line profiles of a representative micelle in the bottom row.

The line profile through the empty micelle for the higher MW copolymer indicates

that its core is less stiff than the corona region, which is characteristic of empty

micelles [12,232]. This lowering of the modulus through the core likely results from the

anisotropic nature of polystyrene in the diblock copolymer. The diblock copolymers

are aligned horizontally when the tip first interacts with the micelle and vertically

as the tip interacts with the core; as the polystyrene has a higher Young’s modulus

when aligned laterally in a lamellar formation than vertically as in a polymer brush,

the modulus is reduced through the core [232]. In the case of the lower MW polymer,

though the Young’s modulus in the corona region is similar to that of the higher

MW polymer, it goes to zero at the centre with respect to the silicon substrate. This

results in a “coffee bean” type structure observed in Figure 4.3 (d) on the Young’s

modulus map.

This effect, coupled with the small height as measured by AFM compared to the

large micelle diameter, suggests that the lower MW micelles have collapsed on to the

substrate when deposited. This behaviour provides a viable reason for why the lower

MW polymer micelle is not able to shield the FeCl3 precursor from hydration.

In the typical process of nanoparticle formation using micellar templates, micelles

will form spontaneously in selective solvents when there are enough diblock copolymer

unimers to be above the critical micelle concentration. In non-polar solvents such as
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Figure 4.3: Quantitative nanomechanical mapping of the polymer micelles showing
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o-xylene or toluene which selectively dissolves polystyrene, PS-b-P2VP forms reverse

micelles as shown schematically in Figure 4.4, where the hydrophillic P2VP block

forms the micelle core surrounded by a hydrophobic corona of PS.

The spherical structure consists of loosely associated unimers, which are very

dynamic with unimers regularly exchanging between the micelle and the solvent

[3, 4, 233]. Above the critical micelle concentration, the unimers coalesce into a mi-

celle, triggered in a non-polar solvent by entrapped water molecules [234]. The size

and shape of the micelles in solution is driven by the molecular weight of the polymer

chains, their interaction with the surrounding solvent, and the amount of entrapped

water/solvent. Typically for strongly segregated copolymers such as PS-b-P2VP, the

micelle cores are not expected to show significant swelling with solvent or entrapped

water, and the polymer fraction of the core should be ϕP2V P ≈1 [228]. The hydrody-

namic diameters, as determined by DLS, are given in Table 4.1. Again, the lower MW

micelle has a measured diameter nearly twice that of the higher MW micelle. In both

cases, the diameter is larger than that for the deposited particles measured in SEM,

as expected, since the polystyrene corona has elongated into the solvent. Using the

stained core diameter, we can estimate how densely packed the P2VP component is

inside the core, using the assumption of a rigid spherical micelle [228] (see supporting

information section SI5.1)†. In the case of the higher MW micelle, the expected dry

core behaviour holds and the longer chains are packed together to form a tight P2VP

core, as observed in the schematic Figure 4.4. On the other hand, for the lower MW

micelle, there is significant swelling of the core, with only 26% consisting of P2VP

chains, and the micelle balloons around solvent or entrapped water.

In both cases, the dynamic nature of the micelles allows the FeCl3 to penetrate
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Figure 4.4: Schematic of FeCl3 loaded micelles comprising the two polymers

through the corona due to the osmotic pressure of the non-polar solvent. Driven by

the incompatible polarity between non-polar solvent and the polar metal salt, the

precursor ions diffuse into the micellar cores. Once inside, the FeCl3 then interacts

with the P2VP chains. The loading ratio for the micelles is defined as the number

of Fe3+ ions divided by the number of 2VP molecular units in PS-b-P2VP. In order

to produce nanoparticles of ∼30nm in diameter, the higher MW micelle requires a

much higher loading ratio than the lower MW micelle (1.5 vs 0.2 respectively, see

supporting information Figure SI-4)† even though there are more available P2VP

units for complexation. This suggests that it is relatively difficult for the precursor

salt to penetrate inside the dense micelles, requiring 1.5 ions of Fe3+ per unit of P2VP

in the solvent to infiltrate enough salt to form particles. However, once inside the

salt is protected by both the PS and the P2VP unimers, which do not collapse when

the solvent evaporates after deposition. This protects the FeCl3 from water in the

environment; upon plasma etching, due to the low temperature and the lack of a

hydrated salt, the γ-Fe2O3 phase is able to form.

On the other hand, the large balloon-like micelles of the lower MW micelle allow
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easy infiltration of the salt while in the solution, requiring only 0.2 Fe3+ ions per P2VP

unit to produce ∼30nm particles. This suggests that a large amount of salt is able

to penetrate inside the micelle, some of which interacts the P2VP. However, either

the existing pool of water inside the micelle or water molecules encountered when the

micelle is deposited and collapses converts the Fe3+ precursor into a hydrated form.

Due to the presence of this hydrate, it is extremely easy to form the α-Fe2O3 phase

independent of particle size.

Dependent on which polymorph is desired, either polymer may prove useful. The

higher MW dense core micelles to achieve γ-Fe2O3 and lower MW crew cut micelles

to produce large α-Fe2O3 with minimal precursor and processing.

Effect of post-etching conditions on iron oxide phases

Upon deposition, the two micelle types already result in different phases of Fe2O3.

Post-deposition annealing can also be used to systematically tune the structure, and

enhance the crystallinity. High temperature annealing leads to a greater yield of the

hexagonal phase, which is expected as α-Fe2O3 is thermodynamically more stable at

higher temperatures [197, 199, 235]. Figure 4.5 clearly confirms that irrespective of

the polymer used initially, it is possible to achieve similar amounts of α and γ phases

with annealing. As the lower MW micelle already started with a high level of α-

Fe2O3, only a short annealing time at 600◦C is required; for the higher MW micelle,

however, the spinel phase is stabilized and it requires significantly more annealing

time to achieve the α form.

The transition from γ to α is dependant on whether the particle has enough energy

to overcome the activation energy barrier. In general, the smaller the nanoparticles
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Figure 4.5: Raman spectra of the nanoparticles formed using the co-polymer with
the lower molecular weight and higher molecular weight annealed at 600◦C for

different times to achieve the same percentage of α-Fe2O3.

of γ-Fe2O3, the lower the transition temperature [179]. For these nanoparticles, the

transition temperature is expected around 500 °C or lower. Various strategies, includ-

ing doping [177,213,236,237], nanocomposites [175,192], core-shell particles [175,238],

and ligand functionalization [179, 191] have been adopted to reduce the excess free

energy of the nanoparticles, increasing the phase transition temperatures.

As can be seen in Figure 4.6, we are able to achieve a stable spinel phase dom-

inated by γ-Fe2O3 upto 700◦C for nanoparticles without any stabilizing agents or

confining composites. The γ to α transition is structural, requiring restacking of the

oxygen layers from an FCC lattice to a HCP one and rearrangement of the Fe cations
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with the rigid O layers shifting into a new configuration [55, 194]. Commonly, this

is accomplished by increasing the particle size, with ultrafine γ-Fe2O3 nanoparticles

converting into large plates of α [194]. We do not observe any change in particle size

with annealing, even upon conversion to the α-Fe2O3 phase. As the nanoparticles are

in a restricted degree of agglomeration [179], due to the physical separation result-

ing from the micelle template, and there is no hydrate during formation, the phase

transformation is heavily suppressed.

Additionally, interesting trends are also observed regarding the effect of heat treat-

ment on the spinel phase, which is found to be a mixture of Fe3O4 and γ-Fe2O3. Unlike

the transformation between α and γ phases, the transformation between Fe3O4 and

γ-Fe2O3 are compositional without any structural change, with arbitrarily distributed

cation vacancies forming at octohedral sites [55]. As can be observed from Figure 4.6

where all three conditions provided less than 5% α-Fe2O3, the amount of γ-Fe2O3,

with respect to Fe3O4, increases with increasing annealing temperatures. Under stan-

dard oxidation conditions, the transformation is driven by Fe diffusion to the surface.

At low temperatures, there is less energy for Fe diffusion even after long annealing

times and the Fe3O4 does not undergo conversion. At high temperatures, the γ-Fe2O3

phase dominates.

Typically, Fe3O4 nanoparticles should oxidize directly to α-Fe2O3 around 600 °C

[55]. In this case, again the restricted degree of agglomeration stabilizes both of the

spinel phases, preventing such transformation. This tunability of the spinel phase

offers another opportunity to control the nanoparticle properties.
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Figure 4.6: Raman spectra of the nanoparticles formed using the polymer with the
higher molecular weight annealed at (i) 700◦C for 2 hours, (ii) 600◦C for 2 hours,

and (iii) 350◦C for 12 hours under N2

Tunable Nanoparticle Phases with Raman Spectroscopy used for Semi-

Quantitative phase analysis

Through a combination of changing the polymer molecular weight and post-deposition

annealing conditions, we are able to modify the relative abundance of the spinel to

hexagonal phases from a pure monophase to mixed phases of varying composition

back to a pure monophase with the same basic recipe for particle formation. Figure

95



Ph.D. Thesis – Ramis Arbi McMaster University – EP

4.7 (a) shows the Raman spectra of nanoparticles produced using PS-b-P2VP with

higher and lower MW with different post-deposition annealing treatments from (i) to

(x). The assignments of visible modes for each phase are provided in Table 4.2, with

the respective conditions summarized in Table SI-4 in the supporting information.†

Table 4.2: Table of observed Raman peaks in Figure 4.7

Observed
Raman shift
(cm-1)

Related spectra in Figure 4.7 Assignment References

214-219 (i), (ii), (iii), (iv), (v), (vi), (viii) A1g of α-Fe2O3 [189,218]
243 (ii), (iii) , (iv), (vi), (vii) Eg of α-Fe2O3 [189,218]
277-288 (i), (ii), (iii), (iv), (v), (vi) Eg of α-Fe2O3 [189,218]
345-385 (vii), (viii), (ix), (x) T2g of γ-Fe2O3 [220]
400-409 (i), (ii) , (iii), (iv), (v), (vi) Eg of α-Fe2O3 [218,220]
497 (i), (ii) , (iii), (iv), (v) A1g of α-Fe2O3 [218,220]
495-500 (vii), (viii), (ix) Eg of γ-Fe2O3 [217,220]
610 (i), (ii) , (iii), (iv), (v), (vi), (vii) Eg of α-Fe2O3 [218,220]
677 (ii), (iii), (iv), (v), (vi), (vii), (viii), (ix), (x) A1g of Fe3O4 [239]
725 (iii), (iv), (v), (vi), (vii), (viii), (ix), (x) A1g of γ-Fe2O3 [74, 189,219]

For pure monophase of hexagonal α-Fe2O3 nanoparticles, five distinct peaks can be

observed, as shown in Figure 4.7(a) (i) where three Eg modes of α-Fe2O3 [218,220,221]

are visible at 292cm-1, 409cm-1 and 610cm-1 . The other peaks at 223cm-1 and 497cm-1

could be assigned to the A1g stretching modes of α-Fe2O3 due to the vibrations of

Fe and O ions, respectively [218, 221]. On the other hand, for purely spinel phase

materials, three characteristics peaks are observed, as in Figure 4.7(x). The broad

peak around 700 cm-1 can be deconvoluted to give A1g of Fe3O4 at 672 cm-1, and the

A1g γ-Fe2O3 at 721 cm-1 . The peak around 335 cm-1 can be attributed to either the

T1g of γ-Fe2O3 (340 cm-1) or the T2g of Fe3O4 (330 cm-1) [217]. This suggests that

these nanoparticles are purely spinel phase materials.

As the processing parameters are modified, the features associated with γ-Fe2O3
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Figure 4.7: (a) Normalized Raman spectra of the iron oxide nanoparticles under
various annealing conditions with Lorentzian peaks fitting. (b) Percentage spinel

and hexagonal phases determined from the Raman spectra for each treatment
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and Fe3O4 can be enhanced and those with α-Fe2O3 diminished, as seen in Figure

4.7 (ii)-(ix). In Figure 4.7(a) (ii)-(x), a feature at around 700cm-1 is observed that

can be attributed to the spinel phases (A1g of γ-Fe2O3 and Fe3O4). Though this

mode could also be due to the IR active longitudinal optical Eu mode activated

by disorder [190, 214, 220], particularly in Figure 4.7(ii), the other changes to the

spectrum strongly suggest the emergence of spinel phases with changing conditions,

particularly the emergence of a peak at 509cm-1 that could be assigned to the Eg

mode of γ-Fe2O3 for Figure 4.7(a) (vii-ix), which represents the symmetric bands of

O with respect to Fe. A shoulder mode at 243cm-1 that can be assigned to another

Eg of the α-Fe2O3 phase also appears in some of the spectra, suggesting that the

conditions for each sample set are likely to be slightly different.

As features from both the spinel and hexagonal phases are present in the same

spectrum, we can use the intensity area ratio of the A1g peak (∼550-800cm-1) of spinel

phases (γ-Fe2O3 and Fe3O4) against the A1g of the hexagonal α-Fe2O3 (∼150-300cm-1)

to make a semi-quantitative estimate of the percentage of each phase, following a

modified approach similar to that by Bersani et al. [214] and Choupra et al. [189] (see

supporting information Figure SI-1.)†

The area intensity ratio of spinel to hexagonal phase was given by Σ =
IA1g spinel

IA1g hex

.

The percentage of spinel phase was given by % spinel= 100 ∗ Σ

Σ + 1
.

As Raman is more sensitive to the α-Fe2O3 phase [189,218,220], this is probably

an underestimation of the amount of spinel present in the samples. Though the

Raman analysis was not directly correlated to XRD data (see supporting information

Figure SI-2)†, it has been seen to be a useful technique for semi-quantitative analysis

of the relative abundance of the three polymorphs in a sample [43, 189, 214]. Figure
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Figure 4.8: Normalized Raman spectra of the iron oxide nanoparticles under various
growth conditions with Lorentzian peak fitting. (a) pure γ-Fe2O3 formed using

higher molecular weight co-polymers (b) pure α-Fe2O3 formed using lower molecular
weight co-polymers with annealing (c) pure Fe3O4 formed using hydrated FeCl2

salts with higher molecular weight co-polymers.

4.7(b) shows the relative weight of spinel (γ-Fe2O3 and Fe3O4) compared to hexagonal

(α-Fe2O3) iron oxide.

Through a combination of changing the polymer molecular weight and post-

deposition annealing conditions, we are able to modify the relative abundance of the

spinel to hexagonal phases from a pure monophase to mixed phases of varying com-

position back to a pure monophase with the same basic recipe for particle formation.

It is even possible using hydrated salts directly to produce pure Fe3O4 nanoparti-

cles of similar size, bypassing the γ-Fe2O3 formation entirely. Figure 4.8 shows the
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pure monophase nanoparticles of all three oxide polymorphs achieved from reverse

micelle templating. Taking advantage of the tunability and control over the structure

has allowed us to produce nanoparticle arrays suitable for a variety of applications

(see supporting information Figure SI-7)†. By tuning the annealing conditions,

it was possible to achieve coercivity and saturation magnetization values for small

nanoparticles (∼6nm) that are usually only obtainable from larger particles (¿25 nm)

purely by increasing the percentage of the spinel phase [43]. Synthesized nanopar-

ticles optimized for use in organic solar cells were transfer-printed using graphene

onto P3HT:PCBM to control the injection of charge carriers [42]. The high temper-

ature stability of micelle templated nanoparticles was exploited to form a γ-Fe2O3

nanoparticle/α-Fe2O3 heterojunction electrocatalyst to improve charge separation,

yielding higher water splitting efficiency [35].

A deep understanding of the formation and conversion processes allows the re-

verse micelle templating approach to be effectively utilized to tailor nanoparticles for

specific applications. Different applications require properties differing in terms of

phase, size and dispersion of the iron oxide nanoparticles. By varying the type of

polymer, different properties can be controlled. For instance, α-Fe2O3 was predom-

inantly formed using the crew-cut micelles, however the lower MW polymer led to

monolayers of reduced order, which can be advantageous in optical scattering appli-

cations; on the other hand, magnetic iron oxide phases were dominant while using the

dense-core micelles, which yielded nanoparticles of a narrow size-distribution in an or-

dered array suitable for magnetic optoelectronics. It is important to note thatα-Fe2O3

could be formed using dense-core micelles but required additional thermal treatment
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post-growth, while the crew-cut micelles had a shorter easier route to α-Fe2O3 and

required a smaller amount of precursor to fully saturate. This contribution can there-

fore be taken as a roadmap to obtain desired properties by varying parameters to

achieve nanoparticles according to the application required.

4.1.3 Conclusion

In this study, we report the manipulation of PS-b-P2VP reverse micelle templating

to form iron oxide nanoparticles with tunable structure. By modifying both the mi-

celle templates before synthesis and the post-deposition annealing conditions, we can

achieve nanoparticles with composition ranging from purely spinel to purely hexago-

nal phases, independent of particle size. Broadly, reverse micelles formed from diblock

copolymers with a higher molecular weight resulted in predominately γ-Fe2O3, as the

dense dry core shields the infiltrated iron chloride precursor from hydration. On the

other hand, the core of the lower molecular weight micelle is highly swollen in solu-

tion, and the micelle collapses upon deposition, resulting in predominately α-Fe2O3.

Dependent on which polymorph is desired, either lower or higher molecular weight

polymer offers a facile route to high phase purity. Annealing under various conditions

allows formation of phases with mixed composition, with both hexagonal and spinel

phases of varying ratios. Raman spectroscopy and QNM analysis allows a full picture

of the formation and transformation processes that occur within the reverse micelle

templates. By controlling the conditions, it is possible from the same basic process

to produce designer iron oxide nanoparticles suitable to applications that exploit the

specific properties of the different polymorphs.
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4.1.4 Experimental Section

Two polystyrene-block -poly(2vinyl pyridine) powders (PS-b-P2VP, Polymer Source)

of different molecular weight and PS-P2VP ratios were used in this experiment: Mn:

75000-b-66500, labeled as higher MW; Mn: 28000-b-36000, labeled as lower MW. The

polymers were dissolved in o-xylene to produce solutions above the critical micellar

concentration, typically above 3 mg/ml [240]. The solutions were magnetically stirred

for 24 hours to allow the formation of reverse micelles. Following that, the precursor

salt (anhydrous FeCl3, sublimed grade, ∼ 99.9%; Sigma Aldrich) was added to the

solutions at loading ratios of either 0.2 or 1.5 (the ratio between Fe and units of 2VP of

the copolymer). The solution was stirred for a further 24 hours to ensure infiltration

of the micelles, followed by centrifuging for 15 min to remove the excess salt. To form

the iron oxide nanoparticles, the solution was spin coated or drop casted onto clean

substrates and then treated under oxygen plasma (29.6W, 950mTorr, Harrick Plasma

Cleaner) to remove the polymeric micelles and convert FeCl3 to iron oxide.

Raman spectroscopy was performed by a Renishaw inVia spectrometer at 514nm

laser excitation on drop casted (4µl thrice) samples on freshly cleaved KBr substrates

and spin coated (4µl once) samples on Al foil samples. The laser power was set to

1mW and an objective of 20x and 1800 l per mm grating was used. To generate

adequate signals for the spectra acquisition, the laser was focused at regions with

visible residue (”coffee stain” area on the drop-casted sample, edges of the substrate on

the spin-coated samples) where more materials were aggregated. The baseline of the

spectra was created and then subtracted to highlight the peaks of interest. In addition,
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the spectra were smoothed by Savitzky-Golay function in Origin and normalized in

the region from 150cm-1 to 900cm-1. The spectrum features were deconvoluted using

Lorentzian line shape profiles to highlight the iron oxide characteristic peaks.

Quantitative nanomechanical mapping (QNM) atomic force microscopy (AFM)

was performed using a Bruker Bioscope Catalyst with an RTESPA probe with spring

constant of 26N/m and resonant frequency at 300kHz. To confirm the mechanical

properties of the micelles, hardness and Young’s modulus maps were generated using

the QNM AFM mode provided by the Bruker Nanoscope software. AFM micrographs

were analyzed using WSxM 5.0 . The elastic modulus was determined by taking a line

profile through 100 micelles by matching the coordinates in the topography channel

to the elastic modulus channel. The elastic modulus for each micelle was determined

by taking the average of value at the center points of the line profile, correlated to

the centre of the micelle in the topography channel. The number of points averaged

to determine the modulus varied due to a range in the size of micelles measured.

However, typically 10 points were taken. The modulus measurements for each micelle

were fit using a Gaussian approximation to calculate the average modulus value and

error for each treatment.

To determine the micelle or nanoparticle sizes after deposition, scanning electron

microscope (SEM) and AFM measurements were performed. SEM micrographs were

obtained with a FEI VERSA 3D using an accelerating voltage of 5kV and a probe

current of 12pA. Atomic force microscopy (AFM) micrographs were collected using

an Asylum MFP-3D instrument (Oxford Instruments Asylum Research) in the al-

ternating current (AC) mode under ambient environment. AFM probes (Asylum
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Research) with spring constant of 26N/m and resonant frequency at 300kHz was en-

gaged in tapping mode for topography scans. To determine the inner core diameter

of the micelles, a thin layer of micelles was deposited on porous carbon thin film

TEM grids using dip-coating, which allowed direct TEM/STEM characterization of

the individual micelles. In order to selectively stain the P2VP cores, the TEM grids

coated with micelles were then exposed to I2 vapor (∼ 99.8%, Sigma-Aldrich) for 3

hours at room temperature, by placing iodine crystals and TEM grids in a sealed

glass container [241]. JEOL 2010F TEM imaging was operated at 200kV accelerating

voltage with the field emission gun (FEG) source. The hydrodynamic diameter (dh)

was measured with a Zetasizer Nano ZSP (Malvern Instruments) by dynamic light

scattering (DLS) of the micelles in toluene as reference solvent (3 mg mL-1). For each

measurement 6 runs were performed.

Analysis of the deposited micelle or nanoparticle sizes on TEM, SEM or AFM

micrographs used ImageJ. An effective radius of a circular micelle was extracted for

each particle. In general, a hundred measurements on different particles within a 2µm

x 2µm area were sampled to determine the average radius and error from a histogram

of the radii distribution.

All SEM, AFM and QNM samples were prepared by dynamically spin-coating

4µl of solution on to a 1x1 cm2 Si substrate inside a glovebox at 2000rpm for 45s

(Specialty Coating Inc. G3P spin coater).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the

author. This hyperlink will take you to the Supporting Information
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I am a co-author in this article where reverse micelle templated γ-Fe2O3 monolay-

ers were applied on the FTO-hematite interface of a water-splitting photoelectrode

for improved charge extraction which was observed to be dependant on the order of

the nanoparticle array. I was responsible for the growth, deposition and characteri-

zation of the nanoparticles used for this study. Moreover, I was also responsible for

confirming the presence of γ-Fe2O3 after the solvo-thermal deposition of hematite

using Raman spectroscopy, for which a variety of substrates were analyzed before
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settling on MgO for a featureless background. This involved analysis, fitting and

assignment of all the Raman spectra. I also performed the AFM and SEM imaging

of the nanoparticle arrays and analyzed the order of dispersion using a Mathemat-

ica spatial statistics package, Dislocate. All parts of the manuscript involving the

characterization of nanoparticle arrays were written by me. Moreover, I prepared the

γ-Fe2O3 decorated FTO substrates prior to hematite deposition which was done by

our co-authors at Chuo University. The electrical characterization of the devices was

also performed at Chuo University.

I have included this article in this thesis because of my role in the fabrication

of the nanoparticle decorated electrode. This article illustrates the importance of

control over a monolayer of nanoparticles for improved performance and so it is in

theme with the rest of the thesis as it involves an application of diblock copolymer

templated nanoparticles and the dependance of their performance on the template.

This aligns itself with the idea of using designer nanoparticles of tunable phase and

dispersion for improved efficiency of opto-electronic devices. This application is one

of the many potential avenues that are available using reverse micelle deposition.

4.2.1 Introduction

In 2016, the member countries of United Nations (UN) set the Sustainable Devel-

opment Goals (SDGs) and one of them was to ensure access to affordable, reliable,

sustainable and modern energy for all to prohibit the serious environmental pollution

caused by burning of fossil fuels and their complete exhaustion.

In order to achieve this goal, there are many attempts for the development of new

alternative energy sources and one of them is to use sunlight for the production of
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hydrogen gas by splitting water. This idea has been realized since Fujishima and

Honda succeeded in demonstrating the light-induced water splitting by building a

photo-electrochemical (PEC) cell consisting of a TiO2 photo-anode and a Pt counter

electrode for the first time. [242]

Apart from TiO2, several kinds of semiconductor materials have been developed

to be utilized for the photo-electrode in the PEC cell. [243–254] Especially, hematite

(α-Fe2O3), one of mineral forms of iron oxide, has been regarded as one of the best

materials for the purpose due to its high earth abundance, high photo-stability and

low price. [244–254] However, it is imperative that its PEC performance, caused by

multiple limiting factors such as poor conductivity [255], short electron-hole lifetime

[256–258] and poor charge carrier transfer/transport efficiency [259] [260–262] among

others, must be improved for its implementation.

In order to make up for the weak aspects of hematite, various treatments have been

applied including surface coating with an overlayer [254], adding a dopant [263] [264]

[265], and forming a heterojunction with other semiconductor material [249] [266]

[267]. Particularly, it has been regarded that a heterojunction, a heterostructure

designed by coupling with a second semiconductor, is one of the best methods to

enhance the PEC performance by separating the photoexcited holes and electrons

into each layer. [249] [266] [267] For example, WO3/α-Fe2O3 films have been studied

by many groups as photo-anodes in PEC cells and reported that their water splitting

efficiencies are higher than those of bare WO3 or α-Fe2O3, which could be attributed

to the high charge separation efficiency. [249] However, it has been also well known

that, because of the lattice mismatches of the two different semiconductor materials,

the defect states located at the interface between two layers could be generated and
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act as the recombination centre, which limit efficiency. [268]

One of ways to reduce the interface states is to employ a phase-junction, formed by

polymorphs of the semiconductor. In 2008, Can Li and co-workers demonstrated that

an anatase/rutile phase-junction of TiO2 directly contributed to the photo-catalytic

activity. [269] In addition, it was reported that the phase junction configuration of

TiO2 could also act as the photo-anode in PEC cell and improve the water splitting

efficiency. [270] However, there is a limit to the use to TiO2 in PEC applications due

to its wide band gap ( 3.2 eV), meaning that it is necessary to employ an alternative

material to replace the TiO2 electrode.

Therefore, to develop a new phase-junction-based photo-anode absorbing visible

light, in this study, we fabricated the phase-junction configuration of α/γ-Fe2O3. In

order to build this configuration, we had to take into account the phase transition

temperature of γ-Fe2O3. By considering the appropriate alignment of the energy

bands of each iron oxide phase and water splitting efficiency, the α-Fe2O3 layer must

be located at the surface of the film and γ-Fe2O3 must be inserted in between the

conducting substrate and the α-Fe2O3 layer. It means that γ-Fe2O3 must be prepared

on the conducting layer first and the α-Fe2O3 layer must cover this. However, because

the phase transition temperature from γ-Fe2O3 to α-Fe2O3 is lower ( 450 ◦C) [271]

than the temperature at which α-Fe2O3 can be stabilized and shows high efficiency

(¿600 ◦C), it was necessary to suppress the phase transformation of γ-Fe2O3 to build

this configuration. Thus, in order to attain the goal, we prepared the micelle tem-

plated γ-Fe2O3 nanoparticles and inserted them under the α-Fe2O3 layer in which

the phase of γ-Fe2O3 could be kept even after the annealing process at 600 ◦C for 2

h. [43] The phase transformation from γ-Fe2O3 to α-Fe2O3 requires the restacking of

108



Ph.D. Thesis – Ramis Arbi McMaster University – EP

the oxygen layers and the replacement of Fe cations, which could be accomplished by

the increase in the particle size. [272] With this method used in the present study,

the change of the particle size was suppressed due to the physical separation from

the micelle template. With the aid of this method, we successfully confirmed using

Raman spectroscopy that γ-Fe2O3 still remained after the second annealing process

conducted at 650 ◦C for 30 min and demonstrated the phase-junction configuration of

α/γ-Fe2O3 was generated, showing a drastic enhancement of the PEC performance.

This resulted from the high charge separation efficiency, revealed by investigating the

photo-excited charge carrier dynamics using a time-resolved spectroscopic technique

and an electro-impedance spectroscopy measurement.

The schematic illustration of the phase-junction configuration and the expected

charge carrier dynamics is shown in Fig. 4.9.

4.2.2 Experimental Methods

The hematite layer was deposited by a solution derived method that was described in

former studies [253] [263] as illustrated in Fig. 4.10b. Briefly, β-FeOOH was grown

on fluorine-doped tin oxide (FTO) substrate ( 7 Ω/sq, SOLARONIX) in solution

consisting of 0.15 M iron (III) chloride hexahydrate (FeCl3 · 6 H2O, 99.9 %, Wako)

and 1 M sodium nitrate (NaNO3, 99.9 %, Wako), which was conducted at 100 ◦C

for 1 h. After rinsing, in order to convert β-FeOOH into hematite (α-Fe2O3), the

prepared sample was sintered in an electric furnace at 650 ◦C for 30 min in Ar gas.

The γ-Fe2O3 nanoparticles were synthesized by reverse micelle deposition using the

diblock copolymer, polystyrene-b-poly-2-vinylpyridine (Polymer source) as described
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Figure 4.9: Scheme of the charge separation in the phase junction configuration of
α/γ-Fe2O3

)
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previously. [43] (See Fig. 4.10a) In short, FeCl3 was loaded into 3 mg/mL PS-b-

P2VP colloidal solution in o-xylene. The solution was then spin-coated onto the

FTO substrates and oxygen plasma etched to remove the polymer, leaving behind an

array of γ-Fe2O3 nanoparticles.

The samples for Raman analysis were prepared by spin-coating a layer of FeCl3-

loaded micelles on an MgO single crystal, and, similarly with the FTO samples, using

oxygen plasma to form an array of γ-Fe2O3. [43]

The as-prepared films with and without the maghemite (γ-Fe2O3) particles are

denoted as α-Fe2O3/γ-Fe2O3 and α-Fe2O3, respectively. In addition, in the case of α-

Fe2O3/γ-Fe2O3, it was classified into two types, ordered and disordered, based on how

they are arranged. The ordering of the monolayer of nanoparticles was controlled by

varying the loading ratio of the Fe-salt with the 2 V P units on the di-block copolymer.

The surface morphologies of each sample were examined by scanning electron

microscopy (SEM, HITACHI, S-4300). Analysis of the degree of ordering of the

nanoparticle films was performed using the disLocate package in Mathematica to

extract nearest neighbor spacing, pair correlation function, entropic force map, and

order parameters. A detailed description of the package and its capabilities is de-

scribed elsewhere. [273]

X-ray diffraction (XRD, RIGAKU, Ultima IV) and Raman spectra (Renishaw

inVia) were also recorded for the characterization. Raman use 514 nm laser exci-

tation with 1 mW power and 1800 L per mm grating. The spectrum features were

deconvoluted using Lorentzian line shape profiles to highlight the characteristic iron

oxide peaks. The current densities as a function of the applied bias voltage were
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measured in KOH aqueous solution (pH = 13.61) with a three-electrode configura-

tion under simulated AM 1.5 G (100 mW/cm2) illumination by a solar simulator.

The as-prepared films were used as the working electrode and a platinum wire and

a Ag/AgCl electrode were employed as the counter and reference electrodes, respec-

tively. All the applied potential values (vs. Ag/AgCl), reported in this work, were

converted into the corresponding values (vs. RHE) using the Nernst equation:

VRHE = VAg/AgCl + 0.059pH + V 0
Ag/AgCl

Where V 0
Ag/AgCl is the standard potential of the Ag/AgCl reference electrode in

sat. KCl (197 mV).

In order to investigate the photo-excited charge carrier kinetics, a heterodyne

transient grating (HD-TG) technique which is one of the time-resolved spectroscopic

techniques and sensitive to the dipole change at the solid/liquid interface was em-

ployed. [258] [274] [275] The third harmonic output of a Nd:YAG (YAG) laser (355

nm, 10 Hz, pulse width: 5 ns) and a semiconductor laser (638 nm) were used as pump

and probe lasers, respectively. The grating space used in the present work was 70

µm. The target was excited by the pump irradiation, generating the transient grating

on the sample, and the response was measured via the diffraction of the probe light.

The signal was detected by a photodiode (Thorlabs, DET110, rise time: 14 ns) and

amplified by a voltage amplifier (Femto, DHPVA). To eliminate the scattered pump

light entering the detector, a filter for cutting 355 nm and a long pass filter (¿550

nm) were also placed in front of the entrance of the detector. It was monitored and

recorded by an oscilloscope (Agilent, DSO8104A, 4GSa/s). In order to measure the

HD-TG responses under the bias voltage condition, we built a PEC cell consisting of

three electrodes; the hematite film as a working electrode, a Pt counter electrode, and
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Figure 4.10: Schematic experimental procedure of (a) dispersion of FeOx particle on
FTO and (b) hematite deposition

a reference electrode. They were placed into a quartz cell (3/Q/40, Starna Scientific)

filled with an electrolyte solution (KOH, pH = 13.61). A potentiostat (HA-151B,

Hokuto Denko) was employed to apply a bias voltage.

4.2.3 Results and Discussion

To fabricate the α-Fe2O3/γ-Fe2O3 film, at first, we prepared the nanoparticles of

γ-Fe2O3 on the FTO substrate by spin-coating the reverse-micelles. In order to in-

vestigate the effect of the ordering of the maghemite particles on the overall PEC

performance, we prepared two different types of the samples, ordered and disordered

ones, by changing the conditions during deposition. [12] The alignment and ordering

of the particles on the FTO substrates by SEM images are shown in Figure S1 in

Supplementary Information (SI). Figure S1 in SI shows the top view SEM images

which can be classified in relation to their arrangement on the surface. Analysis of
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the spatial alignment of the ordered and disordered maghemite (γ-Fe2O3) particles

shows that the maghemite particles are well aligned in the ordered one, while those

in the disordered one are not aligned and aggregated. [12]

Figure 4.11: X-ray diffraction patterns of α-Fe2O3(black),
α-Fe2O3/γ-Fe2O3(disordered)(blue) and α-Fe2O3/γ-Fe2O3(red) films. The hash key

indicates the SnO2 of the fluorine-doped tin oxide substrate (ICSD No. 92,55)

To characterize the crystalline structures of the prepared films, the XRD spectra

of the α-Fe2O3, α-Fe2O3/γ-Fe2O3(disordered) and α-Fe2O3/γ-Fe2O3 (ordered) films

were measured and are presented in Fig. 4.11. All the observed diffraction peaks in

the XRD spectra could be assigned to the reference patterns of hematite (ICSD No.

71194) and SnO2 in the FTO substrate (ICSD No. 92552), meaning that α-Fe2O3

was successfully fabricated in all the cases. On the other hand, in both XRD spectra

of the α-Fe2O3/γ-Fe2O3 samples (ordered and disordered), we could not find any

diffraction peaks originating from maghemite (γ-Fe2O3) due to its small amount in

the films.
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In order to investigate light absorption properties of the as-prepared samples,

UV–vis absorption spectra of bare (α-Fe2O3) and α-Fe2O3/ γ-Fe2O3(ordered) were

measured and presented in Figure S2 in SI. As can be seen in the figure, the effect

of inserting the maghemite particles on the absorption property of hematite was not

observed due to the small amount of the particles.
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Figure 4.12: Raman spectra of (a) maghemite (γ-Fe2O3), (b) α-Fe2O3/γ-Fe2O3 and
(c) hematite (α-Fe2O3) with fitting curves.

To confirm the existence of maghemite (γ-Fe2O3) before and after the treatment

for preparing the α-Fe2O3/γ-Fe2O3 film, the Raman spectra of the film with the α/γ

phase-junction were measured and are presented in Fig. 4.12b. These nanoparticles

are known to be stable up to 700 ◦C (see Figure S3 in SI), which means that this
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Table 4.3: List of the observed Raman shifts and the assignments of (a) the mixture
of maghemite (γ-Fe2O3) and magnetite (Fe3O4), (b) α-Fe2O3/γ-Fe2O3 and (c)

hematite (α-Fe2O3)

Observed Raman Shift (cm-1) Assignment Ref

(a) 100% gamma/spinel

350 T2g of γ-Fe2O3 [276]
676 A1g of Fe3O4 [277]
727 A1g of γ-Fe2O3 [278] [279]
1377 2Eu of γ-Fe2O3 [278] [280]

(b) After deposition on 100% gamma

218 A1g of α-Fe2O3 [278] [281]
283 Eg of α-Fe2O3 [278] [281]
335 T2g of γ-Fe2O3 [276]
386 Eg of α-Fe2O3 [276] [279]
407 Eg of α-Fe2O3 [276]
495 A1g of α-Fe2O3 [276] [282]
600 Eg of α-Fe2O3 [276]
662 A1g of Fe3O4 [277]
701 A1g of γ-Fe2O3 [278] [279]
1310 2Eu of α-Fe2O3 [278] [280]
1380 2Eu of γ-Fe2O3 [278] [280]

(c)100% alpha

218 A1g of α-Fe2O3 [278] [281]
283 Eg of α-Fe2O3 [278] [281]
399 Eg of α-Fe2O3 [276] [281]
491 A1g of α-Fe2O3 [276] [282]
597 Eg of α-Fe2O3 [276] [281]
1301 2Eu of α-Fe2O3 [278] [280]
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method could be employed to suppress the phase transformation of γ-Fe2O3 as ex-

pected. In addition, for comparison, the maghemite (γ-Fe2O3) nanoparticles before

phasejunction growth and a bare hematite film (α-Fe2O3) are shown in Fig. 4.12a

and Fig. 4.12c, respectively. Due to the difference in the crystal structure of γ and

α-Fe2O3, each has characteristic Raman features that can be used to identify them.

The Raman shifts and their assignments are listed in Table 4.3. Note that the γ-

Fe2O3 nanoparticles contain a small amount of Fe3O4, which can also be resolved in

the spectra. As can be seen in Fig. 4.12b, all of the expected A1g and Eg peaks, of

α-Fe2O3 at 218 cm−1 , 283 cm−1 , 399 cm−1 , 495 cm−1 , 600 cm-1 are clearly visi-

ble corresponding almost exactly with those of hematite in Fig. 4.12c. Additionally,

peaks from the A1g of the spinel phases (γ-Fe2O3 and Fe3O4) at 701 and 662 cm−1 are

also clearly visible. The T2g of γ-Fe2O3 can also be observed with peak deconvolution

at 335 cm−1. The appearance of the peaks corresponding to those of pure hematite

(Fig. 4.12c) and those of the nanoparticles before phase-junction formation (Fig.

4.12a) confirms the coexistence of hematite and maghemite in the α-Fe2O3/γ-Fe2O3

films.

Moreover, we were able to confirm that there was an interface generated between

the α and γ phases. There is a systematic blue shift of 20 cm−1 in the peak positions

of the maghemite from before (Fig. 4.12a) to after deposition of the hematite (Fig.

4.12b). Additionally, the peak located around 1320 cm−1, which is shown in the

spectrum in Fig. 4.12(b) can be deconvoluted into the 2Eu of α-Fe2O3 and 2A1g of

γ-Fe2O3 which both show shifted positions. These can be attributed to interactions

between the hematite and maghemite, suggesting an interface between the two phases

was formed.
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Figure 4.13: SEM images of the as-prepared (a)α-Fe2O3, (b)
α-Fe2O3/γ-Fe2O3(disordered) and (c) α-Fe2O3/γ-Fe2O3(ordered) films

To observe the morphologies of the as-prepared films of α-Fe2O3, α-Fe2O3/γ-

Fe2O3(disordered) and α-Fe2O3/γ-Fe2O3(ordered), the SEM images were taken and

are shown in Fig. 4.13a, b and c, respectively. As can be seen in Fig. 4.13, these

samples exhibited similar aggregated nanorod shapes. In other words, regardless of

the introduction of the maghemite particles, the rod shapes of hematite were similar

to each other. In addition, in order to investigate the effect of inserting the maghemite

(γ-Fe2O3) particles on the thickness of the hematite (α-Fe2O3) film, the cross-section

view of each film were also examined by SEM and presented in Figures S4 in SI. As

can be seen in the figures, the thicknesses of the as-prepared films were also similar

to each other, meaning that the effect of the maghemite particles under the hematite

layer on the thickness was negligible.

The PEC performances of the as-prepared samples were evaluated by observing

the current densities as a function of the applied bias voltage and are presented in Fig.

4.14. The dark current was also measured without light irradiation to confirm the cur-

rents observed in this study were photo-generated ones. The photocurrent densities at

1.23 VRHE were 0.74 mA/cm2 (α-Fe2O3/γ-Fe2O3(ordered)), 0.33 mA/cm2 (α-Fe2O3/

γ-Fe2O3(disordered)) and 0.14 mA/cm2 (α-Fe2O3), respectively. This result clearly
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Figure 4.14: Photocurrent density-potential (I-V) curves of α-Fe2O3(light blue),
α-Fe2O3/γ-Fe2O3(disordered)(blue), α-Fe2O3/γ-Fe2O3(ordered)(red) and dark

current(black)

shows that, regardless of the alignment of the maghemite (γ-Fe2O3) particles, the

existence of the maghemite (γ-Fe2O3) particles in between the hematite (α-Fe2O3)

layer and the FTO substrate enhanced the PEC performance, which would be at-

tributed to the improvement of the charge separation efficiency. In addition, it could

be also noticed that the alignment of the maghemite (γ-Fe2O3) particles influenced

the performance. Even though it is still unclear why the current density of the or-

dered sample was higher than that of the disordered one, we could speculate that the

aggregations in the disordered sample could act as recombination centre, resulting in

decrease in the efficiency.

In order to verify the stability of the α-Fe2O3/γ-Fe2O3(ordered) film, we mea-

sured the photocurrent density-potential (I–V) curves of the asprepared sample of

the ordered α/γ-Fe2O3 film for 10 times and revealed that the performance did not

decrease under the multiple as presented in Figure S5 in SI, showing the stability of

119



Ph.D. Thesis – Ramis Arbi McMaster University – EP

the as-prepared samples.

Figure 4.15: Nyquist plots of α-Fe2O3, α-Fe2O3/γ-Fe2O3(disordered) and α-Fe2O3/
γ-Fe2O3(ordered) photoanodes. The inset figures show the Nyquist plots in a lower
scale and the equivalent circuit. The Nyquist plots were obtained under simulated

solar light (AM 1.5 G) illumination at 0.83 V vs. RHE.

To confirm the operating mechanism of a α/γ-Fe2O3 phase junction, the electro-

impedance spectroscopy of α-Fe2O3, α-Fe2O3/γ-Fe2O3(disordered) and α-Fe2O3/γ-

Fe2O3(ordered) in a PEC condition are compared in Fig. 4.15. Two semicircles can

be distinguished from the Nyquist plots of each sample. The semicircles in the high

frequency range and in the low frequency range are attributed to the bulk of semicon-

ductor for electron migration to the back contact and the semiconductor/electrolyte

interface for hole transfer, respectively. The Nyquist plots were fitted by an equivalent

circuit (inset figure in Fig. 4.15) where Rs, R1, and R2 represent the overall series re-

sistance of the circuit, the charge transfer resistance in the semiconductor and charge

transfer resistance across semiconductor/electrolyte interface, respectively. The fitted

data of Rs, R1 and R2 are summarized in Table S1 in SI. Both R1 and R2 decreased in
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the order of α-Fe2O3, α-Fe2O3/γ-Fe2O3(disordered) and α-Fe2O3/γ-Fe2O3(ordered),

indicating that the phase junction effectively facilitated the electron migration across

the semiconductor to the back contact and the hole transfer across the semiconduc-

tor/electrolyte interface. In our study, the surface kinetics for O2 evolution was not

adjusted, so the facilitated hole transfer across the semiconductor/ electrolyte inter-

face was attributed to a more effective charge separation in the semiconductor. These

results match well with our model proposed in Fig. 4.9.

In order to figure out the origin of the performance enhancement more in detail,

resulting from the existence of the maghemite (γ-Fe2O3) particles, we investigated the

photo-excited charge carrier dynamics of the as-prepared hematite films under bias

condition (1.0 V vs RHE), ranging from microsecond to second, using the HD-TG

method, one of the time-resolved spectroscopic techniques, [258] [259] [262] [263] [274]

[275] and the observed responses are shown in Figure S7 in SI. The time constants

extracted from the responses are listed in Table S2 in SI. In this time scale, we could

observe only one main component in both responses, which has been assigned to the

recombination arising from the surface trapped holes. [260] [261] As can be seen in

the responses, the decay of the response of the bare hematite (α-Fe2O3) film is faster

than that of the α-Fe2O3/γ-Fe2O3 film. In addition, the time constants in Table S1,

extracted from each response, shows that the recombination of the surface trapped

holes in the α-Fe2O3/γ-Fe2O3 film is two times slower than that of the α-Fe2O3 one,

which could be attributed to the retardation of the recombination of the trapped

holes at the surface of α-Fe2O3, caused by inserting the γ-Fe2O3 particles, meaning

the photo-excited electrons generated in α-Fe2O3 layer were well transferred into the

γ-Fe2O3 and separated from the surface trapped holes in α-Fe2O3 as depicted in Fig.
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4.9. It implies that inserting the maghemite (γ-Fe2O3) particles played a crucial

role in the enhancement of the charge separation efficiency, which is beneficial for

the water splitting. The detail of the photo-excited charge carrier dynamics in the

α-Fe2O3/γ-Fe2O3 film will be reported in the near future.

According to the former studies, the band positions of α and γ-Fe2O3 are similar

to each other. [283] [284] Thus, after constructing the junction between two phases,

it is very difficult to predict the band alignment. Unfortunately, because of the small

amount of the maghemite particles in this study, it is also very difficult to verify the

band alignment. However, based on the results of the time resolved spectroscopy

and the electro-impedance spectroscopy, we tentatively propose the type II band

alignment for this configuration.

4.2.4 Conclusion

We were able to successfully develop the highly efficient hematite (α-Fe2O3) based

photo-anode by designing the phase junction configuration with maghemite (γ-Fe2O3).

We clearly revealed that the enhancement by inserting the maghemite (γ-Fe2O3) par-

ticles resulted from the well-separated charge carriers between two phases, which was

determined by the recombination rate of the surface trapped holes and the decrease

in the charge transfer resistances in α/γ-Fe2O3 phase junction. We believe that the

phase junction configuration, leading to the drastic enhancement of the PEC per-

formance, could be utilized in other semiconductor materials and pave a road for

developing new type photo-electrodes for water splitting.

Supporting Information

Supporting Information is available from the Science Direct or from the author.
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Chapter 5

Self-assembelled exotic

nanoparticles

5.1 Templated redox-active Tin Oxide and Gold

nanostructures: A modern approach to Purple

of Cassius

5.1.1 Introduction

For over 300 years, a gold-based enamel called ’Purple of Cassius’ has been used in

colored glasses and ceramics with an instance of the recipe recorded in 1685 by An-

dreas Cassius [285,286]. From the ruby-purple color in various glassware to varnished

earthenware, this material in fact predates Cassius’s records. Modern studies of these

glasses have shown that the color emerges from nanostructures of gold arrested in

glass supports and the original recipe which uses gold salts and tin salts describes a
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redox reaction which results in reduction of gold and oxidation of tin [285–287]. This

age-old recipe describes a spontaneous route for the synthesis of SnO2 –Au composites

using two main precursors in a two-step process which can be summarized as follows:

3 SnCl2 + 2 HAuCl4 + 6 H2O −−→ 3 SnO2 + 2 Au + 14 HCl

Tin oxide is a stable, wide-bandgap n-type semiconductor that has been actively

researched for such applications as transparent conducting oxides, gas sensors, oxi-

dation catalysts or charge transport layers in organic photovoltaics [31, 288–292]. It

is particularly interesting because of its high carrier mobility, high visible transmis-

sion and oxygen vacancy-dependant conductivity. The adsorption of the negative

oxygen species results in a negative surface charge leading to upwards band bending

of the n-type SnO2, leading to a reduced conductivity [288, 292, 293]. Therefore, in

reducing gas conditions such as with CO, the oxygen species are used up leading to

an increase in conductivity. Conversely, in an oxygen rich environment, further oxy-

gen absorption leads to a decrease in conductivity, allowing it to be used effectively

as a sensing material in both oxidizing and reducing conditions [288, 294]. More-

over, SnO2 nanoparticles have been reported to exhibit oxygen vacancy dependant

ferromagnetism [295–297] making them interesting candidates for photonics applica-

tions. Optical properties such as refractive indices of circularly polarized light can

be controlled using localized magnetic fields giving rise to magnetic circular dichro-

ism [298–304]. For photonics purposes, this can allow for lower signal interference loss

due to extinction of back-propagated light in waveguides, potentially allowing them

to act as optical isolators.

Combining noble metals like Au, Ag and Pt with SnO2 to form heterojunctions
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can reduce the Schottky barrier height allowing for a better conductivity response;

as well incorporating the oxidized species of these metals can also act as active sites

for oxidative catalysis. This makes composite structures more sensitive for sensing

and catalysis [292,305–309]. The addition of plasmonic coatings can also modify the

optical properties, broadening their applicability.

Composites of Au and SnO2 in particular have been interesting for a variety of rea-

sons, mainly for their catalytic or enhanced gas sensing properties [306,307,310–312].

Thin film composite structures have been constructed with Au and SnO2 for CO gas

sensing that exhibited higher sensitivity at lower operating temperatures compared

to pristine SnO2 sensors [310, 311]. These enhanced properties have been attributed

to the electronic interface of Au and SnO2 and the porosity and permeability of the

active layer. Additionally, Au, being a better oxygen dissociation catalyst, allows

for greater adsorption of oxygen on to the SnO2 surface where it diffuses to surface

vacancies and ionizes. This forms the active sites for target gases (for example CO

or ethanol), which react with the adsorbed oxygen. Electronically, the ionization of

oxygen on the surface leads to electron depletion which is then returned on oxidation

with the target gas. This forms the mechanism of chemo-resistive gas sensors for

which SnO2 –Au nanostructures are a candidate. [307,310–314]

PS-b-P2VP has been used in the past to produce arrays of SnO2 nanoparticles for

increased hole injection in phosphorescent OLED devices [31,315]. At the same time,

there are multiple reports of HAuCl4-loaded PS-b-P2VP to synthesize monolayers of

gold [9,18,19,316,317]. We have also synthesized Au nanoparticles using the polymers

and discussed it in terms of Raman as an indicator of loading of micelles with the

salt [45]. We have also used the micelles as reactors to make nanoparticles with
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multiple precursors such as hybrid halide perovskites. [12, 34]

In this report, we use knowledge of the control offered by reverse micelle templat-

ing over nanoparticle synthesis to produce multi-component nanostructures; specifi-

cally, SnO2 and Au composite nanoparticles. Using a variety of techniques, we have

characterized the nanoparticles, in terms of morphology, arrangement and molecular

structure.

5.1.2 Experimental Methods

Reverse micelles were prepared using polystyrene-block -poly(2 vinyl pyridine) (PS-

b-P2VP, Polymer Source) diblock copolymers of weights Mn: 75000-b-66500. The

polymer was dissolved in o-xylene in concentrations of 3mg/ml. The solutions were

magnetically stirred for at least 24 hours before sample preparation.

The precursor salts, SnCl2 (anhydrous, ≈ 99.99 %) and HAuCl4 · 3 H2O (≈ 99.9

%), were bought from Sigma-Aldrich and stored and handled under N2 environment

inside a glovebox. For the loading of SnCl2, loading ratios of M:2VP (the ratio

between the salt ion and number of 2VP units in the solution) of 1:1 or 0.2:1 were

used and indicated as such. The solution was allowed to magnetically spin for 48

hours before centrifuging at 6000 rpm for 15 min, the precipitate was discarded and

the second precursor was added in volumes ranging from 2µl to 40µl. For the loading

of HAuCl4, it was dissolved in 2-butanol in the concentration of 0.5M and then added

to the SnCl2-loaded solution.

For polymer removal, the deposited films were exposed to O2 plasma (29.6W,

950mTorr, Harrick PlasmaCleaner) for 45 min.

Raman samples were prepared using drop-casting of 4µl of the solution for thick
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layers on aluminum foil. A Renishaw InVia spectrometer was used for all measure-

ments equipped with a 514 nm laser. The laser power was set to 10mW and an

objective of 20x (NA=0.40) and 1800l per mm grating was used. The baseline of

all spectra was subtracted using Origin and the spectra were smoothed using the

Savitzky-Golay function.

Atomic force microscopy (AFM) characterization were carried out using an Asy-

lum MFP-3D instrument in the alternating current mode under ambient environment

on spin coated reverse micelles on Si wafers. The AFM images were processed by

WSxM. [51] SEM micrographs were obtained with a FEI VERSA 3D using an accel-

erating voltage of 5kV and a probe current of 12pA. All SEM and AFM samples were

prepared by spin-coating 4µl of the loaded solution on cleaned (1cm x 1cm) Silicon

substrates.

Magnetization measurements were performed using a liquid Helium cooled Quan-

tum Design Superconducting Quantum Interference Device (SQUID) between an ap-

plied field of 5000 Oe and -5000 Oe at 300K. The samples for SQUID were prepared

on (40mm x 5mm) Silicon substrates but the solution was spin coated only in a 5mm

x 5mm area in the center. The rest of the substrate was masked with Kapton tape

during deposition.

X-Ray Photoelectron Spectroscopy (XPS) was performed using Al Kα source with

a photon energy of 1486.6eV at a pass energy of 100.00 eV and 25.00 eV for wide range

survey scans and high resolution individual core level scans. Sample preparation was

the same as SEM and AFM samples and the spectra were analyzed using Thermo

Avantage software. Smart background correction was used which is based on Shirley

background method and the peaks were fitted with Gaussian-Lorentzian lineshapes.
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All spectra were charge-corrected against the 99.4eV peak of Silicon 2p.

UV/Vis absorption measurements were performed using a Cary 6000i UV-Vis

spectrometer, using a two-channel liquid cell attachment. Glass cuvettes with a path

length of 10 mm were used for both the reference and sample channels, where the

reference cuvette was filled with o-xylene and the sample cuvette with loaded polymer

which was serially diluted to prevent detector saturation. The measurements were

performed for a range of 200 nm to 800 nm under a white light source. Mie scattering

simulations were performed using the Nanocomposix Mie scattering calculator tool

[318].

Optical transmission on waveguides were performed using sensor chips which were

fabricated using the Advanced Micro Foundry (AMF) silicon photonics fabrication

process. The chips included 0.22 µm thick x 0.5 µm wide silicon strip waveguides

on 2.0 µm of buried oxide on silicon substrates with a Distributed Bragg Reflector

grating with sidewall corrugations of 60 nm with a period of 326 nm in a 500 nm

wide Si waveguide. The length of the grating and the cavity was 0.5mm and 1.2 mm

respectively. A schematic of the waveguide can be observed in Figure 5.6. The design

and characterization of the chips have been described by Bonneville et al. [319].

5.1.3 Results and Discussions

Previously, we have reported the synthesis of reverse micelle assisted SnO2 nanopar-

ticles and their efficacy at increasing hole transport in blue phosphorescent organic

light-emitting diodes. [31] We have also reported on the formation of reverse micelle

templated Au nanoparticles of controllable size and dispersion and discussed the vis-

ibility of the resonance enhanced raman modes of HAuCl4-loaded polymer. [45] In
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this paper we have merged our ability to make SnO2 and Au nanoparticles to make

self-assembled metal oxide/metal junction in reverse micelle assisted nanoparticles.
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Figure 5.1: (a) Raman spectra of pristine, SnCl2-loaded and SnCl2/HAuCl4-loaded
micelles (b) Raman spectra of etched SnO2, SnO2/Au and annealed at 300◦C under

N2 SnO2 nanoparticles. (c) UV/Vis spectra of different ratios of SnO2 –Au
nanoparticles in solution, showing the SPR peak for Au. The inset shows the

solutions of 8ul 0.5M HAuCl4 (purple, left) and 10 ul0.5M HAuCl4

We have used spectroscopic techniques such as UV/visible absorption and Ra-

man scattering for the confirmation of Au and SnO2 species respectively. Raman

spectroscopy is also sensitive to the loading of micelles with transition metal salts

and, therefore, can be used to confirm the existence of HAuCl4 in the polymer mi-

celles, due to resonance-enhanced P2VP modes. [45] Figure 5.1 (a) shows the Raman

spectra of empty polymer, SnCl2-loaded polymer and SnCl2/HAuCl4-loaded polymer.

The empty polymer and SnCl2-loaded polymer modes are the same with character-

istic modes visible between 1000-1650 cm−1. Additionally, the same relative ratios

are observed for the loaded polymer and the empty polymer with the ν(1) for the PS

fraction as the most intense mode centered around 1000 cm−1. The other modes in
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the region can be assigned to CH in-plane bending (ν(18a) at 1042 cm−1, ν(15) at

1163 cm−1, ν(9a) at 1201 cm−1), backbone twisting modes (γ(CH2) at 1336 cm−1)

and ring stretching modes(ν(19) at 1453 cm−1, ν(8b) at 1551 cm−1, ν(8a) at 1606

cm−1). [45, 53]

For the SnCl2/HAuCl4-loaded polymer, the Raman spectra undergoes a drastic

change with increasing amounts of HAuCl4 added. For small amounts of HAuCl4

( [Sn2+]

[Au3+]
< 1.5), the Raman spectra is consistent with the spectra observed for SnCl2

loaded polymer, with the relative ratios of peaks conserved and peak centers at the

aforementioned assignments. Beyond a critical amount of HAuCl4, P2VP modes

between 1300 and 1600 cm−1 increase in intensity while other peaks disappear. These

peaks arise from resonance enhancement of P2VP Raman modes that are coordinated

with the transition metal ions, and as reported by Arbi et al in particular for HAuCl4-

loaded polymer without SnCl2. [45] This appearance of the resonance enhanced modes

of P2VP over other modes of the empty polymer indicates the formation of a complex

between the 2VP units and AuCl4
−1, which suggests the presence of residual ionic

Au3+ species.

Raman spectroscopy can also be used to confirm the existence of SnO2. Figure

5.1 (b) shows the Raman spectra of nanoparticles observed after removal of polymer

from the loaded micelles. In the conventional formation of SnOx from reverse micelle

templating, oxidation of SnOH (which forms from the reaction of SnCl2 and ethanol)

by the oxygen plasma leads to the formation of polycrystalline SnO2 nanoparticles

[31]. In Figure 5.1 (b), the A1g and Eg for SnO2 can be seen around 630 cm–1 and

461 cm–1 respectively. A broad feature is also observable around 572 cm–1 which

has been attributed to grain size-dependent surface-phonon modes related to the A1g
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mode. [320–325] This broad mode has been attributed to oxygen vacancies on the

surface, which reduces with enrichment of oxygen or due to increased volumetric

contributions from the stoichiometric SnO2. [326] With post-etching annealing at

300◦C, the 572 cm–1 decreases in intensity, suggesting an increase in the grain size

of SnO2 nanostructures and reduction in oxygen vacancies. [305,320,324–326], which

is supported by EDX measurements showing increased crystallinity of the annealed

nanoparticles (see Figure SI-1). The spectra obtained from SnO2 – Au nanoparticles

is similar to the spectra obtained from annealed SnO2 suggesting that the reaction

of SnCl2 and HAuCl4 produces more crystalline stoichiometric SnO2 nanostructures

compared to just SnCl2-loaded polymer.

UV/visible spectroscopy is a useful method for the characterization of Au nanos-

tructures which typically show a surface plasmon resonance (SPR) mode between

500-750 nm [327–329], with its specific peak position dependant on structure, size,

chemical environment and refractive index of surrounding media of the Au nanos-

tructures [327–333]. Figure 5.1 (c) shows the absorption spectra of 2 SnCl2 loading

ratios with respect to the polymer (0.2SnCl2
2V P

and 1 SnCl2
2V P

) with the addition of HAuCl4

precursor to the polymer solution. There are two main observations of interest here.

Firstly, the presence of metallic Au nanostructures is confirmed by the presence of

an absorbance peak between 500-600 nm and secondly, shifts in the SPR peak max-

ima can be observed with respect to the volume of HAuCl4 added and the loading

ratio of SnCl2. The first observation is useful in confirming the successful reduction

of HAuCl4 and therefore, the spontaneous redox reaction between the precursors.

An absorbance peak was not observed for HAuCl4-loaded micelles, as in that case

polymer removal is required for reduction to metallic Au.
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The second observation shows complex behaviour where an absorbance shift to

lower wavelength is seen up to a threshold amount of salt addition after which the

SPR peak maxima moves in the opposite direction. The trend is the same for both the

loading ratios, but interestingly the magnitude of the shift and the threshold amount

of HAuCl4 is different for the two loading ratios. For 0.2 loading ratio of SnCl2, with

addition of 1 µl of HAuCl4 (0.5M), we observe a peak centered around 570 nm, which

blue-shifts to 551 nm for 4ul and 548 nm for 5ul and 545 nm for 8ul. Further addition

of HAuCl4 leads to red-shifts to 569 nm with 10ul and 40ul of the precursor. For

1 loading ratio of SnCl2, with the addition of 2ul, a peak can be observed centered

around 560 nm, which blue-shifts to 541 nm for 10ul and subsequently, red-shifts to

546 nm for 40ul of HAuCl4 (0.5M) added.

To understand the shifts better, we will discuss the blue-shift and the red-shift

separately. According to Mie scattering calculations shown in Figure 5.2, nanopar-

ticles with SnO2 using a bulk refractive index of 2.2, surrounded by a thin shell of

Au would exhibit a blue-shift of the SPR absorbance peak with increasing thickness

of the Au shell and constant core size, and a red-shift with increasing SnO2 core

particle sizes for a constant thickness [318]. In the case of pristine Au nanoparticles

of similar sizes, increasing the particle size leads to small red-shifts in the absorbance

peak centers. [318].

A red shift was observed for the solutions which showed the resonance enhanced

Raman features indicating formation of a complex between HAuCl4 and 2VP. This

suggest that HAuCl4 is in excess, with residual ionic Au3+ species which have not

reacted with the SnCl2 to form metallic gold. These solutions are visibly yellow to

the naked eye similar to HAuCl4-loaded polymer, despite the SPR absorbance peak
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Scattering Theory [318]

observable using a UV/Vis spectrometer. The formation of the HAuCl4/P2VP com-

plex accounts for the color of the solution and possibly the red-shifts in the SPR peak

of the Au nanoparticles. Another possibility is that the presence of metallic Au leads

to further growth of the Au component, as seeded growth of larger Au nanoparticles

by submerging metallic particles in an HAuCl4 solution has been observed previ-

ously [334].

On the other hand, for the solutions where Au3+ is not in excess, and no enhanced

resonance peaks were observed in the Raman spectra, there is a blue shift to lower
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wavelengths. These solutions are also visibly colored (red to pink) and transparent to

the naked eye, which is the typical appearance of solutions containing mono-dispersed

colloidal Au nanoparticles [318, 328]. This behaviour is consistent with SnO2core-

Aushell type structures of increasing size, suggesting that with greater amounts of

HAuCl4 added to the solution, larger and larger core-shell particles are being formed.

AFM can be used for the imaging of monolayers of nanoparticles and determin-

ing their heights after plasma etching of the polymer. Figure 5.3 shows the SnO2

nanoparticles grown using PS-b-P2VP (loading ratio of 1) which shows a hexagonally

packed array of nanoparticles that are ≈ 21.95 nm in diameter. This value increases

to 26.84 nm with addition of 2ul HAuCl4 (0.5M), 29.82 nm with addition of 8ul

HAuCl4 (0.5M) and 31.29 nm with 40ul HAuCl4 (0.5M). Similar patterns of height

increase can be observed for the other loading ratio tried, 0.2, for which the values

are listed in Table 5.1.

Firstly, the size of the nanoparticles shows the greatest dependance on the amount

of SnCl2 loading in the micelles, with the larger loading ratio leading to larger parti-

cles. This is consistent with previous reports on PS-b-P2VP templated SnO2 nanopar-

ticles [169]. Secondly, the nanoparticle size progressively increases with the amount

of HAuCl4 introduced. Thirdly, the order of the PS-b-P2VP templated nanoparticles

is maintained, that is the resulting nanoparticles are hexagonally distributed with

respect to each other (see Figure SI-2).

By loading the SnCl2 and removing the excess precursor salt by centrifuging before

the loading of the HAuCl4, the reaction and therefore the nanoparticle growth is

localized within the core of the micelles. It should be expected that the loading

density of SnCl2 would have a greater influence on the final size of the nanoparticle by
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Figure 5.3: AFM images of nanoparticles produced from a polymer loading ratio of
1 of SnCl2 and varying amounts of 0.5M HAuCl4. The molar ratio of Sn and Au

and average nanoparticle heights are indicated on the images.

virtue of being the first salt to load and occupy the micellar core. The redox reaction

then proceeds within the core as the HAuCl4 infiltrates leading to increase in size.

This suggests that further tuning of the nanoparticles, in both deposited arrays and in

solution, should be possible using the typically process variables available in micellar

templating such as polymer molecular weight, stirring time, solvent and precursor

loading ratios.

XPS is useful to identify the chemical species in a monolayer of nanoparticles and
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Table 5.1: Table of average heights of Au-decorated SnO2 nanoaparticles obtained
from analysis of AFM images.

[SnCl2]
[2V P ]

Volume of 0.5M HAuCl4 (µl) Size (nm)

1

0 21.95±0.37
2 26.84±0.78
8 29.82±0.6
40 31.29±0.9

0.2

0 15.31±0.21
2 18.17±0.36
20 20.43±0.34
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Figure 5.4: High-resolution XPS scans with fitted Gaussian-Lorenzian peaks in the
regions of (a) Sn 3d, (b) O 1s and (c) Au 4f.
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using silicon substrates, we can correct the spectra for charging and substrate effects

using the Si2p core levels. The survey scans in Figure SI-3 show the presence of Au,

Sn and O, while the absence of N and Cl peaks confirms the complete removal of

polymer and complete conversion of SnCl2 and HAuCl4 respectively. Figure 5.4 (a

and b) show the fitted experimental data for 1LR SnCl2 with 10ul of 0.5M HAuCl4)

as representative for the entire set, as all other samples show peaks with similar

centers as summarized in Table 5.2. By deconvoluting the high-resolution peaks of

each element, we can observe peaks emerging from different chemical species. For

Sn, the Sn 3d 5/2 level can be fitted with a single peak around 487.3 eV, FWHM

of 1.6 and a ∆BE of 8.4 between the doublet peaks. This is consistent with values

previously reported for SnO2 [335–338]. In the O1s region, the core level can be

deconvoluted into two peaks. The higher BE peak ∼ 533 eV is consistent with

reported O1s from native SiO2 from the silicon substrate [339]. The lower BE O1s

peak, shows a center around 531 eV (43.5 eV higher than Sn3d peaks) with a FWHM

of 1.6 which is consistent with reported values for oxygen in SnO2 [336,337,340]. The

stoichiometric ratios can be extracted by approximating the equivalent homogenous

atomic fraction of oxygen and tin, using the normalized peak area (A/SF) from fitted

area (A) and XPS sensitivity factors (SF) [341]. The O/Sn ratio is close to 2 for

most of the samples, as expected for SnO2 and is close to reported literature values of

∼1.9 [335]. Similarly, the O1s feature attributed to SiO2, shows a ratio of ≈ 1.5-1.7

which is consistent with reported literature values for SiO2 [339,340]. One outlier was

observed, in the case of 40ul of HAuCl4, where the [O]
[Sn]

ratio is significantly larger at

3.58 while the [O]
[Si]

is also slightly larger at 1.89. This sample shows an oxygen rich

response even though the same preparation and synthesis method was followed for
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all samples.

The XPS scans of the Au 4f regions, in Figure 5.4 (c), shows a doublet as would

be expected for Au 4f 7/2 and 5/2 states for all the samples. The scans in Figure 5.4

(b) contains fitted data for 1LR SnCl2 samples with 10 and 40 ul of HAuCl4 added

which is representative of other samples. The fitted data for Au nanoparticles from

HAuCl4-loaded polymer is also included. We can clearly see the Au 4f core levels

can be deconvoluted into multiple species, dominated by the Au 4f 7/2 centered

around 84.2-84.4 eV consistent with metallic Au [340,342,343]. A small peak shifted

by 1.5-2 eV at around 85.5-85.6 eV is also observed for all samples, which can be

assigned to Au1+ [316, 317, 338, 343–346]. For higher amount of HAuCl4, where the

Raman spectrum showed resonance enhanced peaks, we can also observe additional

peaks with a clear mode between 90-92 eV. This corresponds to the expected Au 4f

5/2 doublet of Au3+ [316], and the main peak could also be deconvoluted using the

corresponding Au 4f 7/2 centred around 87.2 eV, seen in Figure 5.4 (d). However,

this additional doublet cannot be seen in the Au nanoparticles from HAuCl4-loaded

micelles.

This feature was only seen samples with a high Au:Sn precursor ratio. Though

this could be taken as an indication of remnant HAuCl4, no features in the spectrum

were observed for Cl or N to indicate unreacted salt or polymer residue. It is likely

that this Au3+ feature is an indication of higher order oxide of Au, which has been

observed previously for Au nanostructures supported on metal oxide supports [316].

The presence of Au3+ peaks is also consistent with the appearance of resonance en-

hanced Raman modes or the red shifts in the UV/Vis absorbance for both loading

ratios of Sn. It is possible that the additional peaks are due to the excess HAuCl4
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Table 5.2: Table of assigned XPS peaks for all the samples with respect to Loading
Ratio of SnCl2 and volume of 0.5M HAuCl4 added.

Volume of 0.5M Au4f7
2

O1s
[SnCl2]
[2V P ]

HAuCl4 (µl) Au0 Au1+ Au3+ Au1+

Au0
Au3+

Au0 (SiO2) (SnO2) Sn3d5
2

[O]
[Sn]

[O]
[Si]

1 2 84.18 85.54 0.26 532.82 530.96 487.28 1.78 1.59
1 10 84.19 85.66 0.15 532.77 531.01 487.31 1.74 1.60
1 40 84.47 85.54 87.38 0.53 0.32 532.56 531.14 487.53 1.44 1.67

0.2 5 84.67 86.22 0.38 533.04 531.04 487.40 2.17 1.46
0.2 10 84.59 85.97 87.27 0.11 0.46 532.99 531.06 487.32 2.34 1.53
0.2 40 84.58 87.01 0.38 533.08 531.10 487.34 3.58 1.89

in the polymer solution, however, this doublet is not visible in the Au nanoparticles

formed from HAuCl4 loaded micelles as can be seen in Figure 5.4 (c).

The presence of oxidized species of Au is also consistent with oxygen plasma

treatment of Au nanostructures, which can lead to the formation of oxides [317,347–

349]. It may be possible to eliminate such species with a reductive plasma treatment

(such as with H2 [316,350]); however, such species have been observed to be necessary

for oxidative catalysis, such as for CO oxidation [316,317,343].

In light of the Raman spectra confirming the presence of SnO2, UV/Vis support-

ing the presence of Au nanoparticles and XPS reflecting the presence of gold and

tin oxides, we can conclude that SnO2 –Au composite nanoparticles were success-

fully synthesized. When HAuCl4-loaded or SnCl2-loaded PS-b-P2VP is used to make

Au or pristine SnO2 nanoparticles, respectively, plasma treatment is required post-

deposition. This plasma treatment removes the polymer and subsequently converts

the salt to its metallic or oxide form. Depending on the plasma used, especially oxy-

gen, oxidized Au species can be present while hydrogen plasma completely reduces

the nanoparticle array to Au0. [316, 350]. In the case of pristine SnO2 nanoparticles,

SnCl2 reacts with added alcohol or water to form SnOH which is subsequently con-

verted to SnO2 upon oxygen plasma treatment. [31] The important thing of note here
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is the need for plasma and polymer removal for nanoparticle formation reactions to

proceed. On the other hand in the case of the Au-decorated SnO2, the SnCl2 serves

as the active site for the redox reaction with HAuCl4 in the presence of IPA, there-

fore, SnO2 and Au respectively form within the micelle core and are not dependant

on the post-deposition oxygen plasma treatment or polymer removal for formation.

This is a success of this technique allowing for either depositable self-assembled films

of tunable size and periodicity or monodispersed nanoparticles enveloped in polymer

and suspended in solution.
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Figure 5.5: Applied field magnetization curves of monolayers of different ratios of
SnO2 –Au nanoparticles. The SnCl2-loading in all cases was a ratio of 0.2 Sn:2VP.

These composite nanoparticles were also found to have some interesting magneto-

optic properties, that introduces wider applications of such structures. Pristine SnO2
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nanoparticles without annealing synthesized using PS-b-P2VP have shown room tem-

perature ferromagnetism [315], most likely stemming from the oxygen vacancy depen-

dant ferromagnetism reported previously in SnO2 nanoparticles produced by other

methods [295]. The magnetization curves under an applied field using SQUID for

monolayers of pure SnO2 and SnO2 –Au nanoparticles can be seen in Figure 5.5.

With increasing Au content, a trend towards increased diamagnetism can be ob-

served. This is consistent with reports in literature on increased diamagnetism of Au

nanostructures with increasing size [351, 352] and a complex reduced magnetization

response in core-shell structures with Fe2O3 cores due to increasing thickness of Au

shell. [303, 353, 354]. As the composite particles also increased in size with greater

addition of gold salts, we can attribute the increasingly diamagnetic response of the

SnO2 –Au in terms of the increasing amount of Au in the nanoparticles. This is also

consistent with the increasing intensity of the Au core level peaks relative to the Si

substrate signal.

There is a degree of tunability of the magnetic response of a thin film of nanopar-

ticles, offered by the reverse micelle templating route to making composite nanopar-

ticles. With increasing amounts of HAuCl4 added to the solution, the nanoparticle

magnetization can be taken from weakly ferromagnetic to diamagnetic.

To take advantage of the interesting magneto-optical effects occurring in these

composite particles, we incorporated a film of SnO2 –Au nanoparticles (LR0.2/2ul

0.5M Au) on silicon waveguides with Distributed Bragg Rreflector grating, shown

schematically in Figure 5.6. The transmission spectra and the schematic of the entire

experimental set-up can be seen in Figure 5.6. The spectra shows the fiber-to-fiber

loss (without the waveguide). Including an empty air-cladded waveguide results in a
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Figure 5.6: (a) Schematic of the experimental setup used for the measurement of
the waveguide transmission. (b) Comparison of transmission spectra of air-cladded

(empty) waveguides with and without loaded micelles and nanoparticles. The
fiber-to-fiber loss is also plotted on the same spectra.
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significant increase in the transmission loss, with the emergence of resonance modes

clearly visible around 1540 and 1630 nm. With the addition of a polymer or nanopar-

ticle loading, a significant decrease in the overall transmission loss was observed.

Additionally, a small localized increase in loss around 1570 nm can be observed,

which suggests a shift in the resonance mode around 1540 nm. Though this feature is

not very pronounced, its emergence suggests a potential to utilize the nanoparticles

for optical bio-sensors, while tracking shifts in resonance modes which can be used

to evaluate interaction of biomolecules like proteins [319]. Overall, the incorporation

of these composite nanoparticles shows promise for photonics applications, with the

potential of these monolayers as cladding layers to reduced overall transmission loss

in waveguides, or with further optimization, as optical bio-sensors.

5.1.4 Conclusion

In this paper, we have described a method to synthesize nanoparticles with control-

lable magnetic and plasmonic properties, which can be deposited using cheap solution

processing methods. We have also used the nanoparticles on waveguides to assess their

photonic potential.

In light of the Raman spectra confirming the presence of SnO2, UV/Vis support-

ing the presence of Au nanoparticles and XPS reflecting the presence of gold and

tin oxides, we can conclude that SnO2 –Au composite nanoparticles were successfully

synthesized. Additionally, with the help of the periodic AFM we can also resolve the

change in size of the nanoparticles and the effect of precursors on the order of the

thin film. We have discussed the correlation of excess Au3+ ions and the appear-

ance of features using various characterization methods, which also opens the aspect
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of tunability in terms of size and chemical species (that is, the presence of oxidized

Au). When HAuCl4-loaded PS-b-P2VP is typically used to make Au nanoparticles,

plasma treatment is required post-deposition. This plasma treatment removes the

polymer and subsequently reduces the salt to its metallic form. This limits the use

of such particles to applications that require the decoration of surfaces. This new

approach bypasses the requirement for the plasma with the reduction of the HAuCl4

in the presence of SnCl2, which results in the formation of metallic gold in the poly-

mer micelles in solution. This speaks to the benefit of reverse micelle templating

for self-assembly and control of monolayers of nanoparticles which can be easily de-

posited (spin-coating, spray-coating or dipping). This is a success of this technique

allowing for either depositable self-assembled films of tunable size and periodicity or

monodispersed nanoparticles enveloped in polymer and suspended in solution. The

benefits of these structures extend beyond SnO2 to other metal oxides (like TiO2)

with Au and other noble metals (like Pt, Ag), and this technique offers a controllable

way of synthesizing and characterizing them. Combined with the tunability of the

optical and magnetic properties by changing various deposition parameters provides

a powerful system for a wide range of possible applications.
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Chapter 6

Conclusion

With this thesis, I have attempted to address and bring together solutions in the use

of PS-b-P2VP reverse micelles in the formation of different nanoparticles. This work

aims to make the application of these nanoparticles more accessible for devices. The

merits of this technique have been discussed in terms of the control over nanoparticle

size and dispersion. The insulating polymer layer presents an obstacle in the use of

the nanoparticles and for that, I have discussed the efficiency of polymer removal

treatments like gas plasmas and UV/Ozone treatments.

I have also discussed enhanced vibrational spectroscopy for the characterization of

a monolayer of the reverse micelles and the visibility of the loading of transition metal

salts in to the micelle core due to Resonance enhancement of Raman modes of the

polymer. This provided us a deeper understanding of the mechanism of transition salt

loading and a method to track the process at different points. In this way, PS-b-P2VP

is an effective fabrication method of self-assembled nanoparticle arrays.

Iron oxide nanoparticles from FeCl3-loaded PS-b-P2VP micelles is a good model

system to assess the flexibility of this technique; the different polymorphs of iron
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oxide are Raman visible and FeCl3 loaded polymer shows resonance enhanced Ra-

man modes of P2VP. Using different polymers and different post-etching treatments,

mixed compositions of α-Fe2O3 and γ-Fe2O3 nanoparticles with control over the phase

fraction. The control over different properties of nanoparticles offered by PS-b-P2VP

reverse micelle templating is seen. Utilizing our control over nanoparticle phase and

dispersion of arrays, we used pure γ-Fe2O3 nanoparticles in α-Fe2O3-based photoan-

ode for water-splitting. We showed increased efficiency of the photoanode with the

inclusion of γ-Fe2O3 nanoparticles. We also observed a higher efficiency for ordered

nanoparticles than disordered arrays as evidence for the importance of nanoparticle

dispersion on device performance.

Lastly, I extended the role of PS-b-P2VP by using them as nanoreactors for the

spontaneous redox reaction of HAuCl4 and SnCl2 for the production of SnO2/Au

composite nanoparticles. This is different from how we used it earlier to sequester

precursor salts due to the affinity of the 2VP groups and the transition metal ions. I

used a variety of characterization techniques to observe reactants and the products.

Composites of SnO2 and Au are desirable for gas-sensing and oxidative catalysis, and

this method is a viable method of producing ordered thin films of nanoparticles tar-

geting these applications. I also reported on a tunable magnetic response of these thin

films from paramagnetic to increasing diamagnetism with the addition of HAuCl4.

Using a variety of characterization methods, I have shown the ability to control the

nanostructures in size and composition for a composite system as evidence of the

flexibility of PS-b-P2VP reverse micelle templating.

In this piece of work, I have formed a deeper understanding of the salt incorpora-

tion mechanism and focused on Fe2O3 and SnO2/Au nanoparticles to show the merits
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of PS-b-P2VP reverse micelles as a method of growing designer nanoparticle arrays.

I aim for this thesis to outline a map for the use of PS-b-P2VP reverse micelles for

various metal, metal oxide and dielectric nanoparticle arrays which can be controlled

in size and dispersion.

6.1 Road Ahead

The road ahead can be broken down into three main areas of interest; The nanopar-

ticles, the polymer and applications.

Firstly, I have discussed the synthesis of Al2O3, Fe2O3, CuO, Al2O3, Au, ZnO

and SnO2 but the same technique can be extended to a variety of other salts such as

Pt, Pd, Ag, TiO2, NiO, WO3 and MnO, each of which are desirable for their optical,

electrical and chemical properties. The progress of the synthesis of each of them can

be tracked using the Raman methods described and in this way, the study of the

tunability of Fe2O3 can be used as an analogue for the other salts as well. Moreover,

I have also shown the use of PS-b-P2VP micelles for multi-component nanoparticles,

in this case SnO2/Au and in other publications halide hybrid perovskites. In that

regard, PS-b-P2VP can be used to synthesize structures using multiple salts which

are typically difficult to control using other techniques. The method described for

SnO2/Au can be extended to include other semi-conducting metal oxides and noble

metals such as TiO2 or ZnO with Pt or Ag. Using this method allows us to control

the composition uniformly across all the nanoparticles in the solution.

Secondly, I have discussed the role of order of nanoparticle arrays as a factor of

thin film performance and we observed an increased performance from not only the in-

clusion of γ-Fe2O3 at the FTO/hematite interface in a photoanode for water-splitting
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but also increased periodicity of nanoparticles. It would be pertinent to conduct a

more comprehensive study of the self-assembly parameters such as dispersion and size

as a factor of polymer and salt concentration, additive solvents and post-deposition

treatments. I have used two different types of reverse micelles (dense core and crew

cut) and it would be interesting to extend this model to other weights of PS-b-P2VP

copolymers for the synthesis of larger or smaller nanoparticles. The techniques de-

scribed and FeCl3 can be used to assess the quality of nanoparticles synthesized,

utilizing the understanding of the growth of Fe2O3 that I have grown in Chapter 3

and 4. The dependance of the thin-film thickness and order of arrays can be studied

in terms of deposition method. In this work, I have focused on using spin-coating

and drop-casting, but similar results are possible using dip-coating, blade-coating or

electro-spraying. All of these are feasible methods for thin-film devices.

Thirdly, the different nanoparticles can be used in optical or electrical devices.

SnO2 and SnO2/Au nanoparticles should be tested for their gas sensing properties

which can be done using resistivity measurements under flowing gas. For this purpose,

thicker layers of nanoparticles would be preferred because we need flowing current

between the nanoparticles as the figure of merit. The other nanoparticles synthesized

should be used in OPVs at different interfaces. For layers that are sensitive to plasma

treatments, nanoparticles can be deposited using transfer printing methods utilizing

sacrificial substrates. Using the charge transport properties, the power conversion

efficiency of OPVs should increase.
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