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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 FeCls-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 y-Fe;O3
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/SnOs nanojunctions within the PS-b-P2VP micelle cores. This was
done by exploiting the spontaneous redox reaction between HAuCl, and SnCl; in an
aqueous environment, and so can be replicated for other metals and metal oxides like
Pt, Pd, Ag, TiO, and ZnOs. 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 (C,,.) 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.

0.00
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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.

Diblock copolymer ) ) ] . .
(a) (b) solvation  Micelles formation  Saltloading  Spin coating Plasma treatment Final particles

IR Ao ~M

£S5 %5%5

Figure 1.2: Schematic of (a) a single FeCls-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

3
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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 Fe;O3 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
~v-Fe;O3 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 a/v-FeyO3 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
SnO,— 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 SnOg—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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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.



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

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~!. The
solutions were stirred for 24 hours, following which a precursor salt (in this case,
anhydrous FeCls, 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.

10
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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 Oq or leaky No.

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~ 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 CO, at 44 units. [49,50]

11
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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™! 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™*.

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™ ! 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 ImagelJ.

Atomic force microscopy (AFM) micrographs were collected using an Asylum
MEP-3D instrument (Oxford Instruments AsylumResearch) in alternating current
(AC) mode under ambient environment. AFM probes(Nanotools, EBD-NCH) with

-1

a spring constant of 40 N m 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]

12
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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 FeCls 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
(v(19b), v(19a), v(8b) and v(8a) in Wilson’s numbering [52-54]) between 1480 and
1600 cm™ [17,43,45], and twisting modes of the P2VP backbone backbone (y(CH2)

13
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centered around 1320 cm ', A shoulder peak is also visible around 1150 cm ™', 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™ and 335 cm™, corresponding to y-Fe; O3 [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 ™! against
etching time. This approach is more reliable in comparison to following the emergence
of Fe; O3 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 Fe;O3 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™!.

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 Ny and Oy mixed with leaked air (leaky Ny
and O,), while using just the pure gases individually took longer than 40 min (40min
and 50 min for Oy and Ny respectively). The changes in the Raman spectra with
respect to exposure time follow the same pattern with slight differences in the final
phase of Fe,O3 nanoparticles in leaky and pure O; and Ny gases.

For the different plasma exposures, the unetched spectra initially shows the PS
mode at 1000 cm~! and the 2VP loading peaks between 1150 and 1600 cm~t. 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 y-Fe,O3 emerge around
300 cm~! and 700 cm™!. Further exposure to plasma results in complete removal of
the polymer as 2VP peaks disappear and Fe;O3 modes remain.

The differences between Ny and O, 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
v-FeyO3 with some FezOy4 [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 O, plasma has

little impact on formation of iron oxide phases. In the case of Ny plasmas, a higher
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ratio of FezO4 to 7-FesO3 was observed than for that in O, plasmas. This would be
expected as Fe3O, is an oxygen deficient iron oxide phase, with arbitrarily distributed
cation vacancies forming at octohedral sites [55]. Etching in pure Ny plasma shows
the highest amount of Fe3Oy.

Oy and Ny 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

17
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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 FeoO3 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™! and the spectra at the 50 min mark shows a mix of a-Fe;O3 and
v-FeyO3 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 FeCls will preferentially form a-Fe,O3 [17].
The observed behaviour with Ar plasma suggests some removal of the groups giving
rise to the loading peaks, i.e. 2VP and FeCls, but potentially that the PS parts
of the polymer remain. Additionally, the appearance of a-Fe;O3 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 Oy 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.

H, 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 ™! 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 Hy 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

H, 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 v-Fe;O3 nanoparticles due to an absence

of hydration in the core while crew cut micelles produce a-Fe;O3 nanoparticles. The
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larger and less stiff micelles are not able to protect FeCls from hydration, which
results in the formation hydroxides inside the micelle, which in turn result in a-Fe;O3
dominant nanoparticles under oxygen plasma etching [17].

Studying the progressive removal of polymer using O, 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 a-Fe,O3 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 v-Fe;O3 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 Oy 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, 7-Fe;O3 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 Fe;O3 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
~v-Fe; O3 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), a-Fe,O3 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 a-Fe;O3 formed with
the polymer-loaded FeCl; 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, a-Fe;O3 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 FeCls-loaded polymer as a screening tool in this study. FeCls-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 (Oy and Ny),

reductive plasma (Hy) 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. Hy had the slowest rate of poly-
mer removal, with barely any change in the complexation peaks after the same length
of plasma exposure as Oy and Ny 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, Ny, Zone), spinel phases were formed. Where the plasma
did not participate in the oxidation of the precursor salt and FeCly was exposed to
the environment with polymer removal (Sparkle, Ar, Hs), aFe;O3 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™!
(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) FeoO3 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 y-Fe;O3 and Fe3O4 modes.
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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 (1) of the photon as a result of the vibrational frequency of the
molecule (u,,). 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 (10%)
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-0-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 4ul 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 (4ul) 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 TERS,
specialized substrates were used for monolayer or multilayer deposition. For SERS
substrates, bnm 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™! 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~!. The peaks marked by dotted lines

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

1

corresponding to the symmetric ring breathing of PS; 1454 cm™, corresponding to
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either the pyridine ring stretch in P2VP or methylene deformation in PS; and 1613
cm ™! 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™!, two peaks appear to emerge around
1200 cm~! which can be assigned to CH-in plane bend from P2VP expected at 1195
cm~! and CC stretch between the ring and the backbone from PS and P2VP ex-
pected at 1206 cm™! and 1217 cm™!. In the normal Raman spectra for the diblock

1

copolymer, the peaks around 1200 cm™" usually appear as just a broad peak around

1217 cm ™! for even large amounts of material. The peak observed below 800 cm ~*

can be assigned to twin peaks of sapphire (the substrate) expected around 750 cm™!
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 10® (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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mode at 1000 cm™!.

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 ™! and 1380 cm™!, and the ring stretch around 1560 cm™?. [53,
54] Moreover, there is a pyridine ring stretch from P2VP and methylene deformation

from PS that are coincident around 1450cm™!.

Yet there are a few distinct modes
of each, due to the ring structure difference between benzene and vinyl pyridine.
For instance, the 1000cm™ symmetric ring breathing mode v(1) (assigned with the

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

PS, cm! HP2VP, cm' PS-b-P2VP, cm' 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

Figure 3.2: (a) AFM topography of a monolayer PS-6-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~! for P2VP, suppressing the PS peaks at
1206 cm~! and 1228 cm~!. Another mode appears at 1600 cm™!, 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 v(1) mode at 1000 cm™* 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 ~! 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
micelles by normal Raman (black), uc-TARS (purple), Inverted Normal Raman
(green), polarized Raman (orange), IERS (maroon), and normal Raman of the

empty Sapphire substrate (light green), normalized to the mode at 1000 cm~!. (b)
Enhancement of localized electric field due to surface plasmon generation from

metal tip coating. (c) Interference-enhanced Raman scattering due to the reflective

back coating of sample substrate. (d) Far-field focusing enhancement due to tip. (e)

Depolarization of laser due to the tip. (f) 2nd harmonic generation effect or hyper

Raman effect.
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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™
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-

I shows

pared to normal Raman, the visibility of the characteristic peak at 1000 cm"
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~! and 1585
cm~! which evolve from the P2VP modes of v(CHy), the methylene twisting mode
and v(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

1 compared

enhancement of the complexation related modes at 1324 and 1585 cm™
to normal Raman, but no significant enhancement of the mode at 1454 cm™! or the
features around 1200-1300 cm~!. 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
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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~t. 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™*

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™ is enhanced ~5.12x versus
0.5x for SERS. The visible modes at 1250 cm ™! 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)A

i [106] The thickness of the dielectric layer will result in 7-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 ™!, and methylene

deformation at 1454 cm™! with the PS ring breathing at 1000 cm ™t

Technique Pyridine

Enhancement Methylene Enhancement Thickness Enhancement

ring vs NR Defor- vs NR of poly- at PS ring
stretch/ mation/ mer film breathing
PS ring PS ring (nm)
breath- breath-
ing ing
uc-TARS 0.49 1.37 0.78 5.12 20 3000
SERS 3.78 10.6 0.07 0.48 40 10
Inverted  0.42 1.18 0.48 3.16 20 260
Raman
IERS 0.34 0.96 0.16 1.05 20 14
Inverted  1.88 5.28 0.83 5.48 20 130
Raman
@60
Inverted 1.34 3.74 0.57 3.69 20 70
Raman
@45
Normal  0.36 1 0.15 1 120 1
Raman
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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,\;, A2)) of
IERS is the combination of the modification (f;(d,\;)) due to the self-interference
of the incident light (A;) and modification (fy(d,\s)) from the self-interference of
scattered and emitted light (Ag). [106]

The spectra for IERS is shown in Figure 3.3(a), where the characteristic 1000 cm™!
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 ™! is present with expected peaks visible in the 1300 cm~!- 1500 cm ™! region. The
intensity ratio exhibited by 1454 cm™! and the 1613 cm™! 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

1 1

cm™ - are absent from the spectra, and an intense peak at 900 cm™", 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™!, 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 em~!. 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™! and
750 cm ™! ) [113]. The inverted Raman of the empty Sapphire disk exhibits the peak
around 750cm ™! 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™!, due to methylene defor-
mation, 1613 cm™!, due to the ring stretching mode of P2VP and the methylene twist

modes around 1300 ¢cm™!

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~! 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™! 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 ™! 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™! exhibit their strongest intensity, ~ 15x greater than that observed
at 0°. Moreover, the 1000 cm ™! 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 ™. [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™! peak also
suggests enhancement of P2VP modes over PS modes, since the P2VP peaks emerges
around 990 cm™!, 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™') and
at 60° for the methylene deformation (1454 cm™'). 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.

Raman intensity (arb. units)

: 180° 1

900 950 1000 1050 1100
Raman shift (cm)

Figure 3.4: Inverted Raman of a monolayer of PS-b6-P2VP reverse micelles under
different polarization conditions, focused on the peak at 1000 cm™! 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™!, the ratio of the PS ring

breathing mode and the P2VP ring stretching mode observed at 1613 cm™!

, and
the ratio with the 1454 cm™! 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 ™! 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™!,
and the enhancement of the characteristic polymer peaks at 1000 cm~! and between
1300 ecm~! and 1500 cm~!. 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~! and 1613 cm~!, and the splitting of the broad peak around 1217 cm~! into
two individual peaks for PS and P2VP. However, the existence of the strong PS peak
at 1000 cm ™! 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-0-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 FeCl;,
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, d,2,2
and d,2 orbitals (e,) are raised in energy while the remaining 3 d orbitals (Ty,) 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” < ClI” < OH™ < pyridine < bipyridine < CN™

The magnitude of the d-band splitting is also dependent on the strength of the
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ligand, with higher splitting observed for stronger ligating species [151,152].

Pyridine is an intermediate level ligand being a strong o-donor thanks to its nitro-
gen lone pair and a m-acceptor with its delocalized m*-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. HAuCly - 3H20 (=~ 99.9 %), AlICl; (anhydrous, ~ 99.99 %), FeCl; (anhy-
drous, ~ 99.99 %), ZnCl, (anhydrous, ~ 99.995 %), and CuCl, (anhydrous, ~ 99.995
%) were acquired from Sigma Aldrich and all handling of precursors was performed
under Ny environment inside a glovebox.

For polymer removal, the deposited films were exposed to Os plasma (29.6W,
950mTorr, Harrick PlasmaCleaner) for 45 min.

Raman samples were prepared using drop-casting of 4ul of the solution for thick
layers on freshly-cleaved KBr crystals and spin-coating of 4ul 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 18001 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 ™! and 1750 cm™!. 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 FeCls with the nitrogen on 2VP, where the free
pyridine ring is expected to red-shift from 1590 to 1619 cm ' upon coordination, with
a pyridine mode around 1570 cm ™ 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 ', 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 FeCls, 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 (M"") 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 M"" with the nitrogens on
neighbouring 2VP units on the same backbone and the interaction of M"" 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—CHy—R groups
emerge from the backbone. They are expected around 1400-1470 cm ™! and 1370-1390
cm ™! for antisymmetric and symmetric deformations for - CHR3 and 1440-1480 cm ™t
for bending deformation for R—CHy;—R. These modes are identified and assigned as
v(13), 7(CH2) and 6(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™!. CH bending modes emerging from in-plane H

bending are also expected between 990-1180 cm ™.

These modes are identified and
assigned as v(8a), v(8b), v(19a), v(19b), v(9a), v(15), v(18b), v(18a) and v(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
FeCl;-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  Polymer Block Mode
Shift
(em ™)
v(8a) 1612 PS
v(8a) 1602 P2VP Ring stretching mode
v(8h) 1583 P2vP
v(19a) 1482 P2VP
0(CH2) 1456 PS/P2VP back- methylene deformation
bone
v(19b) 1443 P2VP Ring stretching mode
~(CH2) 1332 PS/P2VP back- twisting modes
bone
v(13) 1224 PS/P2VP back- C-C stretching (ring and backbone)
bone
v(9a) 1196  PS
v(15) 1170 PS
v(15) 1160 P2VP CH in-plane bending
v(18b) 1064  P2vP
v(18a) 1040 PS
v(1) 1012 PS totally symmetric ring breathing
v(1) 1005 P2VP
PS 1000 1045 1196
PS+P2VP 123 1332 1456
(a)PZVP 1160 1306 1442 148315831602
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Figure 3.6: (a) Raman spectra of neat polymer and FeCls-loaded polymer with
respect to [FeCl;]:[2VP] ratio (b) Raman spectra of neat, HAuCly-loaded polymer,
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
(v(19b), v(19a), v(8b) and v(8a)) increase in intensity while peaks assigned to PS
(v(1), v(9a), and v(18a)) or total symmetric modes of P2VP (v(1)) decrease in in-
tensity. A shoulder peak can be observed around 1150 cm ™ * 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 (y(CH2)) centered
around 1320 cm !, 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 HAuCly, which shows similar
enhancement in the region of the Fe-P2VP interaction. As CN™~ forms strong colored
complexes with HAuCl, 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 FeCls-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, o bond due to the electron lone pair of the
Nitrogen and the delocalized 7* orbital from the ring overlap with the E; and Ty,
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 ' 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 CuCl, [164], AlCl;3 [165], HAuCl, [166], and ZnCl, [167], have
been used to form complexes with the nitrogen on the pyridine ring due to the same
interactions observed with FeCls. [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 HAuCls-loaded, FeCls-loaded, CuCls-
loaded and AlCl3-loaded but absent for ZnCly-loaded polymer, even though all salts
show nanoparticle formation. The modes for ZnCly-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 ! and 1590 cm ™! 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 ZnCly,. 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

68



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

enclosed table. As with the case of FeCls-loaded polymer, the peaks observable with
HAuCl,, CuCly and AlICl3 loaded polymers can be assigned to 2VP modes while
the modes from the PS fraction are absent. The signal to noise ratio for the AICl3-
loaded spectra is considerably lower compared to the other salts and it shows an
additional peak around 950cm~!. 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 FeCls-loading ratios. This suggests that better loading of AICIl3 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, v(19) and v(8),
and the backbone twisting mode, v(CHsy), moving to higher Raman shifts. This is
consistently true for all salts except AICl3 which shows a shift to lower shift for the
backbone mode, v(CH2), at 1302 ecm~!. 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 AICIl;. It is also possible that the polymer mode is visible due to the
low loading density of the AICl3 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 ZnCly-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 v,

I o< (vo 4 vp)*

where 1 is the excitation frequency and v} 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 FeCls 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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Figure 3.9: Fitted Raman spectra of pristine and salt-loaded polymer micelles and
the table of peak centers with assignment for each spectra.
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have been attributed to d-d transitions [170]. CuCly 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
CuCly,/Po VP, which results in further splitting of the respective Ty, and the E, states.
Therefore, for CuCly/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 Fe*' and can occupy octahedral and tetrahedral geometries,
including anionic and cationic species with chlorides [165]. Though no specific studies
on AlCl; 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, ZnCl, is not a transition metal as it has a filled d-shell restrict-
ing the role of the d-orbitals in d-7 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 HAuCly, FeClz, CuCl, 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 ZnCls,.
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, a-Fe;Os, v-Fe;O3, and Fe3Oy4, have been widely
used in diverse applications, as each has unique biochemical, magnetic, and catalytic

effects.

a-FesO3, 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. 7-FeyOgs, the sec-
ond most common Fe;,O3 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 vy-Fe;O5 and FezO,4 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]. 7-FeyOs3, particularly, is in an intrin-
sically metastable state, with the inverse spinel structure tending to convert into the
more thermodyamically stable hexagonal a-Fe;O3 phase [194-196]. As the transition
from v to « is dependent on whether the particle has enough energy to overcome
the activation barrier, there is a critical size and temperature below which v 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 a-Fe;O3 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 a and 7 phases, the
transformation between Fe3O, and 7-Fe;,O3 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 Fe;O, nanoparticles may oxidize directly to a-Fe;O3 [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
~v-Fe; O3 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 a-FesO3 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 a- to - 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 (7-FeaO3, Fe;O4) to 100% hexagonal phase (a-FeyO3) 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 Fe,Oy polymorphs, and hence the the vibrational modes and Raman
spectra of o, [, € and v of FeyO3, Fe3O4 and FeCls 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. ~-

Fe,O3 with the P/;32 space group has five active Raman modes (Ay,, Eiy and 3 x
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Ty ), mathematically describing their atomic vibrations against their principle rota-
tional axis and inverse structures. Though ~v-Fe;O3 and Fe3O,4 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]. a-Fe;O3 (RS3c) has five
E, modes, though two are typically resolvable only below 100K [218], and two Aj,

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 7-Fe,O3 during
synthesis using polystyrene-block-poly(2vinyl pyridine) (PS-6-P2VP) reverse micelles
[43]. We found that when FeCl; 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™ and 1591 em™ [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-0-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™ which can be
deconvoluted with two Lorenzian peaks at 671 cm™ and 721 cm™ which are the A;,

stretching mode of tetrahedral units of Fe3O4 and v-Fe,O3 respectively [46,189,219].
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