
NORTHWESTERN UNIVERSITY

Studies of Nanoparticle Marker Motion in Ultra Thin Polymer Films

With X-ray Standing Waves

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Materials Science and Engineering

By

Aleta Lynn Hagman

EVANSTON, ILLINOIS

December 2007



2

c© Copyright by Aleta Lynn Hagman 2007

All Rights Reserved



3

ABSTRACT

Studies of Nanoparticle Marker Motion in Ultra Thin Polymer Films With X-ray

Standing Waves

Aleta Lynn Hagman

Metal nanoparticles in polymeric matrices are of particular scientific interest due to their

useful ability to self-assemble into complex nanocomposites. Recent examples involve

using ultrathin diblock copolymers coupled with metal nanoparticles in the fabrication

of novel electronic, magnetic and photonic devices. As this ordering process takes place

far from equilibrium conditions, the controlled self-assembly of nanostructures in two-

dimensions has to be guided by a thorough understanding of the ordering kinetics and

nanoparticle dynamics of these composites.

In order to understand these key parameters a technique was needed that could mon-

itor the real-time evolution of the nanoparticles. In many cases these motions are small

and require an extremely sensitive technique to accurately monitor them. X-ray stand-

ing waves (XSWs) generated by total external reflection above an x-ray mirror surface

were used in this thesis to monitor the time evolution of a gold distribution as the poly-

mer nanocomposites were heated above their polymer glass transition temperatures. To
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confirm the sensitivity of the XSW technique, a variety of simulations changing key pa-

rameters relative to the sample and the x-ray beam were performed. The parameters

relating to the gold distribution (amount of Au present, the width of the distribution,

and the height from the center to the mirror surface), were observed to be most critical

in fitting experimental data. By understanding the effect these parameters have on the

experimental data, better theoretical fits and future experiments can be performed.

Two homopolymer systems were experimentally studied in this thesis, poly(tert-butyl

acrylate) (PtBA) and poly(vinyl pyridine) (PVP). For comparison with existing data,

diffusive broadening in PtBA/Au systems were studied. The particle diffusion coefficient

was found to be ∼10−18 cm2/s for a 100,000 g/mol symmetric system which agrees well

with previous results found by Guico. In the case of the PVP/Au systems diffusive

broadening was never observed over large relaxations times, unlike in the PtBA case.

This effect was expected and attributed to hydrogen-bonding between the nitrogen atom

in the pyridine ring and the metal particles and mirror surface. PVP samples were also

created with a molecular weight asymmetry around the nanoparticle layer. In these cases

the asymmetry in polymer mobility causes a net positive flux through the marker layer

that moves the particles toward the layer with the higher mobility. When these samples

were heated the lower molecular weight chains would swell into the higher molecular

weight chains causing an observed motion of the gold layer. During initial relaxation of

the system at short time scales, an initial swelling and reorganization of the system was

observed. This motion occurred, equally, both away from and towards the mirror surface

depending on which side of the marker layer the low molecular weight polymer was placed.

A distinct plateau appeared signifying that the swelling had stopped, but after very long
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times more motion was observed as the system began experiencing segmental exchange

of the polymer chains at the particle surfaces. Another plateau emerged once the old

chains had been replaced with new chains on the particle surfaces. These results were

of particular interest as metal nanoparticles in diblock copolymers initially organize into

the block morphology, but upon longer relaxation times the particles begin to coalescence

and destroy the templated morphology.
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CHAPTER 1

Introduction and Background

Complex nanocomposites of metal nanoparticles dispersed in polymer matrices are

of great interest in connection with the fabrication of novel electronic, magnetic and

photonic devices [3, 4, 5, 6, 7]. The composites are of interest since the nanoparticles

possess magnetic, photonic, chemical and electrical properties typically different than

those of the polymer. Using polymers as a matrix material, allows for increased control

of the particle dispersions [8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. By controlling the

exact location of the nanoparticles, these composites are on their way to becoming next-

generation materials [18, 19]. In order to control the location of the nanoparticles, an

understanding of the ordering dynamics is necessary. This understanding is the purpose

of my thesis, and I will begin by discussing the precursor research that initially motivated

this work. Next the concepts of polymer diffusion and polymer mobility will be briefly

discussed. Finally, I will give an overview of this thesis.

1.1. Precursor Research

Kunz, Shull, and Kellock began studying metal/polymer interactions in the early

1990’s with the study of the motion of gold particles on polymeric support layers [20,

21]. Discontinuous gold films were evaporated onto poly(styrene) (PS) and poly(2-vinyl

pyridine) (PVP) to form composite samples. Transmission electron microscopy (TEM)

was used to monitor the affects of annealing treatments on the coalescence of the gold
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particles. They observed that the coalescence rate was faster in PS than PVP, and that

the Au/PS interaction was much weaker than the Au/PVP interaction. Cross-sectional

TEM was used to further monitor the interaction between the gold and the polymer when

the gold layer was buried between two polymers [22]. In this case, the controlling issue

in the coalescence was the rate of exchange between polymer chains at the surface of the

gold.

Following these experiments, Kunz et al. used colloidal gold solutions to deposit two-

dimensional islands on and between polymer layers [21]. It was found that PVP was able

to ’kinetically graft’ to the gold particles. Tsai et al. found through surface-enhanced

Raman scattering experiments the presence of local ordering at a PVP/silver surface

[23]. Kunz et al. felt that a similar mechanism would cause PVP chains to absorb to the

gold particles. With particles adhering to the gold surface, chain segments are not freely

exchanged and the hydrodynamic radius will differ from the particle radius. Rutherford

backscattering spectrometry (RBS) was used to examine the diffusion of gold within two

polymer layers upon annealing. After comparing various diffusion coefficients, kinetic

grafting of the polymer chains was observed, demonstrating that RBS is a useful depth-

profiling tool, with a depth resolution of 20 - 200nm, depending on the stopping power of

the matrix material.

Cole et al. continued work with RBS utilizing a model system of gold/poly(tert-butyl

acrylate) (PtBA) system [24]. The PtBA system was chosen as a model homopolymer

system since it has an easily accessible glass transition temperature (Tg ∼ 49◦C), stability

against photooxidation, and reproducible results. The temperature dependence of the

diffusion of gold particles buried between PtBA films of various molecular weights were
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compared in these experiments. Diffusion coefficients were measured and compared with

those calculated according to the Stokes-Einstein equation shown below:

D =
kBT

6πη0Rh

(1.1)

where kB is Boltzmann’s constant, T is the absolute temperature, η0 is the zero shear

viscosity of the medium in which the particles diffuse, and Rh is the hydrodynamic radius

of the particle.

Differences between measured and theoretical values were found, indicating that PtBA

chains were kinetically grafted to the gold particles. Bridges between particles were be-

lieved to form as the gold distribution aggregated, increasing the hydrodynamic radius. If

polymer chains are ’grafted’ kinetically to the particle surfaces, there is an energy penalty

associated with the exchange of chains around the particle surface. These grafted chains

increase the hydrodynamic radius leading to the observed discrepancies between the mea-

sured and calculated diffusion coefficients. Kunz et al. saw these effects in PVP/Au

systems where Cole et al. saw the same effects in PtBA/Au systems [24, 21]. Careful

measurements of the diffusion coefficients through these marker motion experiments can

be used to extract information with regard to the dynamics at the polymer surfaces.

Guico et al. followed up these experiments using similar sample systems but using

X-ray standing waves (XSW) to monitor the diffusion of gold particles above the glass

transition temperature [25]. XSWs are a probe capable of detecting changes in the particle

distribution due to particle motions with sub-nanometer resolution. A broadening of the

gold distribution with time was observed as well as a net movement of the ’marker layer’

of gold toward the polymer layer with highest mobility. Guico et al. determined that the
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polymer’s mobility was affected by the molecular weight of the polymer and the substrate

with which the layer was in contact. The measured diffusion coefficients were seen to

couple with the terminal relaxation time of the polymer. By using gold particles as a

marker layer, such marker motion studies provided a useful means to determine diffusion

coefficients.

The goal of my thesis is to further use XSWs to study a chemically interacting ho-

mopolymer system. PVP has an affinity for gold due to the lone pair of electrons on

the nitrogen atom [23]. Particle diffusion will be studied using symmetric molecular

weight samples with Au nanoparticles embedded in the matrix. An asymmetry in poly-

mer mobility will also be examined using differing molecular weights on either side of

the nanoparticles. Finally, the results from PVP homopolymer samples will be used to

postulate about polymeric microemulsions involving PVP and a diblock copolymer.

1.2. Particle Diffusion

In metal-polymer nanocomposite systems, nanoparticles typically diffuse through the

polymer network by Brownian motion [26, 27, 28, 29, 30]. By using Equation 1.1 the

tracer diffusion coefficient can be approximated before the experiment if the experimental

temperature, viscosity of the medium, and the hydrodynamic radius of the particle is

known. TEM proved to be a useful technique to determine the particle sizes of both

the evaporated and colloidal Au [25, 31]. Both RBS and XSWs were able to determine

the tracer diffusion coefficient through a broadening of the distribution or a change in its

position. Comparing the measured to the calculated diffusion coefficients made it apparent

that the hydrodynamic radius was larger than originally thought, seen by the deviations
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in the Stokes-Einstein behavior. This increase in the radius is due to a ’kinetic grafting’

of the polymer to the surface of the particle. So, it is no longer just the particle moving

between polymer chains, but now the particle with ’attached’ chains trying to diffuse.

Since the nanoparticles are dragging polymer chains along with them, their diffusion

coefficient and hence their diffusion distance are decreased. Experimental probes are

needed that can measure the dynamics and kinetics of the nanoparticles and the polymer

matrices over a wide temporal range and with subnanometer spatial resolution in real

time. A number of experimental studies have been reported that document metal particle

diffusion in polymeric matrices [32, 11, 33], but their spatial resolution is not sufficient

enough to determine particle motion of time scales similar to the polymer relaxation time

of the network.

For experiments in this work, we utilized x-ray standing waves generated by total

external reflection above an x-ray mirror surface, which is suitable for studying nanopar-

ticles in polymer matrices on larger length scales of tens to hundreds of angstroms. The

XSW technique had been used previously for probing heavy atoms in and on perfect

single crystals with subangstrom spatial resolution [2]. The accompanying fluorescence

signal of the metal particles served as a probe of their distribution and position normal

to the thin film interfaces with sub-nm spatial resolution. From the time evolution of

the particle distribution, as the nanocomposites are heated above the polymer glass tran-

sition temperature, diffusion coefficients can be obtained. The acquired results will be

compared to those of Guico et al. to determine the affects on particle diffusion when using

an interacting versus non-interacting homopolymer system.
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1.3. Polymer Mobility

The marker layer effect of the dispersed particles led to another focus of past research as

well as my own research: mobility asymmetry in polymer systems. Due to an asymmetry

in the polymer molecules on either side of the marker layer, there is a net motion of

the entire particle distribution. The marker layer therefore appears to move toward the

polymer layer with the higher mobility.

Such asymmetry has been attributed to two distinct phenomena. In the first case, a

pronounced molecular weight difference results in very different tracer diffusion coefficients

(D?) for polymer chains on either side of the gold particle layer. A net flux of molecules

subsequently occurs as the more mobile polymer molecules of lower weight diffuse into the

less mobile layer. The layer of marker atoms first residing between the layers would then

appear to migrate in the direction of the higher mobility polymer layer. These results

were first seen by Green et al. and later by Guico et al. [34, 25] Green et al. placed

an extremely high molecular weight layer next to a substrate (Mw ∼ 106−7) with a large

variety of lower molecular weights above, sandwiching Au marker atoms between. Using

RBS they were able to demonstrate, in all cases, this net flux of matter by monitoring the

movement of marker atoms away from the initial interface. Through the use of annealing

treatments, Guico et al. caused this polymer interdiffusion to occur along faster time

scales. A shift in the center of the gold particle distribution toward the polymer with

the lower molecular weight occurred when using such annealing treatments as seen by

utilizing XSWs. The tracer diffusion coefficient for the lower molecular weight polymer
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was determined using the analysis of Green et al. from Equation 1.2 [34]

∆z = C (D∗
At)0.5 (1.2)

where ∆ z is the shift in the position of the gold layer, t is the annealing time, and C

depends on the molecular weight ratio for entangled polymer chains diffusing by reptation.

It is also interesting to note that in these Guico et al. experiments, when the lower

molecular weight polymer was in contact with the substrate, its mobility was decreased,

thus decreasing D?
A when compared with having the lower molecular weight polymer at

the surface.

This result lead to the second phenomena where Guico et al. attributed the differences

in polymer mobility of a symmetric molecular weight system to the presence of either a

silver mirror surface or an air/polymer interface [25]. When the bottom polymer layer

was sufficiently thin, some molecules were in contact with the silver mirror with part of

their chain extended into the layer of gold particles. In their figure a curve was calculated

to show the volume fraction (φC) of such molecules as a function of distance away from

the substrate [24]. An important parameter to understand from the figure is the distance

of the gold particles from the silver mirror divided by the polymer’s radius of gyration

(z0/Rg). The radius of gyration can be determined from the molecular weight and charac-

teristic ratio of the polymer. Even small volume fractions of particles can cause hindrance

of motion in the lower polymer layer. Marker motion can still be observed, however, due

to motion of polymer molecules in the top layer where there is no hindrance due to a

contacting surface. By ranging the thickness of the lower polymer layer, differences in

observed mobility were no longer attributed to a constrained layer.
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It has been shown that these marker motion experiments are a very sensitive tech-

nique for studying the interfacial dynamics in thin polymer films. Very small fluxes of

molecules can be measured through both the RBS and XSW techniques by monitoring

the displacement of the marker atoms. The driving forces behind these fluxes were either

due to an asymmetry in molecular weight or due to substrate effects, with the marker

layer being driven toward the polymer layer with higher mobility in both cases. In the

following work, these differences in mobilities will again be explored by using PVP. The

XSW technique will be used to monitor the tracer diffusion coefficient as low molecular

weight PVP swells into high molecular weight PVP.

1.4. Thesis Overview

Guided by the precursory research and the background information, I now present an

overview of the following work. First a discussion of the specific homopolymers and their

individual properties used during this thesis. Next is a description of how to prepare the

composite samples for x-ray analysis. X-ray standing waves are used to understand the

ordering dynamics in the composite system by monitoring the particle motion through

the polymer thin films. Both the theory and simulations demonstrating the sensitivity of

the technique will be touched upon in Chapters 3 and 4. Chapter 5 will explore two model

homopolymer systems through marker motion and diffusive broadening experiments, one

being PtBA that is non-interacting with the marker atoms and the other, PVP, that is

strongly interacting. Lastly, results will be summarized in Chapter 6 as well as recom-

mendations for future studies. The appendices contain descriptions of the programs used

to analyze the XSW results seen in Chapters 4 and 5.
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CHAPTER 2

Sample Preparation and Experimental Setup

As can be seen in the Chapter 1, composite samples made up of polymer thin films

and metal nanoparticles are of great interest. This chapter will now go into detail about

how the various types of samples were prepared for this thesis. First is a brief description

of the specific polymers used in the experiments as well as their various properties that

are important for understanding the marker motion experiments. Presented next is the

method used to create the thin polymer films, as well as two techniques to measure the film

thicknesses. A discussion on the two approaches utilized to create metal nanoparticles then

follows. Next a deposition method for the critical metallic films used in the experiments

will be detailed. Lastly, the experimental setup from two beam lines at the Advanced

Photon Source at Argonne National Laboratory will be described.

2.1. Polymers and Their Properties

Three homopolymers were used in the majority of the experiments performed for

this thesis. Two were chosen, poly(tert-butyl acrylate) and poly(2-vinyl pyridine), to

study the diffusion of marker atoms through their respective polymer matrices. The last

polymer, polystyrene, was used to help with sample preparation and chosen for its similar

characteristics to the poly(2-vinyl pyridine) homopolymer.
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2.1.1. Poly(Tert-Butyl Acrylate)

Poly(tert-butyl acrylate) (PtBA), was chosen since it was the study of a large bulk of the

precursor research [35, 24, 36, 37, 25, 1]. PtBA is a model homopolymer to use for the

small length scale studies involving the diffusive behavior of metal nanoparticles. PtBA

is an amorphous homopolymer with both an ester and tert-butyl group contained in a

long extended side chain of the repeat unit as shown in Figure 2.1. PtBA is resistant to

photooxidation, which is a useful characteristic during the heating experiments. PtBA

can be synthesized by anionic polymerization [38, 39], however, in the following studies

a 99,000 g/mol (Mw = 99k) commercially available polymer from Polymer Source was

used.

Another useful property of PtBA is its relatively low glass transition temperature (Tg).

This temperature is where the polymer system switches from being in its glassy state to the

viscous state. The glass transition temperature is particularly relevant to this work as at

temperatures above Tg the embedded nanoparticles will be able to move through the now

viscous polymer matrix. Cole et al. conducted many Differential Scanning Calorimetry

(DSC) experiments on varying molecular weight PtBA polymers and found their Tg to be

constant at 49◦C±1◦C [35, 24]. All of the PtBA experiments to be discussed in Chapter

5 were conducted above this temperature to ensure that the observed diffusive behavior

of the nanoparticles was in fact occurring in a viscous form of the polymer matrix.

To characterize the temperature dependence of the viscoelastic response, oscillatory

shear rheometry was used by both Cole and Guico to characterize PtBA [24, 25]. Initially

a strain sweep was performed to ensure that the sample was in the linear viscoelastic

regime. Next, frequency sweeps were performed at various measurement temperatures
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while measuring the polymer response to the oscillatory shear. The output data is re-

turned either as the viscosity (η) or as the storage modulus (G’) and the loss modulus

(G”). The point at which the storage modulus and loss modulus cross is an indication

of the relaxation time. To minimize the total number of required experiments, a master

curve can be created by shifting all G’ and G” curves to a reference temperature to mini-

mize experiments needed for overall understanding, can be defined by fitting the data to

the Vogel equation:

log (aT ) = A +
B

T - Tg + C
(2.1)

where aT is a dimensionless shift factor, T is the temperature in ◦C, and A, B, C are

fitting parameters. These fitting parameters of the Vogel equation can be defined and

used to characterize the temperature dependence of the viscoelastic response. This is

true because both the Vogel equation and the viscosity equation have the same form.

Guico performed a fit to the Vogel equation for PtBA (350K) and determined B = 706

and C = 67, along with calculating the values for aT separately [1]. Cole et al. performed

a larger variety of rheology experiments than Guico and found that the third Vogel fitting

parameter, A, set the absolute viscosity and that it was also molecular weight dependent

with the following form [24]:

A = log
(
1.35× 10−9Mw + 10−19M3.4

w

)
(2.2)

with the values of Mw in g/mol. For the PtBA (99K), A was calculated to be -2.00 and

using the Vogel equation the viscosity at a given temperature can now be calculated.
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2.1.2. Poly(2-Vinyl Pyridine)

Poly(2-vinyl pyridine) (PVP) exhibits many characteristics that make it a natural compli-

ment to the PtBA experiments. PtBA is relatively non-interacting with metal nanopar-

ticles whereas PVP is highly interacting with metal nanoparticles due to nitrogen in the

pyridine ring, as shown by the monomer schematic in Figure 2.2. Previous diffusion

work has been carried out on both PVP and polystyrene using Transmission Electron Mi-

croscopy (TEM), Cross-sectional TEM, surface enhanced Raman Scattering, and Ruther-

ford Bakscattering [20, 21, 22, 23]. It was seen that with particles adhering to the gold

surface, chain segments were not freely exchanged, and the hydrodynamic radius differed

from the particle radius and ultimately causing a slowing down of the expected diffusion.

The x-ray scattering and fluorescence techniques used in this thesis are particularly suited

to further elucidate this previously observed diffusion behavior by taking advantage of the

ability to probe nanometer sized length scales over very short times.

Four different molecular weights of PVP were used in this thesis: 24,000 (Mw = 24k),

92,000 (Mw = 92k), 302,000 (Mw = 302k), and 940,000 (Mw = 940k) g/mol. None of

the polymers were synthesized since they were readily available in ample quantities from

Polymer Source. The width of the molecular weight distribution, or polydispersity index,

was always reported to be less than 1.2. The radius of gyration is one parameter that is

related to the molecular weight and is particularly important to this work. The radius of

gyration (Rg) represents a length of interaction of the polymer chain in its viscous state,

where it is an average of the polymer distance from chain segments to the chain’s center

of mass. This distance is molecular weight dependent, as shown in the following form
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[24, 1]:

Rg = a

√
N

6
(2.3)

where N is the degree of polymerization, or the ratio of the polymer molecular weight to

the repeat unit molecular weight (M0) , and a is the statistical segment length. For PVP,

the repeat unit from Figure 2.2 has M0 = 105 g/mol and a was found to be 0.67 nm.

Using Equation 2.3 and the range of molecular weights above, Rg for PVP was found to

vary from 41 to 259 Å. The short polymer interaction lengths make PVP as well as PtBA

useful materials for the diffusion experiments when coupled with the ability of the x-ray

standing wave technique to probe nanometer length scales.

As with the case of the PtBA diffusion experiments, being above the glass transition

temperature was beneficial to studying diffusion in PVP. The higher above Tg the exper-

iments were run the more quickly measurable diffusion was observed. The Tg for PVP is

approximately 100◦C [40]. As can be seen later in Chapter 5 even an increase of 10◦C

results in measurable motion of the marker layer.

Takahashi et al. and Shull et al. performed rheology experiments to determine the

zero shear viscosity of PVP [31, 40]. Both researchers concluded that the measured

values of 0 seemed to follow a similar molecular weight dependence trend as that of PS

[41, 42], as well as Takahashi et al. saw similar results for a PS-P2VP diblock copolymer

[43, 44, 45]. Using the equation defined by Shull et al. the zero shear viscosity of PS in

the entangled regime at 180◦C is:

η0 = 4.0× 10−13M3.4at (Poise) (2.4)
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with the shift factor aT = 1 at 180◦C. The temperature dependence of aT for PVP is

described as:

log at = A +
B

T - T∞
(2.5)

with the constants being the same as the fit for the temperature dependence of PS [41],

and A = -5.42, B = 710 and T∞ = 49◦C.Given the similar structures of PVP and PS

these results are not surprising.

2.1.3. Polystyrene

The last homopolymer, Polystyrene (PS), was chosen for use in the PVP experiments due

to its very similar properties to those of PVP. PS has a glass transition temperature also

around 100◦C [46, 47, 48]. PS also has a very similar structure to PVP as shown by

the monomer schematic in Figure 2.3. A high molecular weight (138,000 g/mol) PS was

purchased from Polymer Source and used in the experiments. PS was needed to help in

the making of sandwich samples to be described in Section 2.5. Since PVP is unable to

float off of glass, PS was used as a transition layer between the glass and PVP.

2.2. Thin Film Preparation & Thickness Characterization

Since the properties of the various polymers used in the x-ray reflectivity and standing

wave experiments have been discussed, it is now time to start focusing on the preparation

of the nanocomposite sample. Polymer thin films are the backbone of the experiment and

a simple way to produce them is by spin casting from solution. In this study PtBA was

dissolved in 1-butanol (Fisher Scientific) to a concentration of 2% by weight. PVP was

also dissolved in 1-butanol to concentrations ranging between 0.1 to 3% by weight; PS was
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dissolved in toluene (Sigma Aldrich) to a concentration of 1.5%. Solutions were stirred

overnight to properly incorporate the polymer into the solvent. After stirring solutions

were occasionally filtered to remove any remnant solids.

The stirred solutions were then used to create the thin films. A photoresist spin

coater was used to deposit the thin films. First a small piece of silicon was scribed using

a diamond cutter from a much larger wafer. The typical size of the Si piece was 30mm ×

30mm. Next it was cleaned using an acetone rinse followed by a methanol rinse. Lint-free

clothes were used to wipe the surface clean. The Si substrate was placed on the spin

coater chuck, and held in place by an applied vacuum. A few drops of solution were

dripped onto the substrate and the spin coater was turned on. Rotational forces pushed

the solution across the entire surface, causing immediate evaporation of the solvent and

forcing any excess fluid off the edges, once the spin coater was turned on. The end result

was a very uniform polymeric thin film of controlled thickness. Both the concentration of

the polymer solution and the spin speed [49, 50] can affect the thickness of the polymer

thin film left behind. Throughout this thesis a spin speed of 3000 RPM and a spin time

of 30 seconds were used to maintain consistency between samples of the same solution

concentration.

Two relatively simple techniques were used to determine the thin film thickness on

the Si substrates, profilometry and ellipsometry. The majority of samples in this thesis

were measured using profilometry by a Tencor P-10 Profiler. The profiler measures a

step-height difference to determine thickness. The first necessary step was to create a

height difference in our samples for the profiler to measure. A scratch was imposed on

the sample through the polymer layer down to the surface of the silicon wafer using a



35

razor blade. This scratch creates a line of removed polymer so the profiler can measure

the height difference between the top of the polymer layer on both sides and the top

of the Si substrate. Some final samples had their thickness measured using a Woollam

M-2000D ellipsometer. The M-2000D uses a laser and measures 500 wavelengths over a

range of angles collecting each lithograph line. A fitting routine was used to match the

collected data which determines the film thickness and optical constants. Ellipsometry

was ultimately more useful than profilometry since the samples were not damaged during

the thickness characterization.

2.3. Nanoparticle and Mirror Preparation

Preparation of the polymer thin films is one of the two major processes needed to form

the polymer nanocomposites in this thesis. The second process involves creating both the

reflective surface for the x-ray experiments and the nano-sized particles implanted in the

polymer matrix.

First a suitable substrate was needed that can support all of the layers for the ex-

periments. Float glass was chosen over silicon due to its inherent smoothness and its

resistance to distortion during the spin coating process. Pieces of glass were cut down

to a size of 20mm × 37mm and cleaned with an acetone and then a methanol rinse.

Next a reflective surface for the x-ray reflectivity and standing wave experiments needed

to be created. Ultimately a high Z-material was needed for the reflecting mirror layer.

Since gold nanoparticles were used as the marker in the experiments, the high Z-material

needed to have electron binding energies that were sufficiently higher than those of gold
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to prevent any interfering fluorescence signal from the mirror surface. Silver was origi-

nally chosen, as it had been used in the previous experiments [25, 1, 51], but palladium

was later determined to be more useful. Palladium was more resistant to oxidation than

silver enabling increased time and flexibility between the mirror deposition and polymer

thin film spin casting processing steps. Additionally, silver did not readily coat float glass

or silicon so a binder layer was necessary in its case to facilitate the deposition. For

consistency between samples a binder layer was also used when depositing palladium.

Thermal evaporation was used in the creation of both the binder and the mirror layers,

similar to techniques used in the thesis of Guico [1]. Under a vacuum of approximately

10−6 torr, high current was passed through electrodes. These electrodes were connected by

either tungsten boats containing metal shots (silver, palladium, or gold) or by chromium

coated rods. The current thermally heated the metal and formed a vapor that could be

deposited on any substrate residing in the vacuum chamber. To ensure that an accurately

measured amount of metal was deposited, the float glass substrates were placed at the

same level as a gold coated quartz crystal, which monitors the metal thickness as the

deposition took place. Substrates were placed behind a shutter to shield them until the

desired deposition rate was reached on the quartz crystal. Once that rate was reached the

shutter was removed and the thickness zeroed. First chromium was deposited as a binder

layer to a thickness of 50 Å. Then the electrodes were switched to the silver or palladium

shots and the layers were deposited to a total thickness of 500 Å.

Samples were allowed to cool before removing from the evaporation chamber. Once

removed, samples were coated with a deposited polymer thin film, as previously described

in Section 2.2. In the case of the silver mirrors this had to be done immediately to prevent
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oxidation of the mirror surface which would affect the x-ray results. The thin films above

the mirror varied depending on the type of experiment to be performed. After coating

the mirrors there were two ways to integrate metal nanoparticles into the system. The

first way was to take the samples back to the evaporation chamber and remount them as

before. This time, however, a tungsten boat containing gold shots was utilized. Thermal

evaporation took place as before leaving behind gold particles with an aimed for total

amount of gold equivalent to a 4 Å continuous layer over the surface of the substrate. As

can be seen from the TEM image in Figure 2.4a [1] gold deposition using the thermal

evaporation method verified to existence of gold nanoparticles instead of a continuous

film morphology on the polymer surface. These nanoparticles formed through a Volmer-

Weber growth mode [52] because the interaction of metal atoms was much stronger than

the polymer-metal interaction. The average diameter of nanoparticles deposited using

this method have been measured to be approximately 2-4 nm. The second technique used

for nanoparticle deposition was a colloidal method developed by Turkevich et al. in 1951

[53]. By reducing HAuCl4 with trisodium citrate, the citrate ions absorbed to the surface

of the colloidal gold particles. The sodium counterions in the water stabilized the particles

against aggregation. The colloidal gold particles were then deposited onto the polymer

coated mirrors by dipping the films into the above described suspension for an amount of

time t. Two dimensional dispersions of gold particles were left on the surface as can be seen

from the TEM image in Figure 2.4b. Shull and Kellock determined an equation relating

the gold particle coverage as a function of the square root of dipping time, from which

can be determined that for a gold coverage of 3 Å the appropriate dipping time would

be five minutes. These colloidal gold particles had diameters of ∼15 nm. This was much
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larger than that of the evaporated particles and was a cause of concern for determining

a realistic model describing the spatial distribution. In the previous experiments [1] a

Gaussian particle distribution was employed since the particles were very small, however

a new model was required to describe the marker atom distribution for larger particles, the

development of which will be discussed in Chapter 4. After some preliminary simulations

and experiments it was decided to only proceed with evaporated gold since the colloidal

particles formed using the procedure described by Turkevich are too large to accurately

measure the small diffusive distances observed. The more accurate convoluted Gaussian

model described in Chapter 4 was used for all of the data analysis.

Rutherford Backscattering Spectroscopy (RBS) has been used in the past to study

the diffusive behavior of the gold particles in the polymeric films [35, 24, 36, 37, 20,

21, 31], but in this thesis it was used to characterize the nanocomposite samples. RBS

impinges high energy 4He+ ions on the sample and collects the backscattered signal.

RBS is a depth profiling tool that provides the following information: Z-contrast, depth

sensitivity and compositional sensitivity. RBS was used as an external verification of the

amount of gold in the nanocomposite sample. The technique is useful since it does not

differentiate between a continuous layer and clusters of atoms since the backscattered

signal is integrated over the area being measured. A sample RBS spectra can be seen

in Figure 2.5 with the relevant peaks indicated. By performing a simulated fit, the

thickness values for each layer can be determined. Every sample used in this thesis

was not characterized using RBS, but a selection from each deposited batch provided a

preview of deposited nanoparticles.
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2.4. Sandwich Samples

After the gold nanoparticles were resting on top the polymer film above the mirror

surface, the samples could be referred to as an open-faced sandwich. For the experiments

in this thesis the nanoparticles needed to be buried between two polymer films. To

deposit the top polymer layer, a glass slide was cut to the same size as the float glass and

a polymer thin film was spin coated onto the surface. In some instances two films were

deposited onto the surface of the glass using different solvents. This would be done if the

polymer, PVP for example, would not release from the glass on its own. To remove the

thin film a razor blade was used to scrape the edges of the glass slide. The glass would

then be lowered into a water bath where water slowly seeps under the film and lifts it

off of the glass surface. To cap the open-faced sandwich the substrate was lowered from

above, nanoparticle side facing down, onto the floating layer. Doing this from the top

decreased the amount of water trapped between the two layers. Now the sandwich sample

was completed and ready for experiments.

2.5. Experimental Setup

Two beam lines at the Advanced Photon Source (APS) at Argonne National Lab-

oratory (ANL) were used for the experiments presented in this thesis. The Advanced

Photon Source is a third-generation synchrotron light source capable of producing high

energy and high brilliance x-ray beams. Since the APS produces x-rays that are highly

collimated, coherent, and tunable, experiments probing small scales are easily conducted.

The wavelengths of x-rays are generally around 1 Å making investigations of the molecular

and atomic scale practical.
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The process of creating the x-rays begins by using a Linear Accelerator to accelerate

the electrons generated by a heated cathode. Once the charged particles reach an energy

of 450 MeV they are injected into a circular booster ring and the energy is increased to

7 GeV in one-half second. The electrons are then injected into the circular storage ring,

where a strong electromagnetic field focuses the electrons into a narrow beam that is bent

along its path. Bending magnets are able to turn the beam by imposing a centripetal force

at various points along the ring since the path of the x-rays is tangent to the arc. The

magnets help produce a beam of very small size and low divergence, both of particular

value to x-ray studies. To further amplify the beam an insertion device, consisting of

a cascade of alternating bends, can be placed along the tangential path increasing the

brilliance. Each sector at the APS has two beam lines, one originating at the bending

magnet and the other at the insertion device.

2.5.1. Bending Magnet

The majority of the reflectivity and fluorescence experiments conducted in the thesis

were done at the bending magnet line at Sector 1. Experiments were conducted in a

similar manner as described by Guico in his thesis [1]. Figure 2.6 shows a schematic

of the beam line setup. A double-crystal monochromator consisting of two silicon (111)

crystals was used to set the energy to 12.1 keV. This energy was chosen to optimize the

excitement of the Au LIII fluorescence which occurs at an energy of 11.919 keV. Following

is a water-cooled palladium mirror which vertically and horizontally collimates the x-rays

[54]. These two optical components were maintained under vacuum and a part of the

upstream hutches. The x-rays passed through evacuated flight tubes and eventually enter
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the experimental hutch. Motorized slits defined the beam once it was in the hutch to a

size of approximately 5 mm (horizontal) × 0.200 mm (vertical). Past these motorized slits

was a palladium harmonic rejection mirror set to reflect 80% of the incident beam, in an

effort to remove any higher order harmonics. A flight tube was attached to the harmonic

rejection mirror and both were filled with helium to minimize any scattering from air. At

the end of the flight tube were more motorized slits to further define the beam.

After this set of slits was a rotating wheel with an increasing number of copper foils.

The foils were used to minimize beam damage to the polymer sample by incrementally

attenuating the beam [55]. Initially a higher number of foils would attenuate the beam

when at low incident angles during the reflectivity scan. As the incident angle was in-

creased there was a significant decrease in the reflected intensity so foils would need to

be removed to maintain a desired intensity of the beam. In the case of the x-ray fluores-

cence measurements the incident angles remained small therefore only needing a few foils.

Following the wheel was a holder containing a fixed slit, which reduced the beam size on

the sample to 2.25 mm (horizontal) × 0.060 mm (vertical). Use of the attenuating wheel

and fixed slit resulted in a reduced flux density of 5×108 photons/s/mm2, which helped

to minimize radiation damage caused by the beam.

A four-circle diffractometer resided behind the fixed slit. Into the diffractometer a

z-stage was secured for vertical motion. Atop the z-stage was placed a translation stage

to control the motion in and out of the beam. Finally a copper/steel sample chamber was

placed atop of both stages. After loading the sample the chamber was pumped down under

vacuum to minimize scattering in air and to reduce sample damage. The temperature in

the chamber could be adjusted and maintained through a resistive cartridge heater and



42

a peltier heater. The cartridge heater was connected to a temperature controller, which

was interfaced with the APS network and controlled from outside the hutch. The peltier

was used mostly to help stabilize the temperature and was connected to a variable current

and voltage power supply, again manipulated outside the hutch. Two thermocouples were

placed inside the chamber one at the surface of the heating block and one attached to a

piece of glass equivalent in thickness to the float glass used for substrates. This allowed

for a more accurate measurement of temperature in thin (silicon wafers) or thick (float

glass) substrates. Either thermocouple could be attached to the back of the temperature

controller. The temperature in the sample chamber was ±0.5◦C. After the temperature

experiments were completed the polarity of the peltier could be reversed and used in

helping cool the sample. Underneath the steel chamber was a copper block with chilled

water flowing through it used to stabilize the temperature during heating experiments,

and by reducing the water temperature the chamber could be cooled even quicker.

Attached to the four-circle diffractometer and downstream from the sample chamber

was the detector arm. On this arm was another motorized guard slit set to reduce random

scatter from around the sample, as well as a filter box containing copper foils to attenuate

the reflected beam. A NaI scintillation detector used for collecting the reflectivity intensity

was placed at the end of the detector arm. A Ge solid state detector, used for collecting

the fluorescence intensity, resides next to the sample chamber and perpendicular to the

beam. The detector was placed approximately 50 mm away from the beam and the tip

of the detector was covered with a 2 mm slit to reduce the solid angle. To collect the

fluorescence data two single channel analyzers were used - one set to specifically collect the

Au LIII fluorescence and one for the entire fluorescence spectrum. The entire spectrum
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was gathered and used to correct for or minimize any dead time that might occur during

the collection process. To maintain the integrity of the experimental data, the incident

beam was attenuated so the maximum total fluorescence was below the upper limit of the

detector.

2.5.2. Insertion Device

Some final experiments were conducted at the insertion device line of Sector 7, since staff

support on the 1-BM beam line had diminished. The experimental setup of Sector 1 and

Sector 7 are very similar so the details for each component will not be discussed in detail

again here. The use of an APS Undulator A x-ray source allows for an intense and tunable

energy range. A water-cooled diamond (111) monochromator was used to tune the energy

to 12.1 keV for the same reason as it was at Sector 1. After a series of evacuated flight

tubes the x-ray beam entered the experimental hutch. Once inside the hutch the beam

passed through a quadrant diode BPM. This quadrant diode BPM is a beam position

monitor that continually monitors and corrects for beam drift. Following the position

monitor was a set of fixed slits to reduce scatter and then a filter box containing an

increasing number of copper foils to attenuate the beam before the sample. Next a

horizontal mirror was inserted for harmonic rejection. After the mirror a motorized slit

was used to focus the x-ray beam into a spot size of 0.25 mm (horizontal) × 0.050 mm

(vertical). The same sample chamber described in Sector 1 was attached to a Huber six-

circle psi diffractometer. On the detector arm was another filter box containing copper

foils to attenuate the beam and protect a NaI scintillation detector. Perpendicular to the

beam and on the same plane as the sample chamber was a Vortex silicon drift detector
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to obtain the fluorescence data. The detector was again placed approximately 50 mm

away from the beam. A multi-channel analyzer was attached to the Vortex detector.

This allowed for simultaneous collection of the full fluorescence spectrum and specific

channels, like that of Au Lα, could be stripped out separately for analysis.
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Figure 2.1. Repeat unit of poly(tert-butyl acrylate).
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Figure 2.2. Repeat unit of poly(2-vinyl pyridine). The nitrogen atom in
the pyridine ring has a strong affinity for metals.
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Figure 2.3. Repeat unit of polystyrene. The similar structure as well as Tg

makes it a complementary polymer to PVP and is useful in the PVP ex-
periments.
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Figure 2.4. Representative TEM images of the two deposition techniques for
gold nanoparticles: a) thermal evaporation with an effective 4 Å continuous
layer [1] and b) colloidal gold dipping with a dip time 5 minutes, equivalent
to a 4 Å continuous layer.
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Figure 2.5. Schematic and representative RBS spectrum for proposed ex-
perimental sandwich samples.
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Figure 2.6. Experimental setup at the 1-BM beam line at the Advanced
Photon Source at Argonne National Laboratory. The solid state detector
was placed perpendicular to the x-ray beam but on the same vertical plane
as the sample champer [1].
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CHAPTER 3

X-ray Standing Wave Measurements of Nanoparticles in

Polymeric Matrices

In the previous chapter a description of how the nanocomposite samples were prepared

and characterized was given. This nanocomposite system was supported on a mirror-

coated substrate. Now the focus will turn to the x-ray standing waves generated above

this mirror surface. The chapter first discusses the theory behind x-ray reflectivity and

x-ray standing waves and the related reflectivity and fluorescence measurements. An

explanation of how the standing wave measurements are performed and their usage in

monitoring the motion of the metal nanoparticles in the polymeric thin films follows.

Lastly, a description of the data collection procedure is provided.

3.1. X-ray Reflectivity and Standing Wave Theory

X-ray standing waves (XSWs) are created from the interference between two coherently

related x-ray beams. Dynamical Bragg diffraction from a perfect single crystal was initially

the conventional way to generate the XSWs [56, 57, 58, 59, 60, 61, 62]. The technique

was first applied to study implanted arsenic atoms [57, 58, 61] where the standing wave

field generated within the crystal displayed a period equivalent to the lattice spacing.

Later it was realized that the standing wave also existed above the surface allowing for

the study of absorbed surface atoms [56, 59, 60, 61]. By scanning the x-ray incident

angle through the Bragg reflection, the XSW antinodes shift inward by one-half of the
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d-spacing. By observing the resultant characteristic fluorescence signal of the absorbed

or implanted atoms, positional information could then be obtained. These types of XSW

experiments are limited by the period of the standing wave being fixed to the d-spacing

of the crystal (1 - 4 Å), however they are very precise in determining bond lengths.

In order to study chemically and biologically relevant systems a standing wave with

longer periods was needed. Through the use of layered synthetic microstructures a stand-

ing wave field with a period of 20 to 200 Å was achieved [63]. This approach to creating

the standing wave field was especially useful for measuring the spacing and width of heavy

atoms within a Langmuir-Blodgett (LB) film [63]. A final way to generate x-ray standing

waves is by total external reflection of a monochromatic x-ray beam from a mirror surface.

Using this total external reflection condition at incident angles less that that of the critical

angle of the mirror allows for a variable period standing wave on the order of 70 to 1000

Å. Bedzyk et al. used this technique to precisely determine the width and position of zinc

atoms within a LB film [2]. This ability to probe the location and distribution of heavy

atom marker particles in a low Z-material with subnanometer resolution is ideal for the

proposed experiments of this thesis.

3.1.1. Two Media Reflection

In order to understand the x-ray standing waves generated by total external reflection

above a mirror surface, first the reflection from a two-media (vacuum/mirror) surface

must be understood. This approach is similar to the dispersion theory approach developed

by Parratt [64]. Figure 3.1 shows the geometry of the grazing-incidence x-ray beam at
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the mirror surface. Using the appropriate boundary conditions, one can solve Maxwell’s

equations for the electric field everywhere in the system [65].

Since x-rays primarily scatter from the electrons within a material, and since the

resonant frequency of a bound electron is less than the frequency of the x-rays, the index

of refraction, η, is less than unity. These conditions lead to an expression for the index of

refraction described as [64]:

n = 1− δ − iβ (3.1)

where δ is the dispersion and β is the absorption. Typically δ(∼10 −5-10−6) and β(∼10

−6-10−8) are small in magnitude and for a given incident x-ray wavelength, λ, relate to

the material properties by:

δ =
NAreλ

2

2π
(f0 + ∆f’) (3.2)

β =
NAreλ

2

2π
(∆f”) =

µλ

4π
(3.3)

where NA is the atom concentration, re is the classical electron radius (2.815×10−6 nm)

and µ is the linear absorption coefficient. The resonance (∆f’) and absorption (∆f”)

corrections to the atomic scattering factor f , have the following form:

f = f0 + ∆f’ + ∆f” (3.4)

where f0 is the Fourier transform of the electron density of the material. At small incident

angles, f0 can be assumed to be the atomic number, Z, and all the electrons in the atom

will scatter x-rays in phase [64].

The form of the time (t) dependent traveling electric-field plane waves can be de-

termined by examining Figure 3.1. Relative to the vacuum/mirror interface, the wave
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vectors (~k) are within the x-z plane where the z axis is normal to the interface. The

electric-field vectors for the incident ( ~E1), reflected ( ~ER
1
), and refracted ( ~E2) components

can be expressed as:

~E1 (~r1, t) = ~E1 (0) ei(w1t−~k1•~r1) (3.5)

~ER
1

(
~rR

1
, t
)

= ~ER
1

(0) ei(wR
1

t−~kR
1
•~rR

1 ) (3.6)

~E2 (~r2, t) = ~E2 (0) ei(ω2t−~k2•~r2) (3.7)

with ωi as the angular frequency and Ei(0) as the complex wave amplitude. The displace-

ment vector has the following form:

~ri = xix̂ + ziẑ (3.8)

with xi and zi as the x and z components along the base vectors x̂ and ẑ respectively and

~ki = ki,xx̂ + ki,z ẑ (3.9)

as the wave vector with ki =
∣∣∣~ki

∣∣∣ = 2π/λi
. The index of refraction and wave vector will

satisfy Snells’ Law for a given angle θi [65]:

k1

k2

=
n1

n2

=
sin θ2

sin θ1

(3.10)

Since the reflection of interest takes place at the mirror surface, z=0 can be used as

a boundary condition. Additionally, all the electric-field vectors are perpendicular to

the x-z plane (/sigma-polarization), further simplifying the overall system. With these

considerations, the electric-field vectors (Equations 3.5, 3.6, and 3.7) can be rewritten
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using Equations 3.8 and 3.9:

~E1 = ~E1 (0) ei(ω1t−k1,xx1x̂) (3.11)

~ER
1

= ~ER
1

(0) e
i
(
ωR

1
t−kR

1,x
xR
1

x̂
)

(3.12)

~E2 = ~E2 (0) ei(ω2 t−k2,xx2 x̂) (3.13)

Upon examining Figure 3.1, it is apparent that for the z-components ~E1 + ~ER
1 = ~E2,

and to make the three previous equations continuous, all the x̂ and t coefficients must

be equal. This leads to ω1 = ωR
1 = ω2 and θ1 = θR

1 . Substitution for the mag-

netic field amplitude ~Hi = ni
~Ei

/
µ0c, where c is the speed of light, leads to the result

sin θ1n1E1 (0) − sin θ1n1E
R
1 (0) = sin θ2n2E2 (0). This expression can reduce to the com-

plex wave amplitude [66] of reflection and refraction respectively:

ER
1 (0)

E1 (0)
=

n1 sin θ1 − n2 sin θ2

n1 sin θ1 + n2 sin θ2

=
n1 sin θ1 −

√
n2

2 + n2
1 cos2 θ1

n1 sin θ1 +
√

n2
2 + n2

1 cos2 θ1

(3.14)

E2 (0)

E1 (0)
=

2n1 sin θ1

n1 sin θ1 + n2 sin θ2

=
2n1 sin θ1

n1 sin θ1 +
√

n2
2 + n2

1 cos2 θ1

(3.15)

In the case of two media reflection, the index of refraction for the vacuum is n1=1

and for the mirror n2 ≈
√

1− 2δ2 − 2iβ2 , by removing higher terms from n2 =
√

n2
2 =√

(1− δ2 − iβ2
2) . At small incident angles (θ � 1◦) sin θ ≈ θ and from cos θ =

√
cos2 θ =√(

1− sin2 θ
)2

, the additional approximation of cos θ ≈
√

1− θ2 can be made when you

remove the higher order terms in the expansion. Using these approximations, Equation
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3.14 reduces to the Fresnel coefficient for reflection:

ER
1 (0)

E1 (0)
=

θ1 −
√

θ2
1 − 2δ2 − 2iβ2

θ1 +
√

θ2
1 − 2δ2 − 2iβ2

(3.16)

and for the refractive case Equation 3.15 reduces to:

E2 (0)

E1 (0)
=

2θ1

θ1 +
√

θ2
1 − 2δ2 − 2iβ2

(3.17)

Equation 3.16 was rewritten by Parrat [64] as:

F1,2 =
ER

1 (0)

E1 (0)
=

(f1 − f2)

(f1 + f2)
(3.18)

with f1 = θ1 and f2 =
√

θ2
1 − 2δ2 − 2iβ2 = A+ iB. Since parameters A and B are real and

≥0, they can be calculated as:

A =
1√
2

√
(θ2

1 − 2δ2) +

√
(θ2

1 − 2δ2)
2
+ 4β2

2 (3.19)

B =
1√
2

√
− (θ2

1 − 2δ2) +

√
(θ2

1 − 2δ2)
2
+ 4β2

2 (3.20)

where the critical angle of the mirror θc,2 can be defined as
√

2δ2 [64]. By substituting

the A and B parameters for f1 and f2, the Fresnel coefficient for reflection equation can

be rewritten as:

F1,2 =
ER

1 (0)

E1 (0)
=

θ1 − (A− iB)

θ1 + (A− iB)
(3.21)

Using z = |z| (cos θ + i sin θ) in polar coordinates further reduces Equation 3.21 into:

F1,2 =

∣∣∣∣ER
1 (0)

E1 (0)

∣∣∣∣ eiυR

=

√
(θ1 − A)2 + B2

(θ1 + A)2 + B2
eiυR

(3.22)
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where υR is the reflected phase with the following form:

υR = tan−1

(
B

θ1 − A

)
+ tan−1

(
B

θ1 + A

)
(3.23)

Performing the same procedure for the refracted case, leads to:

E2 (0)

E1 (0)
=

2θ1

θ1 + (A− iB)
=

2θ1√
(θ1 + A)2 + B2

eiυT

(3.24)

with

υT = tan−1

(
B

θ1 + A

)
(3.25)

The reflectivity, R, is a function of the reflected-to-incident intensity as seen below:

IR

I
= R = |F1,2|2 =

∣∣∣∣ER
1 (0)

E1 (0)

∣∣∣∣2 =
(θ1 − A)2 + B2

(θ1 + A)2 + B2
(3.26)

The reflected phase has the following form at incident angles below the critical angle of

an ideal mirror (β = 0):

υR = cos−1

(
2
(
θ1/θc

)2

− 1

)
(3.27)

Up until the critical angle of the mirror (angular range 0 to θc), the reflectivity will

be unity when plotting reflectivity as a function of incident angle since x-rays will be

undergoing total external reflection. In this region the phase smoothly transitions from

π to zero. Just above θc, the reflectivity drops rapidly from unity to zero as the phase

remains at zero.
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Based on Equation 3.24, the electric-field intensity of the refracted beam can be written

as:

IT

I0

=
∣∣∣ ~E2 (~r2, t)

∣∣∣2 = |E2 (0)|2 e2k1z Im(f2) = |E2 (0)|2 e−2k1zB (3.28)

By combining this with the wave vector amplitude (Equation 3.24), the refracted intensity

has the form:

IT = I0

 2θ1√
(θ1 + A)2 + B2

2

e−22π/λzB = I0
4θ2

1

(θ1 + A)2 + B2
e
−

(
4πB/λ

)
z

(3.29)

where the linear absorption coefficient is defined as µl = 4πB/λ, and the penetration depth,

or depth where the beam intensity reduces to 1/e, can be expressed as z1/e
= 1/µl

= λ/4πB.

3.1.2. X-ray Standing Waves via Total External Reflection

Bedzyk et al. demonstrated that XSWs generated above a reflecting mirror during total

external reflection can be used to determine the location of a heavy atom layer hundreds

of angstroms above the surface and with a precision on the angstrom level [63, 2]. The

next section focuses on determining the electric-field intensity at any point along the z

direction within this standing wave.

The reflectivity from a mirror surface can be expressed from Equation 3.26 as:

R =

∣∣∣∣ER
1 (0)

E1 (0)

∣∣∣∣2 =
(θ1 − A)2 + B2

(θ1 + A)2 + B2
(3.30)

Substituting the reflected complex wave amplitude into Equation 3.6leads to:

~ER
1 = ~E1 (0)

√
Reiυei(ωR

1 t−~kR
1 •~rR

1 ) (3.31)
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Inclusion of the incident x-ray beam is needed in this determination since the electric-

field intensity anywhere above the mirror surface is of interest. At a specific point above

the mirror surface, ~r1, the incident and reflected waves coincide, and the total electric-

field, ~E (~r, t), is the superposition of ~E1 and ~ER
1 . With this information and again only

considering σ-polarization, the previous equation can be written as the following expres-

sion:

~E (~r, t) = ~E1 (~r1, t) + ~ER
1

(
~rR

1 , t
)

= ~E1 (0) eiωt
{

e−i~k1•~r1 +
√

Rei(υ−~kR
1 •~rR

1 )
}

(3.32)

The electric-field intensity is the multiplication of the complex conjugate:

I (~r, t) = ~E (~r, t) • ~E∗ (~r, t) (3.33)

In the case of elastic scattering kR
1 = k1 This leads to an expression of the difference:

~kR
1 − ~k1 = 2 sin θ1k1ẑ = 2πqz ẑ (3.34)

where the z component of the momentum transfer is defined as:

qz = 2 sin θ1/λ (3.35)

Combining Equations 3.32 and 3.34 allows for the electric-field in the vicinity of the mirror

surface to be described as:

I (r) = I (θ, z) = I1

[
1 + R + 2

√
R cos

(
υR − 2πqzz

)]
(3.36)
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where I1 ∝ |E1 (0)|2, the incident beam electric field intensity. The terms within the

cosine function are phase related terms involved in the interference between the incident

and reflected waves. The first term is the phase shift due to reflection at the mirror

surface, while the second term is the position-related phase difference. By including the

incident and reflected electric-field plane waves in the intensity calculations, it becomes

apparent that the standing wave field is affected by the surface interference (first term) as

well as the intensity distribution above the mirror surface (second term). The momentum

transfer seen in Equation 3.35 can be related to the period of the standing wave, D,

through the expression:

qz =
2 sin θ1

λ
=

1

D
. (3.37)

By substituting in for the critical angle, the critical period of the standing wave becomes:

Dc =
λ

2 sin θc

≈ λ

2θc

=
1

2

√
π

NAre (f0 + ∆f’)
(3.38)

making the critical period an energy independent parameter if you ignore anomalous-

dispersion effects [2].

Now that the fundamentals of the x-ray standing wave technique have been discussed,

their applicability in the experiments can be examined. First, x-ray standing waves are

created by the total external reflection condition at incident angles greater than 0 and less

than the critical angle of the mirror. Figure 3.2 shows a schematic of this phenomenon for

a specific angle. The constructive interference between the incident and reflected x-rays,

at the specific angle, creates an XSW field with a periodicity (D) of the generated nodes

and antinodes that can be derived from Equation 3.37. As the incident angle is increased,
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the XSW collapses like a bellows with reduced node/antinode spacing until the critical

angle is reached at which point the first antinode has come in contact with the mirror

surface, such as shown as the solid line in Figure 3.3.

The ability to systematically control the periodicity of the XSW field gives rise to

the utility of this technique. Figure 3.4 once again shows a schematic of a XSW gener-

ated above a mirror surface, at a given angle, but with the addition of a superimposed

sandwiched sample composing of two polymer layers and a marker layer. With this con-

figuration, the marker layer can reside above, at or below a given antinode within the

generated XSW field. By varying the incident angle, the periodic antinodes can now ef-

fectively act as a probe by exciting the marker layer atoms since an energy was chosen

such that florescence is achieved as the antinode passes through the heavy atom marker

layer. This characteristic fluorescence signal arises from the proportionality between the

photoelectric effect cross-section and the electric-field intensity at the center of a heavy

atom in the dipole approximation [2]. Likewise, the XSW nodes would correspond to low

points or ”valleys” in the fluorescence response. The fluorescence signal can be measured

and collected by a detector as previously discussed in Chapter 2. The ability to accurately

probe this marker layer can be utilized to study the time-resolved spatial distribution in

the diffusion experiments, with the subsequent fluorescence response, or fluorescence yield,

exhibiting the following angular and time dependence:

Y (θ, t) =

∫
I (θ, z) ρ (z, t)dz (3.39)

where ρ (z, t) is the time-dependent spatial distribution of the marker layer particles in the

z-direction. This distribution originally had the chosen form of a 1-d integrated Gaussian
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distribution [1]:

ρ (z, t) =
1√

2πσ (t)
e
[z − z0 (t)]2/2σ2 (t) (3.40)

where σ(t) is related to the half-width of the Gaussian distribution and z0 is the distance

from the center of the particle layer to the mirror surface. In Chapter 4 a discussion of

the distribution to define the marker particles used in this thesis will be presented.

As the XSW field is collapsed while scanning through the relevant range of angles, the

number of nodes and antinodes that pass through the marker layer will be dependent on

the height of this layer above the mirror surface. The location of the heavy atom layer can

be approximated by utilizing the energy dependent form of (Equation 3.38 to determine

the critical periodicity. The critical period at an energy of 12.10 keV is approximately

100 Å for a silver mirror and approximately 99 Å for a palladium mirror. By multiplying

the number of observed fluorescence peaks by the critical period of the mirror one can

quickly approximate the relative position of the marker layer, zo. Conversely, one could

approximate the number of expected fluorescence peaks before the experiment using the

same critical period and knowing a relative thickness of the bottom polymer layer.

3.1.3. The Recursive Method

The generation of the x-ray standing wave above a mirror surface and its use to probe

the position of the heavy atom marker layer has been discussed in the previous sections.

Such a two media model rarely exists in the experimental world. As seen by Wang and

Guico in their respective theses, a recursive method is needed in order to predict the

reflected curves for materials consisting of two or more layers [1, 67]. Looking at the

overlay in Figure 3.4 and from the description of the samples in Chapter 2, it is apparent
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that the sample arrangement utilized in this work also constitutes a multilayer system

and requires the incorporation of a recursive method. This section describes a method

to calculate the reflectivity and transmittance in a multilayer system, from which the

electric-field intensity inside each layer can be derived. The approach was first developed

by Parratt and is based on the idea of N stratified homogeneous media [64]. This approach

complements the work of Bedzyk et al. and Wang et al. described in Section 3.1.1, and

all three methodologies form the basis of the x-ray standing wave theory used for the

reflectivity and fluorescence measurements of this thesis [68, 63, 2, 67, 69, 70, 71].

Figure 3.5 is an extension of Figure 3.1, adding an extra layer to show the interference

between the different interfaces. The geometry of Figure 3.5 shows the incident x-ray

beam on a homogeneous multilayer, composed of N layers with layers m-1, m, and m+1

being shown (m ¡ N). Specifically the figure shows that there are now incident and reflected

x-rays on both sides of the interface. Using Section 3.1.1 as a guide and looking at Figure

3.5, the time-dependent electric-field traveling waves for the incident and reflected cases

can be expressed as:

~Em (~rm, t) = ~Em (0) ei(ωmt−~km•~rm), (3.41)

~ER
m

(
~rR

m, t
)

= ~ER
m (0) ei(ωR

mt−~kR
m•~rR

m) (3.42)

where the subscript m refers to a specific layer in the multilayer system. The following

derivations are adapted from the determinations by Wang in his PhD thesis [67] and

Parratt with respect to the recursive formalism [64]. The tangential components of the

electric-field vectors at the boundary between layers m and m-1 are:

[
~Em−1 (dm−1) + ~ER

m−1 (dm−1)− ~Em (0)− ~ER
m (0)

]
× ẑ = 0 (3.43)
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while the inclusion of the magnetic vectors leads to:

[
~km−1 × ~Em−1 (dm−1) + ~kR

m−1 × ~ER
m−1 (dm−1)− ~km × ~Em (0)− ~kR

m × ~ER
m (0)

]
× ẑ = 0

(3.44)

with d representing the thickness of the layer. Again assuming only the case of σ-

polarization, Equations 3.43 and 3.44 can be reduced to the following expressions:

Em−1 (dm−1) + ER
m−1 (dm−1) = Em (0) + ER

m (0) (3.45)

−km−1 sin θm−1Em−1 (dm−1)+km−1 sin θm−1E
R
m−1 (dm−1) = −km sin θmEm (0)+km sin θmER

m

(3.46)

with the following form being used to approximate km sin θm:

km sin θm =
√

k2
m − k2

1 cos θ1 ≈ k1

√
θ1 − 2δm − 2iβ = k1fm (3.47)

. The reflective coefficient in layer m-1 at the m-1/m layer boundary can be expressed in

layer m as:

ER
m−1 (dm−1)

Em−1 (dm−1)
=

FR
m−1,m + ER

m(0)
Em(0)

1 + Fm−1,m • ER
m(0)

Em(0)

(3.48)

where

FR
m−1,m =

fm−1 − fm
fm−1 + fm

(3.49)

is the Fresnel coefficient for reflection. To gain a recursive expression for this coefficient,

Equation 3.48 must be rewritten to relate the reflective coefficient at the same position to

the layer boundaries in two adjacent layers, say at zm−1 = dm−1 and zm = dm. Referring

back to Equations 3.5 and 3.6, the ratio of the reflected complex wave amplitudes for
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layer m can then be written as:

ER
m (dm)

Em (dm)
=

ER
m (0)

Em (0)
ei(2kmdm sin θm) =

ER
m (0)

Em (0)
ei(2k1fmdm) (3.50)

If the reflective coefficient is defined as

Rm,m+1 =
ER

m (dm)

Em (dm)
(3.51)

then the recursive relation in Equation 3.48 can be rewritten as:

Rm−1,m =
FR

m−1,m + Rm−1,mei(2k1fmdm)

1 + FR
m−1,m • Rm−1,mei(2k1fmdm)

(3.52)

The reflectivity of the top surface/vacuum interface is:

R =

∣∣∣∣ER
1

E1

∣∣∣∣2 (3.53)

where layer 1 is the top layer in the multilayer structure. Beginning at the substrate layer,

N, and setting RN,N+1 = 0 (since the thickness of this layer is usually considered infinite),

the reflectivity from each layer can be calculated by moving up through the multilayer.

By performing the recursive calculation of Equation 3.52 N-1 times and adding this to

Equation 3.53, the total reflectivity can be defined. This method was written into the

analysis program, a Fortran source code.

To compute the x-ray fluorescence profile from the marker layer, the electric-field

intensity in each layer of the multi-layer must be computed. This can be performed
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through the following expression:

Im (zm) = |Em (0)|2 e−2k1Bmzm

[
1 + |Rm−1,m|2 e−4k1Bmz

′
m + 2 |Rm−1,m| cos

(
υm − 2k1Amz

′

m

)]
(3.54)

where z
′
m = dm − zm and υ = arg (Rm,m+1). Em (0) is determined by the transmission of

the layers at the corresponding interfaces. By simultaneously solving Equations 3.45 and

3.46 for the transmission coefficient (T), the following relation can be found:

Tm−1,m =
Em (0)

Em−1 (0)
=

1

FT
m−1,m

(
1− FR

m−1,m • Rm−1,m

)
ei(k1fm−1dm−1) (3.55)

where FT
m−1,m = 2fm/fm+1 + fm. The electric-field intensity is calculated from a top down

approach unlike the reflectivity. Starting at the interface between the vacuum and the top

layer, where Em=0 = E0, and working down through the layers, the electric-field intensity

in layer j is:

Ej (0) = E0

j∏
m=1

Tm−1,m (3.56)

At very small incident angles, the interfaces between layers appear to be perfectly

smooth to x-rays [64]. However, as has already been established, mirrors and multilayers

are far from ideal. While there are a variety of corrections (Nvot-Croce [72], Born ap-

proximation [73, 74], distorted wave Born approximation [75, 76, 74]) the Debye-Waller

factor, DW, was chosen to account for the interfacial roughness. The DW factor is a

commonly used correction and has the form [77]:

DW = e
−

(
4πσDW sin θ

λ

)2

(3.57)



67

where σDW is the Debye-Waller root-mean-square (rms) surface roughness. The roughness

correction is implemented in the recursive calculation by multiplying either the Fresnel

reflective
(
FR

m

)
or the transmissive

(
F T

m

)
coefficient by the DW factor prior to them being

used in the recursive calculations (Equations 3.52 and 3.55. Rough surfaces introduce dif-

fuse scattering that enhances the transmission. The reflectivity is significantly affected,

whereas there is only a small background contribution in the fluorescence since the dif-

fusely scattered x-rays are not coherent with the incident wave.

3.2. Procuring Reflectivity and Standing Wave Data

Now that a thorough understanding of the theory behind XSWs has been discussed,

a description of the data acquisition will be given. The polymer thin film sandwiches,

described previously in Chapter 2, are supported on a reflecting mirror of silver or pal-

ladium. These samples contain nanometer sized gold marker atoms. The samples are

placed in a temperature-controled chamber that is held under vacuum to reduce scatter-

ing. A NaI scintillation detector is attached downstream from the sample chamber and

connected to a single channel analyzer that monitors the reflectivity intensity. Perpendic-

ular to the beam and on the same plane as the sample chamber either a Germanium solid

state detector attached to two single channel analyzers, or a Silicon drift diode detector

attached to a multi-channel analyzer (MCA) were set up to collect the total fluorescence

signal and to capture the Au LIII (11.919 keV) fluorescence signal. These detectors were

calibrated either using an Au foil to set fluorescence windows collected by the two single

channel analyzers or a radioactive source to tune the MCA. Calibration is necessary to

make sure that the appropriate signal from the gold nanoparticles was being observed.
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The total fluorescence signal was collected to normalize for any dead time problems in

the fluorescence detectors. For both detectors an upper limit of 10,000 cps was used dur-

ing the x-ray standing wave experiments, since above this level excessive dead time was

observed.

In the theory presented above it is apparent that standing wave and reflectivity are

complementary techniques. Due to this fact, both the reflectivity and fluorescence are

measured as a function of the incident angle of the beam. Motors control the incident angle

and the reflectivity detector in a θ - 2θ configuration. Since the fluorescence was isotropic,

the detector is placed as described previously in close proximity to the sample chamber

(∼40 mm), thus reducing the number of elastically and inelastically scattered x-rays

that are detected. Macros are written to run the motors, specifically the one controlling

the incident angle, at specific time intervals. A macro to obtain a full reflectivity and

fluorescence data set with single scans lasts approximately four minutes. Larger macros

could be written to collect full data sets at various time intervals thus monitoring the

evolution of the metal nanoparticles in the polymer matrix. The data files contain all

information from the motors, monitors, detectors and attenuations that are used as the

incident angle is increased. These data files had to be ”stripped” to extract pertinent

data, where individual scans over specific angular regions are attenuated and combined to

produce a coherent full scan, and these results became the data presented in this thesis.

The measured reflectivity and fluorescence data of a specific sample at 32◦C (RT) is

shown in Figure 3.6. The angular dependence of both the measured (open circles) and

fitted (solid line) data profiles can be seen. The fit to the reflectivity is based on the

recursive formulation of Equation 3.52. Part a of Figure 3.6 shows the critical angles of
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the polymer (Θc,poly) and the mirror (Θc,mirror), which are important for understanding

the fitting procedures.

Between Θc,poly and Θc,mirror there are obvious oscillations in the reflectivity data

indicating the thicknesses and optical properties of the polymer layers and Au marker

layer. For the case of the marker layer, the optical properties used in this thesis were a

combination of gold’s properties and those of the surrounding polymer. The equations

for delta (δ ) and beta (β ) can be written as:

δMarker layer = δAu + (1− δpoly) (3.58)

and

βMarker layer = βAu + (1− βpoly) . (3.59)

These optical properties were used to account for the mobility of the gold nanoparticles

in the polymeric matrix. When fitting the reflectivity data, this was the region of focus

(Θc,poly to Θc,mirror) since it contains the relevant information for the diffusion experiments.

The actual fitting procedure is described in more detail in the appendix. The insert in

Figure 3.6a shows the sample configuration used to obtain the fit. Due to the total

external reflection condition, the reflectivity data beyond Θc,mirror is sensitive to the

electron density variations and layer thicknesses of the other layers in the nanocomposite

system (mirror, Cr binder layer, and the float glass substrate). If the experiments were

carried out at higher angles past the ∼13 mrad performed in this thesis, a fit in this higher

angle region to provide information about these support layers.
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An obvious mismatch between the measured and fitted reflectivity curves can be seen

between 0 mrad and Θc,poly. This mismatch occurs because initially only part of the x-ray

beam is falling upon the surface of the sample. As the incident angle is increased an

increasing proportion of the incident beam begins to fall upon the surface, until at some

given angle the x-ray beam is in full contact with the sample. A correction taking into

account this evolving footprint was usually limited to incident angles just past Θc,poly,

approximately 2 mrad. To account for this beam footprint correction, a rocking curve

must be measured while the detector angle remains at zero (θ0 scan). As the sample is

rotated from Θ ≈ -3 to 3 mrad, the angles for which the beam is fully blocked making the

reflected intensity zero are observed. By fitting a six-degree polynomial to the rocking

curve, the lost reflectivity intensity in the experimentally observed reflectivity can be

accounted for. In this thesis, the primary contribution of the reflectivity data will be for

angles between Θc,poly and Θc,mirror where this correction is not as critical. Therefore in

the interest of time, the footprint correction was not performed for this work and the

experimentally measured reflectivity is presented.

Beneath the reflectivity curves are the experimental and fitted fluorescence profiles

(Figure 3.6b). These experimental profiles are obtained from either the single channel

analyzer or the MCA mentioned above. Similarly to the reflectivity fit, the region of

interest will again be between Θc,poly and Θc,mirror. As mentioned in Section 3.1.2, the

number of distinct peaks in the profiles is consistent with the sample configuration as

shown in the insert of part a as well as the critical period of the mirrors described in

Chapter 2 (∼ 100 Å). Using the expressions for the electric field (Equations 3.54-3.56 )

and for the marker layer spatial distribution (Equation 4.1), the fluorescence yield could be
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calculated from Equation 3.39 . A nonlinear least-squares fitting procedure was performed,

using the fitting parameters the Gaussian width of the distribution (σ (t)) and the distance

to from the center of the gold distribution to the mirror surface (z0). The theoretical fit

to the experiments data can be seen in Figure 3.6b as the solid line. At this point the

data has undergone two separate experimental corrections [2]. The first correction is

similar to the footprint correction described for the reflectivity, in that it accounts for the

beam not fully being on the sample surface at low angles where the photoelectric effect

responsible for the gold fluorescence is diminished. Also near the end of the measurement

scan (∼13 mrad) the sample is again not fully illuminated by the beam thus decreasing

the fluorescence. The second correction accounts for the solid angle of the fluorescence

detector. As the incident angle is increased with the detector solid angle remaining fixed,

so there is an increase in fluorescence yield that must be accounted for.

Room temperature measurements are useful for understanding the initial marker dis-

tribution and its location in the as-deposited state, but to understand how the particles

move through the polymer matrix by Brownian motion the samples must be annealed

above the glass transition temperature (Tg). The standard procedure for the experiments

was to first load the sample in the temperature controlled chamber and measure the as-

deposited state. Next the temperature was increased to the desired value with positional

adjustments of the sample being made during the heating process to account for thermal

expansion, described in the next paragraph. After reaching the set point and allowing

for a short stabilization period a macro was started that contains measurements scans of

select angular regions, and the data sets were acquired. For the purpose of this thesis the

time zero scan was considered to be the first scan at the set point temperature. Figure
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3.7 shows scans for the same sample as Figure 3.6 but after being heated at 70◦C for 10

minutes. Significant changes in the fluorescence peaks, especially those near the critical

angle of the mirror, can be seen in part b of Figure 3.7. Changes in the gold distribution

become evident through changes in the Gaussian width and the position of the marker

layer above the mirror surface. In typical diffusion experiments of this type, a broadening

of the Gaussian width will be observed, the position of the marker layer above the mirror

surface will change or a combination of both might be detected [24, 25].

During the heating treatment there are two things that must be considered so as

to accurately define the nanoparticle distribution. The first was mentioned above and

is thermal expansion. During heating the polymer undergoes thermal expansion, with

higher chosen set points resulting in a more distinct effect. To ensure that the nanoparticle

motions in this thesis were real, macros were not run until the set point had been reached

and briefly stabilized. Any changes in the fitting parameters due to thermal expansion

should have already occurred and would no longer affect the diffusive behavior. The

second point of concern during the experiments is damage to the polymer portion of the

sample, either by thermal effects or the x-ray beam. The effect of radiation damage on the

thickness of PtBA and PS films has previously been studied [55]. To minimize degradation

of the polymer films due to thermal effects, annealing temperatures at and below 180◦C

were chosen for this thesis. Cherkezyan et al. found that annealing PtBA near 165◦C

could cause degradation to poly(acrylic acid) [78], and most polymers begin to degrade

around 200◦C. The second degradation effect involves damage caused by the x-ray beam.

To minimize the damage the sample was placed in vacuum and the beam was attenuated

as described in Chapter 2 to a flux density of 5×108 photons/s/mm2. To prevent beam
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damage, full reflectivity and fluorescence scans were limited to approximately four minutes

and a specific spot was never measured more than 6-8 times. Many of the annealing

treatments went for a few hours, so the time in between scans varied from five minutes

all the way up to 1 hr. At the end of each anneal a final check of the beam damage was

performed by moving the sample perpendicularly to the x-ray beam to a new location. A

scan was run and the results were compared with the last spot. An example of the damage

scan can be seen in Figure 3.8, which is similar in sample configuration to the inset in

Figure 3.6. The change in fitting parameters should be consistent across the sample so

only the fluorescence profiles would need to be compared. These checks are necessary

to accurately describe particle motion because even at low temperatures and over short

times significant changes in the fitting parameters can appear that are indicative of beam

damage.
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Figure 3.1. Schematic of two media reflection (grazing-incidence x-ray beam
on a mirror surface). The case of σ polarization is shown, with k as the
wave vector, E is the electric-field amplitude, and H is the magnetic field
vector.
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Figure 3.2. Schematic of the x-ray standing wave field created above a mir-
ror surface during total external reflection, adapted from a figure in Bedzyk
et al [2]. k is the wave vector, E is the electric-field amplitude, θ is the
incident angle, λ is the wavelength of the x-ray beam, and D is the period
of the standing wave field.
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Figure 3.3. Electric-field intensity distributions above a mirror surface at
two incident angles. At an energy of 12.1 keV, one is a grazing-incidence
angle and the other is the critical angle of the mirror. As the incident angle
is increased towards the critical angle, the standing wave field collapses like
a bellows towards the mirror surface.
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Figure 3.4. Schematic showing a sandwich sample superimposed over the
generated x-ray standing wave field. At a given angle the standing wave
antinode can exist below, at, or above the nanoparticle layer.



78

Figure 3.5. Schematic of multi-media reflection.



79

Figure 3.6. Measured a) reflectivity and b) fluorescence profiles for PtBA
sandwhich samples taken at room temperature (32◦C).
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Figure 3.7. Measured a) reflectivity and b) fluorescence profiles for PtBA
sandwhich samples taken after annealing 10 minutes at 70◦C.
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Figure 3.8. Example damage scan for PtBA after annealing at a high temperature.
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CHAPTER 4

Modeling

Simulations are a crucial part of the experimental process. An understanding of how

certain parameters affect the x-ray results directly determines how future experiments are

performed. In the next two sections a variety of parameters unique to the samples used

for this work will be explored. First is a discussion of the sensitivity of the marker layer

and an ideal way to approximate it. Following that is a section focusing on simulations

involving parameters for each layer, relative to the marker present, and the x-ray beam

itself. By understanding the relative effects of these parameters, both the fitting and

understanding of the experimental data can be facilitated.

4.1. Particle Size Effects

As previously mentioned in Chapter 2, a realistic model must be used to determine the

spatial distribution of the marker layer. For these studies the marker layer is made of gold

particles. Many factors must be considered when attempting to approximate gold particles

sandwiched between polymer layers. The most important of these is the particle size,

which will effect what kind of approximation can be used to determine the gold’s effects

on the fluorescence and reflectivity data. For very small particles, a Gaussian distribution

has been used and shown to fairly accurately model fluorescence and reflectivity data.

With increasingly larger particle radii, the reflectivity and fluorescence signal will be

more pronounced. However, these particles cannot be assumed to have negligible radii. A
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non-Gaussian distribution must then be determined that can account for the size of the

particles as well as their spatial distribution.

In the previous work[1] the gold particles were approximated by a Gaussian distri-

bution assuming the particle radius was negligible. These particles were deposited via

thermal evaporation and have a radius of approximately 20 Å. Equation 4.1 describes the

Gaussian distribution used to approximate the gold distribution:

φ (z) =
z∗

σ (2π)1/2
exp

(
−1

2

(
z − z0

σ

)2
)

(4.1)

where σ is the Gaussian width, z is the height above the mirror surface, and z0 is the

height from the center of the Au distribution to the mirror. This distribution is normalized

in the following way with Equation 4.2:

∞∫
−∞

φ (z)dz = z∗ (4.2)

where z∗ is the gold coverage. The parameter z∗ can be determined from the thermal

evaporator crystal sensor for samples made with evaporated gold particles. Equation 4.3

is then used to determine how the Gaussian width (σ) relates to the distance of the gold

particles above the mirror surface (z0):

exp

(
−1

2

(
z − z0

σ

)2
)

= 0.5 (4.3)

where z − z0 = 1.177σ for a Gaussian distribution.

However, these assumptions cannot be made for samples made with larger colloidal

gold particles. The radius of the particles, previously studied by Shull et al.[31], is
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on average about 75 Å and much larger than that of the evaporated particles. Using

a Gaussian distribution to describe the summed Au concentration through the particle

layer is no longer plausible since each particle itself contains a detectable distribution of

gold. Subsequently, the normalized description for a single spherical particle is seen in

Equation 4.4:

φ (z) =
3z∗

4R

[
1−

(
z − z0

R

)2
]

(4.4)

where z is the height above the mirror and R is the radius of the particle. In the case of

colloidal gold particles, z∗ is found from the graph of z∗ vs. t1/2 in a paper by Shull and

Kellock[31]. Using this graph, a dip time of 5min results in an effective gold coverage

equal to 3 Å. The distance above the mirror surface for the spherical distribution can be

determined compared to an ”effective radius” for a Gaussian distribution by Equation

4.5: (
z − z0

R

)2

= 0.5 ⇒ z - z0 = 0.707R (4.5)

Using the two expressions calculated for z, Equation 4.5 and that following Equation 4.3,

the Gaussian and spherical equations will have the same expression for the half-width

half-max (HWHM) when:

HWHM = 0.707R = 1.177σ (4.6)

this HWHM, or breadth of the distribution, is the same in each case when R = 75 Å

and σ= 45 Å. By using these two values the spherical and Gaussian distributions can

be directly compared (Figure 4.1), allowing for thorough examination of the respective

center and tail effects. As can be seen in Figure 4.1, the spherical distribution is perfectly
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centered and has a much higher fraction of gold in the center. The Gaussian distribution

spreads the gold from the center and into the tails.

The difference in fit for these two forms are illustrated in the following plot of flu-

orescence (Figure 4.2) for the spherical distribution R = 75 Å and for the Gaussian

distribution σ = 45 Å. The actual HWHM for both of these distributions is the same (53

Å), yet the different shape of the ’spherical’ distribution results in a measurable difference

in the fluorescence spectrum with sharper peaks at the higher angles.

To provide an accurate idea of how the total gold particle layer is really moving,

one would take the convolution of the spherical expression with the Gaussian expression

(Equation 4.7):

φ (z) =
1

σ (2π)1/2

3

4R

R∫
−R

exp

(
−(z − z0 − r′)2

2σ2

)(
1−

(
r′

R

)2
)

dr′ (4.7)

This convolution takes into account the finite radius of the gold particles and the depth

distribution of the particle centers. Even further, incorporation of this particle size effect

enables the model to account for particles that begin coalescing during deposition. To

see the effects of the convolutions, simulation results for R = 75 Å and σ values ranging

from 0 to 100 Å are shown below in Figure 4.3. The data shown in Figures 4.3b-e is

the gold volume fraction (φAu) as a function of the height above the mirror surface (z

= 0 is the mirror surface). The step-wise curves, labeld ”phiref”, are the gold volume

fraction distributions used in the reflectivity and electric-field intensity calculations, while

the continuous curves, labeled ”phiflu”, are used in the convolution integral for the flu-

orescence intensity calculations. These conditions would be representative for this work,
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where the particle radius is a set value from experiment to experiment, but σ will change

as each experiment progresses. The simulation shows that both the particle radius and the

Gaussian width have very distinguishable effects on the fluorescence profile such as with

an increase in Gaussian width the peaks become less broad and the intensity decreases in

the peaks following the first one. This verifies the standing wave measurement is sensitive

to the motion of these larger particles. Effects will also be seen in the reflectivity profiles

since the reflectivity is used to calculate the fluorescence. Therefore both effects must be

taken into account and incorporated into the theory, allowing for an accurate fitting of

the fluorescence and reflectivity data.

4.2. Sensitivity of X-ray Standing Wave Technique

Shown in the previous section is an in depth approach considering the marker size

effects on reflectivity and fluorescence approximations. This section will further explore

how different sample and beam parameters also specifically affect the shape of obtained

reflectivity and fluorescence curves to enable better fitting of actual experimental data.

Additionally, these beam and sample effects should further define the overall sensitivity of

the technique. For these simulations, data is based off of an approximated sample, similar

to that used by Guico in his thesis [1] and those described in Chapter 2, where for each

simulation only a single parameter is changed. Values are always restored to a default

before changing the next parameter. Figure 4.4 shows a schematic of the simulation

sample, and Tables 4.1 and 4.2 show the default values for the parameters used in the

simulations.
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4.2.1. Parameters Pertaining to the Marker Layer

A discussion of the parameters especially dependent on the marker layer will be addressed

first. The Gaussian width of the gold distribution is one of the most important fitting

parameters to accurately describe the data, and hereafter referred to as simply the ”Gauss-

ian width”. As the Gaussian width is increased there is a decrease in the intensity of the

curves, since this affects the modulation amplitude [2, 69, 70, 71]. This effect is most

pronounced in the third and fourth peaks of the fluorescence profiles as shown in Figure

4.5. The next parameter is the height above the mirror surface (z0), which has a dramatic

affect on the curves as shown in Figure 4.6. The phase modulation [2, 69, 70, 71] is

affected by the height above the mirror surface causing an effect to the width and position

of the curves. In the case of our samples where z0 = 75 Å, the marker layer exists below

the first standing wave located at 99 Å for a 12.1 keV beam reflecting off a Palladium

mirror. This explains the broad and undefined peak appearance for both the reflectivity

and fluorescence profiles. As the value of z0 is increased the curves begin to smooth out

and shift towards lower incident angles. Increasing the distance between the marker layer

and the mirror surface allows for more standing waves to pass through it, since the marker

layer is accessible to the standing wave field at low incident angles. This effect can be seen

in the emergence of the new peaks that are especially apparent in the fluorescence curves.

The importance of the particle radius effect can also be observed in these simulations, as

shown in Figure 4.7. At higher angles the intensity of the reflectivity and fluorescence

peaks decrease, with a larger effect in the fluorescence profiles along with an apparent

broadening with increasing particle radius.
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The amount of gold in the sample, z∗, is also relevant. The quartz monitor used during

deposition provides a fairly accurate gold measurement, but it is possible depending on

the position of the sample in the chamber for the amount of deposited gold to vary. In the

reflectivity curve of Figure 4.8, one can see an immediate change from almost no gold up

to about 9 Å. Once z∗ is at a reasonable value, the reflectivity curve develops some peaks

and valleys, with the valleys becoming much deeper and wider as z∗ is increased. In the

fluorescence curve, Figure 4.8b, there is a dramatic decrease in the intensity of the first

peak. Finally a shift of the x-ray curves to the right is observed as the amount of gold in

the sample is increased. The electric-field intensity was calculated at θ = 2.2654 which

corresponds to the first valley in the reflectivity curve. Figure 4.9 shows the normalized

electric-field intensity and normalized (φAu) for a z∗ value of 1 Å, part a, and z∗ equal to

9 Å in part b. In both plots the electric-field intensity decreases after passing through the

marker layer away from the mirror. From the plots it can be inferred that the electric-field

intensity scales with the amount of marker in the sample.

The last parameter that strongly affects the marker layer is the number of sublayers.

To more accurately describe the motion of the marker layer and amount of marker ma-

terial present relative to polymer, the function of splitting the marker/polymer layer into

sublayers has been added. This is particularly important for the reflectivity calculations

where a step-wise function is used for the electric-field intensity calculations, whereas

the modified Gaussian is used in the case of fluorescence as seen in Equation 4.7. By

breaking up the marker/polymer layer into multiple sublayers the electric-field intensity

of the given layer can be more accurately measured. This results in better reflectivity and

fluorescence calculations for the fits to the data. An example of the effect of sublayers is
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shown in Figure 4.10, where the change between 1 sublayer and 7 sublayers results in a

large increase in the intensity of the curve as well as a slight shift to the left for reflectivity.

This effect is due to the over-approximation of the marker distribution as can be seen in

the step function of Figure 4.10c. In the fluorescence curve, the intensity is decreased sig-

nificantly in the first peak and slightly in the later peaks. Also the fluorescence peaks shift

very slightly to the left similarly to what is seen in the reflectivity data. Increasing the

number of sublayers beyond 7 results in no discernable difference in both the reflectivity

and the fluorescence curves, indicating that using 7 sublayers for the reflectivity calcula-

tion accurately describes the modified Gaussian curve. Figures 4.10d and e demonstrate

this by showing negligible difference in the reflectivity response between using 7 and 50

sublayers.

4.2.2. Thickness

Next is a description of how the thicknesses of the various layers affect the x-ray curves. By

adjusting the thickness of the capping layer the thickness of the entire sample changes.

This simulation, Figure 4.11, is useful during heating experiments where the polymers

will experience thermal expansion, thus giving slightly different data during the first

temperature scan compared to that of the room temperature scan. It can be seen in both

the fluorescence and reflectivity data that the fine structure changes upon heating. This

is especially apparent, as seen by the splitting, in both valleys of the reflectivity curve

and both peaks in the fluorescence curve as the thickness is increased.

Altering the thickness of the mirror and the binder layer also has an effect in the high

angular region and most predominately in the reflectivity curves, as shown in Figures 4.12
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and 4.13 respectively. As the thickness of the mirror is increased there is a slight shift

to lower angles, while increasing the binder layer increases the intensity of the peaks and

makes them narrower. Minimal changes are seen in the fluorescence data.

4.2.3. Roughness

Each layer has an inherent roughness. Figures 4.14 through 4.17 demonstrate the effect

of changes in the roughness of the respective polymer layers. By using reasonable as-

sumptions for the roughness of each layer no changes are seen in either the reflectivity or

fluorescence curves. Increasing the mirror roughness, seen in Figure 4.18, decreases the

intensity of both the reflectivity and fluorescence curves while also shifting the critical

angle of the mirror slightly to a lower angle. Increasing the binder layer roughness results

in no discernable changes, as shown in Figure 4.19. Finally when changing the roughness

of the silicon or float glass no change is apparent in the fluorescence, but a decrease in

peak intensity can be seen in Figure 4.20a, since reflectivity is inherently more sensitive

to changes in roughness than fluorescence data.

4.2.4. Delta and Beta

Each material in the system also has a distinct index of refraction, made up of both

refractive (δ) and absorptive (β) components. These parameters will scale together, so

for the following simulations both d and b will scale by a single percentage. In most

cases, the delta and beta parameters for each individual material are fixed constants,

however for polymers there is an experimental unvertainty of delta and beta. Conversely,

material parameters for the mirror and binder layers can reasonably be assumed to be



91

constant. In the case of the capping layer refractive index, a reduction of 25% will shift

the critical angle of the polymer to smaller angles allowing x-rays to penetrate the sample

earlier. Upon increasing the values, the curve shifts to higher angles with a prominent

peak splitting in both peaks in the fluorescence curve, Figure 4.21b, and in the first valley

of the reflectivity curve, Figure 4.21a. By changing the delta and beta values of the top

polymer layer similar changes are seen, as shown in Figure 4.22. The largest changes are

seen in the angular region from 1.5 to 2.5 mrad. Decreasing the values shifts the critical

angle to lower angles, where a gradual increase narrows the peaks and valleys and also

increasing the intensities of both. In Figure 4.23 a large change is observed in both the

reflectivity and fluorescence curves as the delta and beta values of the bottom polymer

layer are changed. As the values are gradually increased the curves shift to higher angles

up until the critical angle of the mirror. There is also a slight decrease in the intensity

through the same angular region. Changing the delta and beta values of the bottom

polymer layer seem to have the strongest effect out of any of the polymer layers. This

effect is amplified since the values from the bottom polymer layer are entered into the

delta and beta calculations for the marker/polymer layer, thus any changes in this one

layer results in changing two values in the simulations instead of the usual one.

Changing the values of the mirror will also have a pronounced effect on the obtained

data, and although a single material will be used in this work, it is valuable to estimate

these relative effects. The delta and beta values directly affect the critical angle of the

mirror, and too small of a critical angle will narrow the angular region of useable data.

In order to estimate the relative effect of using different mirror materials, simulations

were performed of varying delta and beta values as shown in Figure 4.24, showing a slight
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increase in the intensity of the reflectivity beginning at 2.5 mrad as the delta and beta

are increased. A dramatic shifting of the critical angle towards higher angles as the values

are increased is also seen in the reflectivity. The fluorescence, since it is partially based

on the reflectivity, follows a similar trend of increased intensity and a shifting towards

higher angles of the later peaks. Finally the effect of changing the refractive index of the

binder layer is simulated. As shown in Figure 4.25, there is a slight increase and shift of

the curves to lower angles as the delta and beta values are increased.

4.2.5. Beam Divergence

The final parameter of these demonstration simulations relates to the x-ray beam itself

and not the sample. The beam divergence at Sector 1-BM was measured and found

that the maximum divergence was 0.5934E−3 rads [54]. This value was used as the

starting value for the following simulations. Figure 4.26 shows as the divergence of the

beam is increased the intensities on both the reflectivity and fluorescence decrease. Beam

divergence describes the spread of the beam relative to the beam size defined and is

accounted for by convoluting the reflectivity and fluorescence curves by taking into account

the Gaussian broadening at each point. The decrease in intensity of the x-ray curves occurs

in this simulation since the amount of beam being measured upstream of the sample may

not be what is impinging on the sample surface.

4.3. Summary

These simulations show how sensitive the reflectivity and fluorescence data are to a

variety of changes relative to both the marker layer and the components of the system.
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Table 4.3 summarizes the findings in this chapter. As would be expected the strongest

sensitivities are those relating to the marker in the system. The most sensitive parameter

is the center of the marker distribution above the mirror surface. The broadening of the

distribution also has a strong effect on the observed reflectivity and fluorescence response,

however once it becomes too broad the sensitivity is decreased. The effect of particle

size as observed by the addition of larger particles is more prominently displayed in the

fluorescence data. The thickness of the polymer/marker layer and the manner in which it

gets divided up appears to affect the fluorescence and reflectivity calculations most when

the layer is thin and the sublayers few. Shifting the thickness of the capping layer 100

Å above and below the measured Ellipsometry value showed some sensitivity. Changing

the thickness of the binder and the mirror layer thickness are most affected at the higher

angles as is expected since the x-rays have further to penetrate into the sample, with the

roughness of the mirror also showing an effect. In the ranges of layer roughness relevant to

this work, the affect of the polymer layer roughness as well as the binder layer roughness

appeared negligible in the x-ray data. At higher incident x-ray angles the roughness of

the float glass apparently influenced the reflectivity data. Adjusting the refraction and

absorption of all of the materials up or down 25% from their expected values resulted in a

measurable shift in both the reflectivity and fluorescence response. For example, changing

both the refraction and absorption coefficients of the bottom polymer layer produced a

significant response in the calculations since changes to these specific parameters also

alter the values for the marker/polymer layer. Similarly, by changing these same values

for the mirror you can strongly shift the critical angle of the mirror as measured in the

reflectivity data. The relative divergence of the impinging x-ray beam also affects the
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simulated intensities of the x-ray data. By utilizing this developed understanding of the

various effects parameter changes have on a sample system, actual experiments may be

better designed and the ensuing acquired data fitted more precisely.
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Table 4.1. Table of default experimental parameters pertaining to the
marker layer, marker/polymer layer, and the x-ray beam used in the sensi-
tivity simulations.

Gaussian Width 20 Å

z∗ 5 Å

Radius 0 Å

z0 250 Å
# sublayers 7

Beam Divergence 0.5934×E-3 rads
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Å

S
en

si
ti

ve
H

ig
h
ly

se
n
si

ti
ve

at
h
ig

h
an

gl
es

H
ei

gh
t

ab
ov

e
m

ir
ro

r
su

rf
ac

e
(z

0
)

75
-2

00
Å
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Figure 4.1. Comparison of a Gaussian with a Spherical distribution when
both have an equal HWHM.
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Figure 4.2. Fluorescence data simulation using a Spherical vs. a Gaussian
distribution for modeling the volume fraction of Au.
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Figure 4.3. Simulation results for R = 75 Å and Gaussian width values
ranging from 0 to 100 ÅṠmaller values of the Gaussian Width result in
sharper fluorescence peaks as seen in the simulation of part a. Parts b-e
show the gold profiles used in the reflectivity and fluorescence calculations
when varying the Gaussian width.
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Figure 4.4. Simulation sample showing the layers included.
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Figure 4.5. Simulations of the effect of changing the Gaussian width as
shown through calculated a) reflectivity profile b) fluorescence profile c-e)
gold distribution profiles.
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Figure 4.6. Simulations of the effect of changing the distance to the mirror
surface from the center of the marker distribution as shown through cal-
culated a) reflectivity profile b) fluorescence profile c-e) gold distribution
profiles.
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Figure 4.7. Simulations of the effect of changing the particle radius as shown
through calculated a) reflectivity profile b) fluorescence profile c-e) gold
distribution profiles.
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Figure 4.8. Simulations of the effect of changing the amount of marker in
the sample as shown through calculated a) reflectivity profile b) fluorescence
profile c-e) gold distribution profiles.
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Figure 4.9. Electric-field intensity comparison for samples with different
total amounts of marker a) 1 Å b) 9 Å .
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Figure 4.10. Simulations of the effect of changing the number of sublayers
that the marker/polymer layer gets broken into as shown through calculated
a) reflectivity profile b) fluorescence profile c-e) gold distribution profiles.
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Figure 4.11. Simulations of the effect of changing the capping layer thick-
ness as shown through calculated a) reflectivity and b) fluorescence profiles.
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Figure 4.12. Simulations of effect of changing the mirror thickness as shown
through calculated a) reflectivity and b) fluorescence profiles.
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Figure 4.13. Simulations of the effect of changing the binder layer thickness
as shown through calculated a) reflectivity and b) fluorescence profiles.
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Figure 4.14. Simulations of the effect of changing the roughness of the cap-
ping layer as shown through calculated a) reflectivity and b) fluorescence
profiles.
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Figure 4.15. Simulations of the effect of changing the roughness of the top
polymer layer as shown through calculated a) reflectivity and b) fluorescence
profiles.
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Figure 4.16. Simulations of the effect of changing the roughness of the
marker/polymer layer as shown through calculated a) reflectivity and b)
fluorescence profiles.
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Figure 4.17. Simulations of the effect of changing the roughness of the bot-
tom polymer layer as shown through calculated a) reflectivity and b) fluo-
rescence profiles.
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Figure 4.18. Simulations of the effect of changing the roughness of the mir-
ror surface as shown through calculated a) reflectivity and b) fluorescence
profiles.
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Figure 4.19. Simulations of the effect of changing the roughness of the
binder layer as shown through calculated a) reflectivity and b) fluorescence
profiles.
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Figure 4.20. Simulations of the effect of changing the roughness of the float
glass surface as shown through calculated a) reflectivity and b) fluorescence
profiles.
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Figure 4.21. Simulations of the effect of changing the delta and beta of the
capping layer as shown through calculated a) reflectivity and b) fluorescence
profiles.



119

Figure 4.22. Simulations of the effect of changing the delta and beta of
the top polymer layer as shown through calculated a) reflectivity and b)
fluorescence profiles.
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Figure 4.23. Simulations of the effect of changing the delta and beta of the
bottom polymer layer as shown through calculated a) reflectivity and b)
fluorescence profiles.
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Figure 4.24. Simulations of the effect of changing the delta and beta of the
mirror as shown through calculated a) reflectivity and b) fluorescence pro-
files.
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Figure 4.25. Simulations of the effect of changing the delta and beta of the
binder layer as shown through calculated a) reflectivity and b) fluorescence
profiles.
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Figure 4.26. Simulations of the effect of beam divergence as shown through
calculated a) reflectivity and b) fluorescence profiles.
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CHAPTER 5

Results

The main technique used for data acquisition in this thesis was x-ray standing waves

generated via total external reflection. This technique was chosen for its ability to probe

in situ nanoparticle diffusion in polymeric matrices with subnanometer resolution. A

number of studies have been reported using other techniques where metal particle motion

in polymer matrices was studied [79, 32, 11, 80, 81, 33], but the spatial resolution is

not accurate enough to reveal motion at time scales comparable to the polymer relax-

ation times. Two nanocomposite systems were studied in this thesis to describe a model

polymer/metal nanoparticle system. Results from symmetric PtBA/Au systems will be

discussed first, followed by both symmetric and asymmetric PVP/Au systems.

5.1. Marker Motion Measurements in PtBA

The purpose of performing experiments on the PtBA/Au composite system was mainly

to follow up and build upon previous work [24, 36, 25]. The primary goal of this

portion of work was to check for consistency in the diffusion coefficients, and to extend

the measurements closer to the bulk glass transition temperature of PtBA. In this thesis,

one molecular weight for the PtBA matrix (99k), with a set thickness on either side of the

gold marker layer, was chosen with resulting samples annealed at different temperatures.

Figure 5.1 shows a schematic of a typical PtBA sample. In the theory presented in

Chapter 3 and from the simulations in Chapter 4, it was shown how XSWs can measure
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small changes in the distribution of dispersed gold nanoparticles. The changes can be

measured in a time-resolved manner by annealing the sample for a set amount of time

and comparing the resultant reflectance and fluorescence profiles. The fluorescence yield,

which is measured in real time, helps create the time evolution of the gold distribution,

which is described by Equation 4.7. Figure 5.2 compares the fluorescence profiles of a

PtBA sample being heated at 70◦C after different amounts of anneal time. Changes in

the distribution will manifest themselves as changes in σ, the width of the distribution,

and z0, the position of the distribution above the mirror surface. During the course of the

annealing treatment, the Gaussian half-width broadens by 26 Å and the position moves

away from the mirror surface by 13 Å. These changes can be observed in the intensity

reduction of the third and fourth peaks of the fluorescence profiles.

With increasing temperature, metal particle diffusion will increase. This effect is most

apparent in the side-by-side comparison of fluorescence profiles taken from specimens of

the same sample type at two different temperatures for equivalent anneal times. An

example of this comparison plot is shown in Figure 5.3. It is apparent that the particles

in the sample at 70◦C are more mobile than those at 50◦C. Another way to consider the

marker distribution is by plotting the Au density as a function of z0. Figure 5.4 shows

the distributions for both the 70◦C and 50◦C samples. There are significant changes in

both the broadness and location of the 70◦C sample, whereas there is a slight increase in

broadening (8 Å) but almost no change in the positional location of the 50◦C sample.

Once the time dependence of the Gaussian half-width is known, the Brownian diffusion

of the gold particles can be defined for each temperature. Using the following expression
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the particle diffusion coefficient (DAu) can be defined:

σ2 (t) = σ2
0 + 2DAut (5.1)

where σ0 is the initial σ value at the beginning of the anneal treatment, once the set

temperature is reached and where the time is defined to be zero, and σ is the fit to

the fluorescence profile at a specific anneal time. Figure 5.5 shows the calculation for

a 99k PtBA sandwich sample annealed at 65◦C, where the value of DAu is found to be

1.5×10−17 cm2/s. For comparison Guico found DAu to be 2.7×10−18 cm2/s for a 100k

PtBA sandwich at 60◦C [1]. This difference in diffusion coefficients at 60◦C and 65◦C

is consistent with the following dependence of the temperature shift factor, aT , which is

inversely proportional to the diffusion coefficient:

log (aT ) = A + B/ (T − T∞) (5.2)

with A = -8.94, B = 706 and T∞ = -16 ◦C [25].

**(refer to Rodney’s Macromolecules paper )**.

5.2. Marker Motion Measurements in Symmetric PVP Samples

Now that a weakly-interacting system (Au/PtBA) has been examined, the attention

of this work can be turned to a strongly interacting system (Au/PVP). Three different

molecular weights (24k, 302k, and 940k) of PVP were investigated using varying tem-

peratures. Figure 5.6 shows the time evolution of the fluorescence profiles for a 260 Å

92k symmetric sandwich at an annealing temperature of 150◦C. Over the course of the
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measurement, the Gaussian half-width broadens by almost 8 Å, and the gold layer posi-

tion changed by just a few angstroms. Figure 5.7 shows the changing volume fraction of

the gold as a function of the marker layer position during the annealing treatment. It is

interesting to compare these results to those of the PtBA. In the case of the 350 Å 99k

symmetric sample that was annealed at a temperature ∼20◦C above the Tg for PtBA,

the change in s was 26 Å with a change in z0 of 13 Å. In the PVP case listed above, the

sample was annealed 50◦C above the Tg and much smaller changes were observed. This

verifies how interacting the nitrogen ring is with the metal particles and the mirror .

In order to gain as much information as possible with a limited number of samples,

a single method to compare between temperatures and different molecular weights was

needed. A particular molecular weight will have varying viscosities at different tem-

peratures, as seen from Equation 2.4 and Equation 2.5. For proper normalization, the

molecular weight and temperature differences between samples would need to be factored

out. By using the terminal relaxation time these two effects can be accounted for. The

zero shear viscosity (eta0) can be related to the plateau modulus (G0
N) and the relaxation

time (τ) through the following equation [82]:

η0 = G0
Nτ (5.3)

where G0
N can be defined as:

G0
N =

ρRT

Me

(5.4)

with ρ being the density of the polymer (1000 kg/m3), R the ideal gas constant, T being

the annealing temperature and Me is the molecular weight between entanglements (18
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kg/mol)/. Using Equations 2.4, 2.5, 5.3, and 5.4 for a 302k sample at 150◦C, τ is found

to be ∼36 sec whereas at 180◦C it is 0.82 sec. This same procedure can be used for any

molecular weight/temperature combination to determine the correspondingt. Now that

the relaxation time of a certain molecular weight at a specific temperature is known it

can be used to normalize the sample to the amount of relaxations that it has experienced

during the annealing treatment through the following equation:

T =

∫
∂t

τ(MW,temp)
(5.5)

where T is the total number of relaxations the polymer has seen. In the case of Figure

5.8, three 24k samples were annealed at 100◦C, 105◦C and the last at 125◦C for ∼1 hr and

then further annealed at almost 150◦C for some additional time. By using Equation 5.5

all of these samples can be plotted on the same graph. The line on the graph represents

diffusive behavior. Over long relaxations, the 24k does not appear to experience truly

diffusive behavior. Since this overall normalization is not affected by molecular weight

all of the PVP molecular weights used in this thesis and their resulting broadening can

be plotted on one graph, Figure 5.9. It is useful to note that the diffusion equation

mentioned above in the PtBA marker motion section, Equation 5.1, can be written in

another temperature independent way through:

DAu =
∆2

6τ
(5.6)

with δ defined as an effective diffusive step size. The lines on the graph are for the extreme

cases of δ determined by Guico et al. and Cole et al. [24, 25] . Again no diffusive behavior

is observed on the relatively long time scales, as is evident by the deviation of the PVP
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data from the diffusive trend lines. The polymer chains that are in contact with the gold

particles are exchanging very slowly, thus changing the effective radius of the particle

in the Stokes-Einstein equation (Equation 1.1) and ultimately decreasing the expected

diffusion coefficient.

5.3. Marker Motion Measurements in Asymmetric PVP Samples

The next investigated aspect of the PVP system was to determine if any difference in

mobility existed between two polymer layers of different molecular weights surrounding

the marker layer. If there is an asymmetry in the polymer layers due to the molecular

weight differences, the net motion of the entire gold particle distribution can be attributed

to asymmetry effects rather than diffusive broadening. These types of experiments were

exemplified by Green et al. who investigated the effect of molecular weight differences

on either side of the sandwich interface [34]. This asymmetry in polymer mobility was

shown to create a positive net flux through the marker layer, subsequently driving the

particles towards the layer with higher mobility [34] . Experiments in this thesis were

conducted using a sandwich sample composed of two ∼250 Å PVP layers, where one has a

molecular weight of 24k and the other 940k. A 500 - 600 Å PS layer was also incorporated

in order to help with sample preparation. The evolution of the fluorescence profiles for

the PS/24k/940k/Pd sample, where the name signifies that the higher molecular weight

layer is in contact with the mirror and the lower molecular weight layer is in contact with

the outer PS layer, is shown in Figure 5.10. Corresponding changes in σ and z0 are shown

in Figure 5.11. As this asymmetric sample was annealed at 110◦C, the gold distribution
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broadened by approximately 8 Å and the change in z0 was about 12 Å in the direction

away from the mirror surface.

To determine if there was a corresponding effect on the particle motion if the 24k layer

was this time next to the mirror, another sample, PS/940k/24k/Pd, was made and also

run at 110◦C. As before, the annealing times are normalized using the relaxation time of

the lower molecular weight polymer. Figure 5.12 shows the measured fluorescence profiles

for both this sample as well as its counterpart discussed previously. In both cases the gold

nanoparticles move toward the 24k layer with similar trends in the overall distance the

particles move, verifying that substrate effects due to the mirror are minimal. Utilizing

the analysis of Green at al. the tracer diffusion coefficient (D∗
A) can be determined from

the following expression [34]:

∆z = C (D∗
At)0.5 (5.7)

where δz is the shift in the position of the gold layer and t is the annealing time. C is a fac-

tor that depends on the ratio of the tracer diffusion coefficients for the two polymers or can

also be a ratio of the two molecular weights for entangled polymer chains. C typically has a

value of 0.48 when the asymmetry in mobilities is very high (reference). The lines in Figure

5.12 are fits to this equation, and D∗
A was found to be 1.747×10−17 cm2/s for the sample

where the 24k chains were near to the free surface (PS/24k/940k/Pd) and 1.805×10−18

cm2/s for the sample with the 24k chains next to the mirror (PS/940k/24k/Pd).

In addition, a series of PS/940k/24k/Pd samples were made and run at 110◦C, 120◦C,

and 134◦C. The samples were again normalized by the relaxation time of the 24k polymer

at their respective temperatures and plotted together, Figure 5.13. This plot shows a

steady motion of the nanoparticles towards the mirror surface. At the longer relaxation
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times a plateau is visibly beginning to form. This plateau is representative of the remain-

ing polymer chains being compressed against the mirror surface. Since the PVP interacts

with both the Au nanoparticles and the Pd mirror, the chains at the mirror surface have

not had enough for those bonds to relax and new ones to form .

The next set of experiments consisted of comparing a series of PS/24k/940k/Pd sam-

ples with varying thickness of the 940k layer and varying anneal temperatures. This

thickness variance of the bottom polymer layer affects how many chains have portions of

their segments that are in contact with both the mirror surface and part of the marker

layer [24, 25]. Even small volume fractions of particles with chains in contact with both

the marker layer and the mirror can cause the marker motion to be hindered. For the

PS/24k/940k/Pd samples this effect would be seen by very little changes in z0 as the

sample is annealed for long times. Figure 5.14 shows the marker layer motion for four

samples where the thickness of the bottom layer ranges between 100 - 200 Å. All of the

samples have seen a significant number of relaxations. The measurements of the four

samples begin well past 104 relaxations and a plateau is initially seen for each sample.

Upon further relaxations all but the sample with a 100 Å bottom layer begin to show

signs of further marker motion, displayed as changes in z0, until a second plateau region

is reached. The first plateau can be related back to Figure 5.12, which shows that dur-

ing short time scales (> 100 relaxations) the sample is reorganizing itself as some of the

lower molecular weight chains swell into the higher molecular weight chains, i.e. there is

a small scale stretching of the polymer chains. Once this reorganization is complete, the

sample should experience little change, but upon further annealing the bonds between
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a specific point along the polymer segments and the gold particles will begin to reorga-

nize themselves. This reorganization of the bonds was seen in the case of the symmetric

PVP samples and is the cause for the slow diffusion dynamics of these polymer/metal

nanocomposite systems.
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Figure 5.1. Schematic of PtBA sandwich sample.
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Figure 5.2. Fluorescence profile evolution of PtBA samples heated at 70◦

a) 0min b) 10min c) 60min d) 120min where the open circles are the exper-
imental data and the line is a theorectical fit.
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Figure 5.3. Effect of annealing temperature on fluorescence profile evolution
in PtBA a-c) 70◦ and d-f) 50◦ where the open circles are the experimental
data and the line is a theorectical fit.
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Figure 5.4. Effect of annealing temperature and time on gold distribution
in PtBA a) 70◦ and b) 50◦.
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Figure 5.5. Gold particle distribution evolution.
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Figure 5.6. Fluorescence profile evolution of symmetric PVP samples
heated at 150◦ a) 0min b) 30min c) 120min d) 240min e) 360min f) 420min
where the open circles are the experimental data and the line is a theorec-
tical fit.
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Figure 5.7. Effect of annealing temperature and time on gold distribution
in PVP 150◦.
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Figure 5.8. Gold marker layer diffusion vs. polymer relaxation times. The
symbols represent experimental data and the line shows diffusive behavior.
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Figure 5.9. Summary plot for gold marker layer diffusion vs. polymer re-
laxation times as observed for symmetric PVP samples.
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Figure 5.10. Fluorescence profile evolution of asymmetric PVP samples
heated at 110◦ a) 0min b) 30min c) 60min d) 120min e) 180min f) 240min
where the open circles are the experimental data and the line is a theorec-
tical fit.
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Figure 5.11. Effect of annealing temperature and time on gold distribution
in PVP 110◦.
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Figure 5.12. Gold marker layer diffusion vs. polymer relaxation times for
two sample configurations where the location of the faster diffusing polymer
layer changes.
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CHAPTER 6

Summary and Future Work

Since the theories, techniques, and experimental results have been presented, a sum-

mary of the results and directions for future work are necessary.

6.1. Summary

Polymeric materials are of particular interest as a matrix material when coupled with

metal nanoparticles because of their ability to control the size and distribution of the

particles. In the case of metal/polymer composite systems, the formation of the structure

is a complex process controlled by kinetic and thermodynamic factors. Diblock copolymers

are typically used as they form specific morphologies. These morphologies are disrupted

by the presence of the metal nanoparticles. Initially, however, the metal particles will

conform to the preexisting morphology of the diblock copolymer. This occurs as the

metal particles diffuse over short distances and begin to coalesce. The destruction of the

”templated” morphology occurs over much longer times as the polymer matrix reorganizes

to further accommodate the continued particle coalescence.

An initial understanding of the organization and mobility of the metal nanoparticles

was needed so two homopolymer system with gold nanoparticles were studied. The tech-

nique of choice was X-ray standing waves (XSWs) generated by total external reflection

(TER). This technique was able to probe the particle motions in real time and with

subangstrom resolution when heated above the polymers glass transition temperature.
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The first homopolymer studied in this thesis was poly(tert-butyl acrylate) (PtBA). In

the marker motion experiments I found similar diffusion coefficients to those of Guico

[1]. The next system studied involved poly(vinyl pyridine) (PVP). PVP is considered

an interacting system, since the Nitrogen in the pyridine ring is strongly attracted to

metals. Symmetric samples were created and experiments were conducted similarly to

those of PtBA. Unlike PtBA, the PVP system never saw diffusion broadening even after

106 polymer relaxations. The cause of the reduced kinetics could be attributed to the

limitation of the polymers exchanging at the particle surface due the hydrogen bonding.

Lastly asymmetric PVP sample were created with a low molecular weight (24k) and a

high molecular weight (940k) on either side of the gold nanoparticles. Upon heating the

24k chains will swell into the 940k chains due to their higher mobility, i.e. faster relax-

ation time. This will effectively force the gold nanoparticles in the direction of the 24k

layer. A study was done to see if there would be any effects due to either the mirror or

the free surface. None were determined. Samples were made with the 24k chains at the

mirror surface (PS/940k/Au/24k/Pd) to see how the nanoparticles would act near the

mirror surface. A definitive plateau was seen about 100 Å away from the mirror surface.

The plateau shows that the remaining chains could not be compressed any more by the

nanoparticles. Lastly experiments were done to study how the longer 940k chains would

swell away from the mirror surface as 24k chains swelled inside. From the experiments

involving the free surface and mirror effects an initial reorganization and swelling was

observed upon shorter relaxations. In the mid-range of polymer relaxations (∼104−5) a

plateau was observed. Upon further annealing, an increase in the location of the particle

distribution was observed. This second increase and following plateau was indicative of
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the chain/particle dynamics where polymer chains are finally exchanged at the surface

of the gold nanoparticles and new chains were taking their place. These studies further

validated XSWs as a tool for studying particle motions in polymeric matrices over small

length scales and within relevant time scales, i.e. polymer relaxation times. These systems

also defined a starting point for more complex studies.

6.2. Future Work

The ability of x-ray standing waves generated by total external reflection to measure

the width and position of a marker layer with subnanometer resolution makes it ideal

for further studies involving polymer nanocomposites. The understanding of the weakly-

interacting and strongly-interacting gold/homopolymer systems presented in this thesis

provide a foundation for more complex systems. The diblock copolymer systems that

motivated this work [8, 9, 11, 12, 13, 14, 15, 16, 17], specifically the images presented

by Lopes et al. [11] would be an example of such a complex system to be studied.

It would be interesting to use XSWs to observe the time-evolution of the marker atoms

in some of these complex structures. Lin et al. used X-ray standing wave fluorescence

spectroscopy to determine the distribution of gold nanoparticles in an asymmetric block

copolymer film of polystyrene-b-poly(2-vinylpyridine) [32]. This particular copolymer

self-assembled into alternating nanometer-sized domains in the absence of metal. Upon

annealing with metal particles, Lin et al observed particle motion to the central film

region that consisted of spherical PVP domains. This confirmed that initially metal par-

ticles will conform to the preexisting morphology of the diblock copolymer. Upon longer

annealing times, the morphology will be destroyed as the polymer matrix reorganizes to
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accommodate particle coalescence. Chiu et al. used a polystyrene-b-poly(2-vinylpyridine)

diblock copolymer, that formed a lamellae, to accurately arrange gold nanoparticles that

were PS and PVP coated [83].

Shull et al. and Xu et al. studied the segregation at an interface between PS and a ran-

dom copolymer made up of polystyrene (PS) and poly(parahydroxystyrene) (PS/PPHS)

and a diblock copolymer of deuterated PS and PVP (dPS/PVP) [84, 85]. Both authors

found that polymeric microemulsions would form, specifically due to Hydrogen bonding

between the PVP and PPHS segments causing an increased segregation to the interface

[86, 87]. The microemulsions were characterized by a vanishing or negative interfacial

tension between immiscible components as a result of copolymer segregation to the in-

terfacial region. Shull et al. found the amount of PPHS produced a large attractive

interaction causing spherical droplets to ’pinch off’ from the convoluted interface. Xu et

al, however, found the microemulsions showed a highly convoluted microstructure within

a wavy layer, the difference of which was attributed to the smaller volume fraction of

PPHS used in their experiments.

Lefebvre et al. used self-consistent mean-field theory to study an A homopolymer,

AB copolymer, and C homopolymer. The calculations confirmed that swollen micelles,

with the C homopolymer encapsulated in the middle, could form if there were attractive

interactions included between the C homopolymer and the B segment of the copolymer.

Upon including another attractive term between the C homopolymer and the nanoparticle

surface, the calculations demonstrated that the nanoparticle could be encapsulated by the

PVP in the center of the micelle. An example of this system could be PS homopolymer,

a PVP homopolymer, and a block copolymer of PS and PPHS. Using gold as the marker
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atom would make this system similar enough to the work in this thesis and experiments

could be conducted easily to study the mobility and organization of the system.

Another avenue of study would be to describe the in-plane distribution of the nanopar-

ticles in both the homopolymer systems and the microemulsion systems. For consistency

with the XSW results a system that can monitor the sample in real time and with sub-

nanometer resolution would be necessary. A technique combining the principles of reso-

nance enhanced x-ray scattering with grazing incidence small-angle x-ray scattering has

been developed by Wang et al. to probe the lateral diffusion of the metal nanoparticles

[69]. This method had been used for both Au/PtBA sandwich samples [51] and with

open-face Au/PS samples [88]. Coupling the lateral distribution with the vertical distri-

bution from XSWs would give an overall idea of the 3-dimensional spatial evolution of

the nanoparticles in the system.

Finally using a chemical marker instead of nanoparticles is also of interest. Polyethy-

lene oxide polymer brush systems are increasingly important as anti-adhesive and ligand

specific coatings for a variety of medical and industrial applications in aqueous environ-

ments. Little is known about what happens when two brushes are brought into contact

with one another. Chemically binding a marker to the ends of one set of the polymer

brushes and bringing them into contact with another brush while monitoring with XSWs

could describe the brush-brush interactions. Bromine is an ideal marker atom based on

the relative ease of bromine labeling chemistries and appropriate x-ray absorption and

emission energies which are easily accessible at Sector 7. Studying the distribution of
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marker atoms in the vicinity of a polymer brush surface would improve the understand-

ing of the brush surface itself, which is critical in expanding the industrial and research

applications of polymer brushes.
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