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Abstract 

Understanding the interactions between siloxane polymer melts and polysilicate resin 

particles is of great importance where practical applications of the properties of polymer- 
based materials are regulated by the presence of particles. One of these industrial 

applications for siloxane polymers is as antifoaming agents; most efficient antifoams consist 

of a dispersion of colloidal particles in silicone and/or mineral oil. Some of these antifoams 

are small (< 10 nm) species known in the industry as MQ resins, the chemical properties of 
these particles are between small silica particles and highly cross-linked silicone polymers. 

This work involves the use of Nuclear Magnetic Resonance and Neutron Reflection 

techniques to study the effect of adding nanopolysilicate resins to polysiloxane polymer 

melts to elucidate the structure of water-polymer-air Interfaces in order to identify the specific 
location of the nanoparticles. Different particle sizes and concentrations of nanopolysilicate 
resin were used. 

The results from 'H nuclear magnetic resonance T2 relaxation spectroscopy showed that the 

nanopolysilicate resin reinforced low molecular weight PDMS but solvated high molecular 
PDMS melts. The critical entanglement molecular weight was also calculated for the PDMS 

melt and nanopolysilicate resin/ PDMS blends, it was found to be Independent of 
temperature. 

Neutron reflectometry results highlighted the hydrophobic character of the nanopolysilicate 
particles and that the particles accumulate in the air/ polymer interface. The adsorbed 
amount of resin on the surface was found to be dependent on the particle size and 
concentration. This behaviour was also observed in the surface tension and Langmuir trough 

results. 
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I Introduction 

In the last century the surface adsorption properties of different types of siloxane polymers 

were one of the most studied, and since then they have been used in a wide range of 

applications, such as elastomers, defoamers, coatings, fluids and lubricants, personal care 

products and medical products amongst others Ill. 

One of the polymers most studied is polydimethylsiloxane (PDMS) which has shown to 
behave like a surface active agent, but under certain conditions it could also behave like an 

antifoam agent. Almost every industrial process involving water and formulated products 
including processed foods have a small amount of antifoam material added to them. (2.31 

The most powerful antifoams consist of a dispersion of hydrophobic colloidal particles in 

silicone and/or mineral oil. Examples of these antifoams are small (< 10 nm) species known 

in the industry as MQ resins. The nature of these species is between small silica particles 

and highly cross-linked silicone polymers - we consider them as nanoparticulate silicones. 
Although, they are very effective as antifoam agents the reason for their effectiveness is not 
known nor has the role of each of the components in the foam inhibition been defined. 141 

In order to understand how these particles are distributed in the bulk phase and at interfaces 

we have used a range of surface sensitive techniques. This project involves the use of 1H T2 

Relaxation Nuclear Magnetic Resonance Spectroscopy (NMR), 'H T, Relaxation NMR, 

Neutron Reflection to elucidate the structure of water-polymer-air interfaces in order to 

identify the specific location of the nanoparticles. Also surface tension measurements and 
Langmuir-Blodgett technique have been performed. 

The work in this thesis concentrates on exploring the interactions between the siloxane 

polymers and the nanoparticles, MQ resins. 

1.1 Polysiloxanes 

Polysiloxanes, silicones or siloxane polymers, are the popular terms used to describe a 

whole family of organosilicon compounds based on a backbone or molecular chain of 

alternate silicon and oxygen atoms giving them a variety of intriguing properties. For 

example, the strength of this bond gives the siloxane polymers considerable thermal stability 

which is useful in high temperature applications. The nature of the bonding and the chemical 

characteristics of typical side groups (e. g. CH3, CH2CH3, etc. ) give the chains a very low 

surface free energy and, therefore, highly unusual and desirable surface properties. (s) 

Depending on the length of the chain and the organic groups attached to silicon atoms, 
these compounds range all the way from low viscosity liquids to heavy oils, greases, gels, 

rubbers and solid resins. Silicones have been marketed since the middle of the 1940s, 161 



and silicones have become established in a wide variety of applications ranging from 

electronics to personal care products. It has been estimated recently that there are over 
3000 different commercial silicone products. These are made up from silicone fluids, 

elastomers and resins. I'] 

The building units of the siloxane polymers used are usually described by the MDTQ 

nomenclature. m These correspond to the different functionality with respect to the number of 
oxygen atoms covalently bonded to a silicon atom: one (Monofunctional); two (Difunctional); 
three (Trifunctional) and four (Quatrifunctional). Since the oxygen is shared between two 

silicon atoms, polyorganosiloxanes are represented as: 

Rn SIO(4_n, 
2 

Equation 1.1 

Where n=3,2,1, and 0 for M, D, T and Q, respectively. R typically corresponds to an 
organic substituent, which might or might not be a functional group, in order to provide a 
reactive site. Ill Note that when n=0 we have silica, Si02. A typical representation of MDTQ 

units is shown in Figure 1.1. 
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1.1.1 POLYDIMETHYLSILOXANE 

The first member of the series, and the most studied, is polydimethylsiloxane (PDMS), 

especially regarding its configuration-depending properties. PDMS' structural information is 

presented in Figure 1.2. The Si-O bond length is 1.64 A, which is significantly longer than 

that for the C-C bond (1.53 A). Also the angle of the Si-O bond is approximately 143 °, which 

also is much larger than the tetrahedral value (- 110 °). Additionally, this bond angle is so 
flexible that it can easily pass through the linear 180 0 state. Finally, the torsional potential 

about the Si-O bond is significantly lower than that about C-C bonds. These characteristics 
together make the PDMS chain one of the most flexible known. This results in PDMS and 

most other siloxanes, having very low transition temperatures. The Si-O-Si bonds give the 

chain an irregular cross section. Which can also, influence the way the chains pack in the 

bulk, amorphous state. (51 

164A 0 110° O 

Si Si 

CH3 CH3 CH3 CH3 
Figure 1.2. Drawing of a portion of a PDMS chain, showing some structural 
information relevant to Its high flexibility. 

Some of the most important characteristics of the PDMS are: 18) 

" Low surface tension (20.4 mN"m'') and capable of wetting most surfaces. With the methyl 
groups pointing to the outside, this gives very hydrophobic films and a surface with good 
release properties. 

" Wetting critical surface tension of 24 mN"m'I this means that silicones are capable of 

wetting themselves, a property that promotes good film formation and good surface 
covering. 

Glass transition temperatures are very low (e. g., 146 K for PDMS compared to 200 K for 

poly-isobutylene, the analogue hydrocarbon). 

" High free volume (compared to hydrocarbons) explains the high solubility and high 
diffusion coefficient of gas into silicones. 

" High compressibility. 
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" Activation energy of the viscous movement is very low, and the silicone viscosity is less 

dependent on temperature compared to hydrocarbon polymers. However, for higher 

molecular weight chain entanglements are involved at higher temperature and contribute 

to limit the viscosity reduction. 

Figure 1.3 shows a molecular model of PDMS, provided by Dow Corning; it emphasizes its 

structure in a random coil conformation. 

Figure 1.3. Molecular model for a linear polydimethylsiloxane, PDMS, in a random coil 
conformation. 

1.1.2 POLYSILOXANE RESINS 

Polysiloxanes with organofunctional groups are distinctive amongst commercial polymers. 
Siloxane oils and elastomers mainly consist of D (R2SiO2n) building units, whereas siloxane 

resins involve three-dimensional crosslinked networks, i. e. they contain T (RSi03/2) or Q 

(Si04/2) building units in their structure. They have been used mainly as coatings and 

additives. 191 

The term "siloxane resin" refers to a class of non linear, largely silsesquioxane containing 

polyorganosiloxanes. Generally, siloxane resins before cross-linking are solvent-soluble 

solids or liquids. While the base polymers of siloxane oils and elastomers mostly consist of D 

units, siloxane resins contain T, silsesquioxane, or Q, silicate, units as essential building 

blocks. This means that siloxane resin polymers possess crosslinked (network) structures 

and thus are three dimensional. i1" 

Major commercial siloxane resins can be classified into a DT type, which consists of D and T 

building units, and an MQ type, which consists of M (R3SiO1/2) and Q units. 1101 MQ resins are 
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prepared by using sodium silicate as the starting material for the Q unit which is capped by 

trimethylsilyl groups (Me3SiO�2 -). Diverse grades of MQ resin are produced, that vary in 

molecular weight that is controlled by the silicate concentration during polymerization. 

Silicate resins are formulated with linear PDMS for targeted applications covering a wide 

range of industries but are mostly used internally in the silicone industry as raw materials for 

adhesives, etc. (9,111 

A molecular model of the MQ resin, provided by Dow Corning, is shown in Figure 1.4. 

Consisting on average of a single cage with a molar ratio of M: Q units of 1. 

k 

Figure 1.4. Molecular model of MQ resins with ratio M: Q of 1. 

Table 1.1 compares the properties of a high molecular weight PDMS (weight average degree 

of polymerization of 1350 is used as an example), with an MQ resin. The distinction in 

molecular structure, as shown in Figure 1.3 and Figure 1.4, respectively, is manifested in the 

substantial difference in viscosity and glass transition temperature. 

1.1.3 NANOCOMPOSITES 

Polymer nanocomposites, i. e. polymer containing fillers with at least one dimension at the 

nanometre scale, have received lots of attention in the past years due to their improved 

properties (mainly mechanical and barrier properties) compared to traditional micro- and 
macro-scale composites. 

[12] 

The strength of silicone polymers without fillers is generally unsatisfactory for most 

applications. The addition of reinforcing fillers reduces silicone's stickiness, increases its 

hardness and enhances its mechanical strength. Some of the common added fillers are, for 
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example, carbon black for electrical conductivity, titanium dioxide improves the dielectric 

constant, etc. 1131 

Table 1.1. Typical properties of high molecular weight PDMS and a MQ resin. I'll 

Property PDMS' MQ' 

MDTQ composition' Mo. 002Do. 998 Mo. 42Qo. 58 
Si: C 0.499 0.78 

Structure Linear random coil Cage network 
Physical form at room temperature Fluid Powdery particulates 
Mw, kg"mol-1 100 16.5 

M, tiJ M� 2 3.8 

Radius of gyration, nm 8.4 2.2 

Viscosity, Pa"s 58 1024 

Density g"cm3 0.976 1.236 

Refractive Index (no) 1.4035 1.43 
Glass transition temperature, °C -123 > 250 

Surface tension, mN"m" 21.5 22 

a. A weight average degree of polymerization of 1350 is used here as a typical example for PDMS. 
* MQ commercial sample. 

Normalised to one silicon atom. 

Reinforcement happens with polymer adsorption encouraged by the silica's large surface 

area and when hydroxyl groups on the filler's surface lead to hydrogen bonds between the 
filler and the silicone polymer, thereby contributing to the production of silicone rubbers with 
high tensile strength and elongation capability. The addition of the filler increases the 

polymer's already high viscosity. Treatment of the silica filler with silanes further enhances its 
incorporation in, and reinforcement of, the silicone polymer, resulting in increased material 
strength and tear resistance. 1131 

1.2 Antifoam Agents 

Foaming problems can occur in a wide variety of industrial processes such as distillation, 
filtration and fermentation. Moreover, unwanted foams can cause product defects, for 

example in painting, printing, moulding and adhesion applications. Therefore, antifoaming 
and defoaming agents are important to a broad range of industrial processes and 
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applications, and there is an ever changing demand for versatile products that work under a 

variety of conditions. 1141 

Foams are formed by thousands of tiny bubbles of mechanical or chemical origin and are 

produced within a liquid. If these bubbles rise and accumulate at the liquid surface faster 

than they decay, foaming occurs. The presence of foam and mostly its extend represents a 

equilibrium between the processes creating it and the forces causing its destruction. (151 

Foam is a dispersion of a gas In a small amount of a liquid. Where, gas makes up the larger 

volume fraction; therefore, the density of the dispersion is closer to that of the gas rather 
than the liquid. 115,161 True foaming, therefore, occurs only when the liquid between the 
bubbles thins to a lamella instead of rupturing at the point of closest approach. The high 

specific surface areas of foams make them thermodynamically unstable relative to separated 

gas and liquid phases that have a lower surface energy. 115, lei 

Based on their features, foams can be divided into various categories (Table 1.2). 
Commonly, fluid foams are found in submerged processes and these can be unstable, 

metastable, transient or persistent. Unstable foam continuously approaches the equilibrium 

state, constantly breaks down as the liquid dries between the bubbles. Metastable foam Is 

characterised by the fact that the drying of the liquid between the bubbles can occur and the 
foam can persist indefinitely, if absolutely protected from disturbing influences Including 

vibration, draughts, evaporation, radiant heat, temperatures differences, dust and other 
impurities. Metastability can be conferred on the foam by the presence of a solute that is 

positively adsorbed at the surface and requires work to remove it from there to the bulk 

phase. (151 

A typical antifoam or defoamer consists of oil, hydrophobic solid particles, or a mixture of 
both. 1171 The solid particles can be Inorganic (silica, Al203, TiO2), wax (e. g., Mg stearate), or 

polymeric (e. g., polyamide, polypropylene). (21 

The most widely used industrial antifoams are based on polydimethyisiloxane (PDMS) oils, 
yet very little fundamental information exists on their mode of action. In most formulations 
hydrophobically modified particles are dispersed in the oil to Increase antifoam efficiency but 
the primary mechanism responsible for this effect has remained unclear 114). Almost every 
industrial process involving water and most formulated products including processed foods 

includes a small quantity of antifoam. 12,31 he most potent antifoams consist of dispersions of 
hydrophobic colloidal particles in silicone and/or mineral oil. The very best antifoams also 
contain small (< 10 nm) species known in the Industry as MQ resins (section 1.1.2). The 

nature of these species is between small silica particles and highly cross-linked silicone 
polymers. Although very effective as antifoam additives, we have no clear understanding of 
their role in foam destruction. 
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Table 1.2. Classification of Foams (151 

Type Characteristics 

True Predominantly gaseous dispersion 

Fluid 
Predominantly liquid dispersion with enhanced hold-up of gas 

in a large portion of the liquid 

Unstable Equilibrium state is continuously approached 

Metastable Progress to the equilibrium state is arrested 

Transient Lifetime of seconds 

Persistent Lifetime of hours or days if undisturbed 

PDMS in combination with silica (SiOO) and some surfactants has been studied extensively 

and most of the experiments performed have been done using spectroscopic techniques that 

are capable of accessing information at the molecular level during deformational flow. 

Examples include neutron and X-Ray scattering and most recently NMR (181. 

Many theoretical and experimental studies exist on the mechanism of foam destruction by 

oil-based antifoams. (2,4,15,17,19,201 One of the oils most used are polysiloxanes, e. g., 

polydimethylsiloxane (PDMS), because it has most of the desirable features necessary for 

controlling foam in almost any media, fast and long lasting action, high efficiency, low cost 

and ease of handling 1161. Kulkarni et al. (a] proposed a model to describe the mechanism of 
foam bubble rupture by silicone-based antifoams containing finely divided silica as a filler, 

forming hydrophobic solid-oil globules which is in the centre of the antifoaming action 14,141 

They assumed that the filler particle needed to be hydrophobic for effective antifoaming 
action and that these hydrophobic particles are primarily responsible for bubble rupture in 

aqueous systems. Higher degrees of hydrophobicity not only provide more power to the filler 

but also aid spreading in the silicone oil. The silicones are thought to be the silica particles 
carrier, exposing them to the surface so that the bubble can rupture. The uniqueness of the 

silicone oil lies in its inertness and its ability to spread spontaneously on almost any aqueous 
fluid, except on those containing fluorocarbon surfactants, and to maintain its dispersed state 
in a foaming solution. (41 

It has been shown that mixed liquid-solid antifoams usually have much higher activity than 
their individual components, if used separately (21,221. A major problem in the practical 
applications of antifoams is the gradual loss of their activity in the course of foam destruction. 
This process is termed "antifoam exhaustion" or "deactivation", and several possible 
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explanations have been proposed in the literature X19,211. Most often, the explanations are as 
follows: (i) the foam globules reduce their size in the course of foam destruction and 

eventually become too small to rupture the foam films efficiently; (ii) the antifoam initially 

deposited on the surface of the foaming solution, is gradually emulsified and becomes 

inactive (211. They have also investigated the antifoam exhaustion process using sodium 
dioctylsulfosuccinate (AOT) as surfactant and mixtures of PDMS oil-silica particles as 

antifoam (AF) agents. Interfacial methods such as ellipsometry have been used to measure 
the thickness of the layer of spread oil on the surface of a solution and film trapping 

techniques (FTT) have been used to measure the changes In the entry barrier and the 
deformability of the antifoam globules (21l 

It was recently shown that the exhaustion of mixed poly-(dimethylsiloxane) - silica antifoams 
in surfactant solutions is due to two interrelated processes: (1) segregation of oil and silica 
into two distinct populations of antifoams globules (silica - free and silica enriched), both of 
them being rather inactive; (2) disappearance of the spread oil layer from the solution 

surface (23). A combination of several experimental methods was applied to prove this 

mechanism. Dynamic light scattering and optical microscopy were used to show that there 

was no correlation between the mean size of the antifoam globules and the antifoam activity 
in the process of exhaustion (231. 

Hadjiiski, et al 1241 have also studied different oils (mainly hydrocarbon or silicone oils) and 
their mixtures with hydrophobic solid particles, which are widely used for destruction of 

undesirable foam (24). It was shown that the so-called entry barrier, which characterizes the 

ease of entry of pre-emulsified oil drops into the solution surface, was of crucial importance; 

an easy entry (low entry barrier) corresponded to active antifoam and vice versa. They 
developed a new method; the film trapping technique (FTT) 125,261 which consist of a vertical 

capillary, partially filled with the working solution, is placed In a close vicinity above a glass 

substrate. The capillary is connected to a pressure control system, which allows one to vary 

and to measure the difference, AP = (PIN - Po), between the air pressure in the capillary, PIN, 

and the atmospheric pressure, Po, with a good accuracy (± 20 Pa). When PIN is increased, 

the air-water meniscus in the capillary is pushed against the glass substrate -a wetting film 

is formed, which traps some of the oil droplets dispersed in the working solution. The 

droplets are observed from below, through the glass substrate, by means of an inverted 

optical microscope. Upon further increase of dP, some of the trapped drops enter (pierce) 

the air-water interface at a given, critical capillary pressure, PCRC. Therefore the experiment 
allows one to measure PCRC as a function of the solution composition and drop radius. (241 

It was recently shown for mixed PDMS - silica antifoams that oil bridges, once formed in the 

foam films, rapidly stretch in the radial direction and eventually rupture in the bridge centre 
(bridging - stretching mechanism) 122.27,281 (see Figure 1.5). In this way, the oil bridges 
induce a rupture of the foam film within several seconds after film formation. As suggested 
by Garrett (21 and proven experimentally 122,29( the main role of the solid particles in the 
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antifoams compounds is to aid the entry of the oil globules. Observations have shown that in 

this system the antifoam particles destroy the foam lamella by the formation of unstable 
bridges, which afterwards stretch and eventually rupture due to uncompensated capillary 

pressures across the different interfaces. These bridges can be formed either from originally 

emulsified antifoam droplets, which pierce both surfaces of the foam film during its formation 

and thinning, or from oil globules which float on the bulk air -water interface even before the 

foam film is formed. In the absence of solid particles, the oil drops cannot enter the foam 

film surface and are expelled out of the foam film in the course of its thinning. [27,281 Garrett 

has also demonstrated that the existence of an oil layer of several nanometres thickness, 

prespread over the foam film surfaces, is very significant for the process of lamella 

destruction, as this layer considerably facilitates the access of the oil drops on the film 

surface and the formation of unstable bridges. 1271 

Denkov et al. [301 have also made direct measurements on the entry barriers of mixed oil- 

solid antifoam globules also using the film trapping technique (FTT) in AOT and Triton X 

solutions. The results show that the presence of a pre-spread oil layer on the solution 

surface leads to significantly lower entry barriers, which corresponded to very active (fast) 

antifoams [301. Without spreading of the silicone oil, these antifoams would be much less 

active. The technique consists of trapping oil drops in wetting films on a solid substrate, 
followed by a controlled increase of the capillary pressure of the meniscus that compresses 
the drops against the substrate [311. Therefore, a synergistic effect between the solid particles 
and the oil particles and the oil spreading has been established (30,311 

They also studied how the activity of mixed PDMS-silica antifoams depends on the 
hydrophobicity of the incorporated solid particles. The results with two different antifoams 
and three different surfactant solutions convincingly show that there is a well-defined, optimal 
silica hydrophobicity at which the antifoam is most active. The optimal hydrophobicity 
depends on the foaming solution used [321. 

Denkov et al, 131,331 have also completed foam tests and model experiments with sodium 
dodecylbenzenesulfonate solutions to elucidate how the foam stability and the foaminess are 
affected by a number of oils of different chemical structure [31,331. The experiments proved 
that the antifoam activity of pre-emulsified oils is determined primarily by the entry barrier, 

which controls the drop appearance on the solution surface. If the entry barrier is high (e. g., 
n-dodecanol and silicone oil), the oil drops remain in the Plateau borders during the process 
of foam drainage, not being able to destroy the foam 1331 (see Figure 1.7). They have carried 
out a systematic experimental study of the entry barriers for several oils by means of the 

recently developed film trapping technique (FTT) (25,261 
. Denkov et al [311, have found that the 

entry barrier increases with the surfactant concentration, particularly in the range where the 

surfactant micelles are likely to stabilize the asymmetric films. The results obtained with a 
series of alkanes (from octane to hexadecane) showed that the entry barrier increases with 
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Figure 1.6. Representation of film trapping technique, which is used for measuring the 
critical capillary pressure, PCCR, leading to entry of the antifoam globules. Taken from 
reference 30. 
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Figure 1.7. Mechanism of foam destruction by oil drops. The drops are released from 
the foam films into the neighbouring Plateau borders in the early stages of foam 
growth. The liquids drainage leads to a slow thinning of the Plateau borders and to 
Increase the capillary pressure compressing the trapped drops. When the 
compressing capillary pressure exceeds a certain critical value, which depends on the 
stability of the asymmetric oil-water-air film, the oil drops enter In the surface of the 
Plateau border and rupture the neighbouring foam films. Figure taken from reference 33. 
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the alkane chain length. For decane and dodecane, the layer-spread oil reduces the entry 
barrier, while for hexadecane the effect is the opposite (311. 
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Figure I. S. (A) When an antifoam globule approaches the foam film surface, as an 
asymmetric oil-water-air film of thickness heg forms. (B) If the protrusion depth, dPR , 
of the solid particle Is larger than hAg and the condition for dewetting , 00 + 6A > 18011, 
is satisfied, the solid particle pierces the air/water Interface and Induces a film 
rupture. (C) If the protrusion depth is small; the solid particle Is unable to pierce the 
asymmetric film, even if the condition for dewetting is satisfied. Taken from reference 
22. 
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Figure 1.6. Representation of film trapping technique, which is used for measuring the 
critical capillary pressure, PCCR, leading to entry of the antifoam globules. Taken from 
reference 30. 
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1.3 Conclusions 

Although a large amount of work has been performed trying to effectively elucidate the role 
of the silica nanoparticles on the antifoam compounds, there is rather little information in the 
literature about the role that the polysilicate nanoparticles (MQ resins) play as antifoam 
agents. However, some of the results and the methods used in studying the silica/siloxane 

polymers system could be instructive and adaptable to our particular system. 

This work concentrates on exploring the synergy between the siloxane polymers and the 

polysilicate nanoparticles, MQ resins. NMR and Neutron reflection are the main techniques 

used to probe these interactions. 
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2 Nuclear Magnetic Resonance Spectroscopy 

2.1 Introduction 

Nuclear Magnetic Resonance Spectroscopy (NMR Spectroscopy) gets its name, not 
surprisingly, after its principal feature: it makes use of the magnetic properties of nuclei. 

The development of the NMR Spectroscopy has had a great impact on natural sciences. 
This invaluable and powerful technique can be used to study a wide range of samples, e. g. 
organic compounds, proteins, polymers, etc. Not only to determine from the simplest to the 
most complex chemical structures, but also, to understand molecular dynamics. 

2.2 Principles of Nuclear Magnetic Resonance 

2.2.1 SPIN ANGULAR MOMENTUM 

Magnetic nuclei possess an intrinsic angular momentum, I, known as spin. Following 

quantum mechanics, this is quantised into 2/+1 discrete values of the spin angular 
momentum vector, /, which total magnitude is (Equation 2.1) 

III =1 I -(/+ 1) Equation 2.1 

Where h is 
2 

and h is Plank's constant (h = 6.626 x 10"34 J s), and 1, is the nuclear spin 

quantum number and may have integer or half-integer values. 

The spin quantum number ! of a nucleus may have any value between 0 and 6 (integer or 
half integer) (Equation 2.2), although values above 4 are relatively unusual. 

I=0,2,1,2,2,......, Equation 2.2 

Spin quantum numbers of some commonly encountered nuclei are given in Table 2.1. 

Table 2.1. Nuclear spin quantum numbers (/) of some commonly encountered nuclides 

I Nuclide 

0 12C, 16Q 

12 1H. 13C, 15N1 19F, 29SiI 31P 

1 2H 14N 
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Spin angular momentum, I, is a vector quantity. Its direction is also quantized and when 
projected onto an arbitrarily chosen axis (e. g., z), the z component of 1, denoted IZ, has 

values given by Equation 2.3 

12 = m/ Equation 2.3 

Where m is the magnetic quantum number, which has 21+1 values in integral steps from -1 to 

+1, i. e., 

Equation 2.4 

Thus, the angular momentum of a spin -% nucleus (e. g. 1H, 13C) has two permitted 
directions, IZ = t'/ h. The spin angular momentum may be represented by Figure 2.1. 

The magnetic moment of a nucleus is intimately associated with its spin angular momentum 
(Equation 2.5). To be more specific, the magnetic moment µ, which is also a vector quantity, 
is directly proportional to I with a proportionality constant y, known as the gyromagnetic ratio, 

which is characteristic for a given nuclei (1H, y= 26.752 x 107 radians T' s'); i. e., each 
element has a characteristic NMR frequency. This value is usually positive so that the 

magnetic moment is parallel to the angular momentum. 

/1=YI 

+lA 2 

2 

I 
r=- 2 

t 

h[IQ+1)r 
i 
2 

Equation 2.5 

Figure 2.1. Space quantization of Spin -1/2 nucleus. The semi-circle represents the 
quantization of the spin magnitude and the vertical line quantization in the z direction. 
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2.2.2 EFFECT OF A MAGNETIC FIELD ON A MAGNETIC MOMENT 

In the absence of a magnetic field, all 21 +1 orientations of a spin -I nucleus have the same 

energy. This degeneracy is removed when a magnetic field is applied: the energy of a 

magnetic moment p in a magnetic field B (another vector) Is minus the scalar product of the 

two vectors (Equation 2.6) 

E=-p. B Equation 2.6 

In the presence of a strong field, the quantization axis z is no longer arbitrary, but coincides 

with the field direction. Therefore 

E= -pB Equation 2.7 

Where uz is the z component of u and 8 is the strength of the field. 

By substituting Equation 2.3 and Equation 2.5 into Equation 2.7 it can be seen that: 

E= -mhyB Equation 2.8 

That is, the energy of the nucleus is shifted by an amount proportional to the magnetic field 

strength, to the gyromagnetic ratio and the z component of the angular momentum. The 21+1 

states for a spin -1 nucleus are equally spaced at 1B energy intervals. 

The selection rule for NMR Is Am = ±1; the allowed transitions are consequently between 

adjacent energy levels. The resonance condition AE =hv hence, 

DE = by =h yB Equation 2.9 

Where v, is the frequency of the electromagnetic radiation. 

For a spin '/ nucleus the two energy levels corresponding to m, =+ '/2 and m, = =/, are 

often denoted a and ß, respectively. For nuclei with spin greater than Va we get more than 

two energy levels. 

When a sample containing protons is placed in a magnetic field, BO, and allowed to reach 

equilibrium, each of the nuclei takes either the a or ß orientation. This is illustrated In Figure 

2.2. 
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Figure 2.2. The a and 0 orientations of spin / ='/: nuclei in a magnetic field 

By principle, the direction of the external magnetic field, BO, is taken as the z-axis. Note that 

the magnetic moments lie at an angle 0 to the applied field. 

That is, the energy of the nucleus is shifted by an amount proportional to the magnetic field 

strength, to the gyromagnetic ratio and the z component of the angular momentum. The 21+1 

states for a spin -1 nucleus are equally spaced, with energy intervals hyB (Figure 2.3). 

Bo >0 h 
E-+Y4; 

cBo 

i 
Bo =0 iý 

AE 

`h 
E__Y 

41r 

Figure 2.3. Magnetic energy levels for a and 0 states. 

When placed in a magnetic field, a collection of magnetic nuclei spread themselves between 
the 21+1 available energy levels according to the Boltzmann's distribution. The ratio of 
populations of the two levels is: 
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77,6 
-= exp Equation 2.10 
1a 

Where k is the Boltzmann's constant (k=1.38x10-23 J K) and T is temperature (K). ? 7,8 refers 

to the number of spins in the upper energy state and rq� the number of spins occupying the 

lower energy state. AE represents the energy gap between the two levels and is shown 
diagrammatically in Figure 2.3. Consequently there will be a small excess of spins in the 

lower energy state at equilibrium. 

For the nuclei in a field of 1.4 T (14,000 Gauss), which corresponds to NMR frequency of 60 

MHz, the excess population in the low energy state is extremely small at the room 
temperature is 

'7B -a 
Sv 10-1 

Equation 2.11 
'7v '1a 

This illustrates the relation between the strength of the magnetic field and the sensitivity of 
the NMR technique. The signal-to-noise ratio maybe improved by increasing the field 

strength, BO, or by greater signal averaging, but there is an upper limit to both the time 

required and the field strength. 

2.2.3 LARMOR PRECESSION 

NMR spectra can only be understood by quantum mechanical considerations based on the 

energy level approached in the previous section. However, most of the NMR experiments 

can be visualised through a classical mechanical approach. The torque exerted on a 

magnetic moment, A by a magnetic field inclined at any angle 0 relative to the moment (see 

Figure 2.4(a)) causes the nuclear magnetic moment to precess about the direction of the 
field with a frequency given by the well-known Larmor equation (Equation 2.12) 

wo = YBo Equation 2.12 

Though in a real sample, there is always more than one spin system present l. e. it contains a 
large number of identical nuclei and it is necessary to consider an ensemble. Figure 2.4(b) is 

a representation of precession of moments of nuclei with 1= %. All moments precess at the 

same frequency; since there is no way to distinguish the x from the y direction, there is no 

reason for phase coherence in the xy plane. The ensemble rearranges itself according to 

Boltzmann's distribution which favours the lower energy state, in equilibrium, there are more 

nuclei aligned in the direction of Bothan opposed to it (Equation 2.11). 
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Figure 2.4. (a) Precession of a magnetic moment µ about a fixed magnetic field Bo. The 
radlofrequency field B, rotates In the xy-plane. (b) Precession of an ensemble of 
Identical magnetic moments of nuclei with I ='/a, the net macroscopic magnetization is 
oriented along Ba (z-axis) and the equilibrium value Mo. 

2.2.4 APPLICATION OF AN RADIOFREQUENCY PULSES 

An NMR experiment involves applying a single, short intense burst of monochromatic 
radiofrequency radiation to a sample, previously at thermal equilibrium. The transmitter 

frequency a, f is set close to the resonance frequency of the spins avo, so that the offset field 

AB is small compared to the strength of the radiofrequency field, i. e., B, 0 dB. Under these 

conditions the field experienced by the spins in the rotating frame is simply B,. Figure 2.5. 

shows the angle through which the magnetization turns; the flip angle, & 

Q= yB1ta Equation 2.13 

where tp is the duration of the pulse in seconds and Q is in radians. The most commonly 

used pulses have 90 or 180° flip angles: a 9011x pulse rotates Mo leaving it along the positive 

y-axis. Different flip angles are achieved by appropriate choices of tp. For typical 

radiofrequency field strengths, the 90° pulse length is of the order of 10 µs. 
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Figure 2.5. The effect of a radlofrequency pulse on a collection of nuclear spins at 
equilibrium is to rotate the magnetization away from the z-axis, around the direction of 
131, through an angle ß (Equation 2.13 ) 

2.3 Relaxation 

The process by which the spins in the sample come to equilibrium with the surroundings is 

known as relaxation. Relaxation is influenced by the physical properties of the molecule, e. g. 

chemical structure and motion, so a study of the relaxation phenomena can lead to 

information on these properties. An example is the use of relaxation data to probe the 

internal motions of macromolecules. 

Relaxation in NMR is unusually slow, when compared with that of other molecular energy 
levels. However, this Is a valuable advantage; that means that any transverse magnetization 
(or coherences) that is generated will survive for long enough for it to be recorded. 

The disadvantage of slow relaxation is that it sets a lower limit on the rate at which an 

experiment can be repeated. Note that, even in the simplest pulse experiment, the 

experiment is usually repeated several times in order to improve the signal-to-noise ratio. 

2.3.1 RELAXATION PROCESSES 

A nuclear magnetic resonance spectrum is determined by factors such as chemical shifts, 
spin-spin couplings and chemical exchange. Furthermore, there are also two relaxation 
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processes: spin-lattice relaxation and spin-spin relaxation, these processes allow nuclear 

spins to return to equilibrium after a perturbation. 

2.3.1.1 Spin-lattice Relaxation 

When a sample is placed in the magnetic field, the spin states split apart in energy. 
However, the populations do not adjust themselves immediately. Spin-lattice relaxation 
enables the spins to flip between their energy levels so as to establish the Boltzmann 

population differences required for a successful NMR experiment. As the nuclei approach 
equilibrium, the energy released is dissipated in the surroundings (or lattice). These changes 
in populations are characterized by a time T, - the spin-lattice relaxation time. 

Various intramolecular and intermolecular interactions contribute to the spin-lattice relaxation 
process, such as: 

" Magnetic dipole-dipole interaction 

" Electric quadrupole interaction 

" Chemical shift anisotropy interaction 

" Scalar-coupling interaction 

" Spin-rotation interaction 

Once the sample has been placed in the magnet, one should therefore wait approximately 5 
T1, before trying to record a spectrum. This is not normally a problem since typical T, values 
for spin - '/Znuclei in liquids are not more than a few seconds. 

In liquids, collisions occur much more frequently than in gases; molecules are randomly 
banged constantly from all sides, each knock accelerating or decelerating their rotational 
motion and deflecting the axis of rotation. This random motion is often referred to as 
tumbling rather than rotation, because of its disordered nature. This motion has a 
characteristic time associated, the rotational correlation time, rc, and can be defined as the 

average time taken for the molecule to tumble through an angle of I radian. For small 
molecules in low viscosity solvents at room temperature, Tc is typically of the order of 10"" s. 
Frequencies less than this are feasible as they correspond to rotations of less than one 
radian during a time rc. 

The frequency spectrum of intramolecular magnetic interactions, modulated by molecular 
tumbling is called the spectral density, J(w) (co is the angular frequency radians s'). It can be 
defined as the probability of finding a component of the random motion at a particular 
frequency. Where the frequency dependence of J(w) is governed by Tc. Equation 2.14 
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J(a)= 
2rc 

1+ w2rý Equation 2.14 

Since the spin-lattice relaxation is caused by fluctuating local fields which induce nuclei to flip 

amongst their available spins states. The rate of this process, T1-', depends on the probability 

that the local fields have components oscillating at the appropriate frequency, the NMR 

frequency, wo. In other words, T1-' is proportional to J(0) (Equation 2.15) 

C 2rc 
T1+a 2z2 Equation 2.15 

c 

The variation of T, with cc at a given frequency is shown in Figure 2.6. 

For rapidly tumbling molecules with woTc « 1, Equation 2.15 becomes 

1_ 
T=C- 2rc Equation 2.16 
, 

Consequently, the relaxation times, shorten as the correlation time is increased until a 

maximum relaxation rate is reach (minimum T, ) is reached, where rc1 matches the 

resonance frequency (wort = 1). For molecules which are tumbling slowly, from Equation 

2.15 it can be seen that the relaxation time also increases as TC is further increased. 
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Figure 2.6. The dependence of spin-lattice relaxation time, T, on the rotational 
correlation time %. 
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2.3.1.2 Spin-spin Relaxation 

Another characteristic of spin relaxation is the fanning-out of the spins in the xy-plane if they 

precess at different rates. Following a 900, E pulse, all the spins are bunched together; 

however, this orderly bunching of spins is not in equilibrium and, even if there were no spin- 
lattice relaxation, we would expect the individual spins to spread out until they were evenly 
distributed with all possible angles around the z-axis. At that point, the component of 

magnetization vector in the xy-plane would be zero. The randomization of the spin directions 

occurs exponentially with a time constant called the transverse relaxation time, T2. Because 

the relaxation involves the relative orientation of the spins, T2 is also known as spin-spin 

relaxation time. 

The rotational correlation time for a liquid, rc, is similar in time to the Larmor period, that is, 

'CC # 11VL. Thus the rotating frame of a neighbouring magnetic moment is at the nuclear 
frequency and provides a means for a loss of coherence in the xy-plane. As tic increases, 

the chance of the correct frequency component occurring is increased, resulting in a 
decrease in the spin-spin relaxation time, T2. 

_2 __ 
TC 

TC1+ w2T2c+TC Equation 2.17 

Unsurprisingly, T2 increases as the tumbling gets faster and more effectively averages the 

residual dipolar broadening. In the slow motion limit (C)T » 1) the first term in Equation 
2.17 is negligible, thus the spin-spin relaxation rate is proportional to the correlation time. 

2.3.2 FREE INDUCTION DECAY 

The receiver coil in an NMR spectrometer detects the oscillating and decaying transverse 
magnetization as the relaxation process occurs. This signal is known as the Free Induction 
Decay (FID), is the sum of the individual oscillating voltages from the various nuclei in the 
sample, each with characteristic offset frequency, amplitude and T2. It contains all the 
information necessary to obtain an NMR spectrum. 

A single exponential decay will be observed if all the spins being monitored are equivalent 
and if the carrier frequency is exactly on resonance (Figure 2.7(a)). Detection itself is usually 
based on the carrier frequency, so any deviation from resonance is manifested as a 
modulation of the FID (Figure 2.7(b)) 
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Figure 2.7. (a) Time dependence of the NMR signal when B, is on resonance. (b) Time 
dependence of the NMR signal when B, is off resonance 

When the system under study contains several nuclei with different Larmor frequencies, the 
decay curves are superimposed, and interference occurs. The resonances of the nuclei in 
different environments can be separated through a Fourier Transform. 

2.4 Experimental aspects of relaxation NMR measurements 

2.4.1 MEASUREMENT OF T, 

A 180°x pulse is followed by only spin-lattice relaxation. But no signal is seen because there 
is no magnetization in the xy-plane. However, by applying a 90°, pulse the status of the 

magnetization can be checked at any time. This situation forms the basis of a method for 

measuring T1, known as the 'inversion recovery' method because the first step inverts the 

magnetization. This method uses the following pulse sequence: 

1 80°x -z- 90°X 

The equilibrium magnetization is inverted using a 180 °x pulse, forcing the system to move 

away from equilibrium. A delay time r, is inserted to allow relaxation to happen, before 

measuring the magnetization by applying a 90°x pulse. Before the pulse sequence is 

repeated, it is necessary to allow a delay time, longer than the longest T, to be measured, in 

order for the equilibrium (i. e. Boltzmann population) to be re-established. The signal 
amplitude is described by Equation 2.18 
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M(r)-M 1-2ex -z =o PT Equation 2.18 
1 

i)] 

At short recovery times T the signal will appear negative. As 'r becomes large, full recovery is 

obtained and there is a change from a negative signal to a positive signal. 

In practice Equation 2.18 can be written as: 

In (MO - MT) = In 2Mo -T Equation 2.19 
, 

Where Mo is the initial amplitude of the FID after the 900 pulse at a time z As r becomes 
large, the crossover through zero magnetization i. e., M, = 0, occurs at z= T, In2 = 0.6931 T,. 

2.4.2 MEASUREMENT OF T2 

T2 can be measured using the Hahn spin-echo technique. The pulse sequence is: 

90°x -r -180°X 

Initially, a 90% pulse is applied which rotates M onto the y-axis. Field inhomogeneities cause 
the spins to fan out in the xy-plane. After a time, r, a 180 °X pulse is used to invert the 
magnetization, which in turn inverts the divergence of the spins. The magnetization therefore 
begins to converge along the y-axis. After a time 2T the spins are refocused in the y' 
direction and the signal is recorded. The system is then allowed to return to equilibrium. 

By repeating this sequence a number of times with different values of z, the measured 
magnetization can be fitted to Equation 2.20 

M2, = M ex z 
op-T Equation 2.20 

2 

In practice, r will be limited by the effects of molecular diffusion. Over large values of z, 
species might diffuse into a region of the sample that is subjected to a different magnetic 
field strength because of inhomogeneities in the field. This will result in an artificial decrease 
in the value of T2. 

The Carr-Purcell method showed that a simple modification of the Hahn's spin echo method 
reduces dramatically the effect of diffusion on the determination of T2. The following pulse 
sequence utilized: 
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90°x -z -180°x - 2z -180% - 2r -180°X ............. 
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Figure 2.8. The Hahn spin echo pulse sequence. 

180°. 

After the spins have been rephased, a further 180 °x pulse is applied which flips the 

magnetization back along the +y-axis. This process is repeated for a large number of pulses 

and the magnetization along the y-axis is measured every 2t. By making r short, i. e. the 

interval between pulses is small, which means that diffusion is negligible. However, for the 

measurement of long T2, this method is subject to errors caused by incomplete rephasing 
due to the large number of 180° pulses required and imperfections in the pulse lengths. 
Given that these errors are cumulative, they can significantly alter the value of T2 obtained. 

The Carr-Pu rcell-Meiboom-Gill (CPMG) technique solves the problem highlighted above. In 

this method, the 180 ° pulses are applied along the y-axis. The pulse sequence is as follows: 

90°x -r-1800Y -2r-1800Y -2r-180"Y ............. 

Rather than flipping the magnetization over the x'-axis, all the vectors are inverted over the 

y'-axis, so that they are always rephased in the same direction along the y'-axis. If the 1800 

length is inaccurate, the magnetization is moved out into the xy-plane. This means that all 

even numbered echoes will have the correct intensity. An accurate value of T2 can be 

determined by plotting the intensity of every second echo as a function of time. The CPMG 

pulse sequence is illustrated in Figure 2.9. 
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To obtain the value of T2, an exponential decay is fitted to the data using a non-linear least 

squares method. 
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Figure 2.9. The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. 

2.5 Diffusion NMR 

2.5.1 THEORY OF DIFFUSION 

Diffusion occurs as a result of Brownian motion with atoms or molecules randomly moving in 

the medium in which they are found. Diffusion can be defined in one of two ways. Self- 

diffusion considers the position of one molecule surrounded by a uniform collection of like 

molecules at two different times. Mutual diffusion considers the relative positions of two 

different molecules at two different times. This is shown in Figure 2.10. 

In this work Pulse Field Gradient NMR (PFG NMR) has been used to measure diffusion and 

therefore to determine the self-diffusion coefficient. In PFG measurements, motion is 

measured over the millisecond to second time scale. 

The self-diffusion coefficient, D, is dependent on both the properties of the entity which is 

diffusing, and the medium in which it moves. The self-diffusion coefficient can be expressed 
by the Stokes-Einstein equation (Equation 2.21) 

Ds = 
kT 
f Equation 2.21 
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Where k is the Boltzmann constant, T is the temperature and f is a friction coefficient. The 

friction coefficient is dependent on the shape of the diffusing entity. If the frictional force is 

described by Stokes' Law (i. e., the diffusing entity must be larger than the solvent 

molecules), the experiment can be used to give an effective hydrodynamic radius, r,, in a 

solution of viscosity, q The friction factor is given by Equation 2.22. 

f= 67riirs Equation 2.22 

However, molecular shapes are generally more complicated and might include contributions 
from factors such as hydration, and the friction factor must be modified accordingly. As a 

consequence, information is also provided on the interactions and shape of the diffusing 

molecule. 
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Figure 2.10. (a) Self-diffusion. (b) Mutual diffusion. 

2.5.2 PULSED-FIELD GRADIENT NMR 

Pulsed-field gradient NMR provides a convenient and non-invasive means of measuring 
translational motion. During the measurement of relaxation times, the movement of 

molecules between the application of a 90 0 pulse and the measurement of the echo results 
in a reduction of the intensity of the observed signal due to field in homogeneities. This is only 

a small reduction as the inhomogeneities are not great, but the signal attenuation due to 

diffusion can be exploited to measure diffusion. The magnetic field can be made deliberately 

inhomogeneous by the application of a linear magnetic field gradient, g, across a sample. 
The magnetic field gradient has the effect of labelling the nuclear spins according to their 

position in the field. Gradients afford a powerful tool not only for studying molecular diffusion 

(under favourable circumstances down to < 10 15m2s-') but also for providing structural 

information in the range of 0.1 - 100 pm when diffusion is restricted (e. g., diffusion in a cell) 

on the NMR time scale. 
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2.5.2.1 Experimental aspects 

There are two main types of Pulsed-field gradient NMR experiment - the pulsed gradient 

spin-echo experiment (PGSE NMR) and the pulse gradient stimulated echo experiment 
(PGSTE NMR). 

In the PGSE method, the attenuation of the echo signal from a Hahn spin-echo pulse 

sequence containing a magnetic field gradient pulse in each 0 period is used to measure the 
displacement of the observed spins. The attenuation of a spin-echo signal resulting from the 
dephasing of the nuclear spins due to the combination of the translational motion of the spins 
and the imposition of spatially well-defined gradient pulses is used to measure motion. No 

assumptions need to be made regarding the relaxation mechanism(s). 

A spatially dependent magnetic field is applied in addition to a static magnetic field, Bo. This 

causes the Larmor frequency to become spatially dependent, providing a spatial label for 

each spin. The basic PGSE NMR experiment can be considered as a spin echo experiment 

with additional linear field gradient pulses of duration 8 inserted into each r period. This is 

shown in Figure 2.11. 

The 90°x pulse shifts the magnetization from the z-direction into the xy-plane. The 

magnetization will begin to dephase a little due to inhomogeneities in the magnetic field. A 

short time later, the gradient pulse is applied, which causes the magnetization to further 
dephase during the time S. After a time 8 when the gradient is off, the loss of phase 
coherence is again very small. The application of a 180 °y pulse effectively reverses the 
direction of the dephasing and the second gradient produces an equal and opposite re- 
phasing to the first pulse. In the case where the nuclei do not diffuse, each nucleus 
experiences exactly the same field strength during both gradient pulses. Since the frequency 

of precession is determined by the magnetic field strength, the magnetization will be fully 

refocused in the y-direction, with no loss of amplitude. However, if diffusion occurs during the 
time 0 between gradient pulses, the nuclei will experience different field strengths, and 
therefore precess with different frequencies during each gradient pulse. Refocusing of the 
magnetization will be complete and the amplitude of the magnetization will be attenuated. 

The attenuation of the echo signal is described by the equation, which assumes unrestricted 
Brownian diffusion. 

= exp - 
ri 

exp 
[_(ygo)2(_. JD] 

T. Equation 2.23 

In practise, the pulse sequence can be used in one of two ways, for a fixed value of A. Either 
fixing the gradient pulse strength (g) and varying the pulse duration, 8, or vice versa. 
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The diffusion coefficient of a single diffusing entity can be obtained from a plot of In(I/lo) 

against (78g)2 (A-5/3) and fitting using least squares methods. 

RF 
Pulse 

4 

V 
Acquisition 

Figure 2.11. Pulse Gradient Spin-Echo NMR (PGSE NMR) pulse sequence. 

For a mixture containing two diffusing species with the same chemical shift but well 

separated diffusion coefficients, a double exponential decay function can be applied, as 

shown in Equation 2.24. 

=PexP -(79,5)20-3)D, a +(1-P)exp (796)20-3)De Equation 2.24 
0 

Where p is the fraction of protons in species A with diffusion coefficient DA and DB is the 

diffusion coefficient of species B. 

The measurement of self-diffusion by the PGSE method is limited by the loss of phase 

coherence due to transverse magnetization. In order to avoid this problem, PGSTE NMR 

uses a second 900 pulse to store the spatially encoded magnetization along the longitudinal 

axis. This magnetization is recalled at a later time and rephrased in a stimulated echo. The 

pulse sequence is illustrated in Figure 2.12. 
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Figure 2.12. Pulse Gradient Stimulated-echo NMR (PGSTE NMR) pulse sequence. 
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3 Neutron Scattering 

The discovery of the neutrons in 1932 by Chadwick was soon followed by the demonstration 

(1936) that they could be diffracted, similarly to X-ray and electrons. Ill By 1942 the first 

nuclear reactor appeared, completely transforming the intensity which could be achieved for 

neutrons beams. Further developments have increased these intensities by a factor of 104 

times, and have made accessible to the researcher the enormous possibilities of 
investigating the many features of matter, i. e., atomic composition of solids and liquids. 11.21 

3.1 Properties of Neutrons 

Neutrons have a mass, m, of 1.6749 x 10-27 kg, slightly more than that of a proton (1.6726 x 
10.27 kg). 131 The wavelength associated with a neutron depends on its velocity, following the 

de Broglie relation, Equation 3.1: 

h 
my 

Equation 3.1 

Where, h is Plank's constant (6.636 x 10'34 J s) and v the particle velocity (in this case the 

neutron). Resulting in the wavelength of the neutrons (approximately 10"10 m) being ideal for 

the study of interatomic distances. 12.41 Consequently, interference effects are observed which 

give valuable information on the structure of the system. The associated kinetic energy is 

given by: 

E=ymv2 Equation 3.2 

The fact that neutrons have zero net charge means that they can easily penetrate the bulk of 
the materials, but also close to the nuclei, there is no Coulomb interaction to overcome. 
Neutrons are thus scattered by nuclear forces and certain nuclides show large scattering. 
For example, light hydrogen which is virtually transparent to X-rays, scatters neutrons 

strongly. 

Neutrons also have a magnetic moment, which means that they can interact with the 

unpaired electrons in magnetic atoms, which makes them suitable for the study of magnetic 

structures, and the fluctuations and excitations of spin systems. 
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3.2 Neutron Scattering 

Neutrons are scattered by extremely short-range repulsive interactions at the nucleus and as 
a result are useful non-invasive structural probes. 

The nature of the scattering phenomena can be coherent or incoherent. The coherent 

scattering in which, the phase of the scattered neutron is conserved (or exactly inverted) so 
that structural information can be obtained. Hydrogen is exceptional in this respect because 

it has a negative coherent scattering length, that is, the neutrons suffer a 1800 phase shift on 

scattering. The principal application of coherent scattering is for structural studies. 131 

Incoherent scattering, in which the phase is randomised, is often a problem as it leads to a 
high background level which must be subtracted from the total scattering. The element which 
shows the highest incoherent scattering of all elements is hydrogen. For this reason neutron 
experiments samples with rather low content of hydrogen are preferred. 131 

The changes that a neutron experiences in the scattering process might imply changes in 
both momentum and energy. If there is no loss of energy in the process of scattering and 
therefore the scattered beam will have exactly the same wavelength as the incident beam is 

called elastic scattering. In contrast, if a particle is scattered by a nucleus in a vibrating, 
rotating or translating molecule, then there is a finite probability that an exchange of energy 
may occur. If this does happen the neutron is said to be inelastically scattered. The scattered 
neutron will therefore be of lower or higher energy, i. e., of longer or shorter wavelength 
respectively. 

3.3 Neutron sources 

The energy and intensity of the neutrons beams and the time structure of the flux are 
important factors for neutron production, as well as any background radiation, e. g., y 
radiation. The characteristics of the energy and the time structure of the flux (i. e., continuous 
or pulsed) are both determined by the type of source, which might be a nuclear reactor or 
particle accelerator. In addition, the environment through which the neutrons pass 
immediately after production - the moderation process, also plays an important part. 

3.3.1 REACTOR SOURCES 

Fast neutrons are produced in the core of the reactor in a fission chain reaction normally 
from enriched uranium 235U. The reactor core is surrounded by a moderator, often H2O or 
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D20, sometimes graphite blocks. Passing through the moderator the high energy emitted 

neutrons (of the order of MeV) are scattered many times, losing energy at each collision until 
they have been thermalised to lower energies (of the order of meV). This produces a 

constant neutron flux, hence the term continuous source, that have a wide range of 

wavelengths. The energies of the neutrons can be modulated to higher energies (shorter 

wavelengths) by letting them to come into contact with a hot source, e. g. self-heating 

graphite block at 2400 K, or to lower energies with a cold source such as liquid deuterium at 
25 K. The resulting Maxwell distributions of energies have the characteristic temperatures of 
the moderators. For example, given the nature of the usual moderator (water) it is not 

surprising that these unpressurised reactors work at around 50 °C. A Maxwell-Boltzmann 

velocity distribution for neutrons at these temperatures has a most probable velocity of 

approximately 3000 ms" which translates via the de Broglie relationship (Equation 3.1) to a 

more likely neutron wavelength of 1.4 A. To achieve a narrow wavelength distribution it is 

necessary to include a monochromator, or by selection of velocity through a mechanical 

chopper. 

3.3.2 SPALLATION NEUTRON SOURCES: 

Spallation reaction unlike the process in the reactor cores and linear accelerators (linacs), 

does not involve the disintegration of the nuclei in the target. In these sources heavy 

energetic particles (i. e., 800 MeV H+) chip neutrons from heavy nuclei (e. g., U, Ta, W) 141 

The yield is high - around 30 neutrons per proton, but so is the cost of accelerating these 

particles. The methods of particle acceleration tend to produce short Intense bursts of high 

energy protons, and hence pulses of neutrons. On the other hand, the heat dissipated per 

neutron produced is quite low compared with that from fission (typically 30 MeV per neutron, 

compared with 190 MeV in fission). This also means that pulsed sources can deliver 

neutrons with significantly less heat generation in the target. 

The high energy protons used in spallation sources can be produced in different ways: a 

proton accelerator, which can be linear which is in principle adequate, but needs to be 

extremely long. A synchrotron is a cyclic particle accelerator in which a magnetic field (used 

to keep the beam travelling around a circular orbit) and an electric field (used to accelerate 
the particles) are synchronized with the changing magnetic field to maintain a constant 

proton beam orbit; attains these energies more efficiently and economically, if the protons 

are injected at high energies they can reach much higher currents -and in consequence 

neutron fluxes. Some spallation sources use a combination of proton linear accelerator 
followed by a proton synchrotron. The neutrons produced in this way have extremely high 

energies which have to be reduced by moderators to suitable values for scattering 

experiments. 
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3.4 Small-angle Neutron Scattering 

Small-angle neutron scattering (SANS) is a simple diffraction technique that takes advantage 

of the particulate and wave nature of the neutron and its distinctive properties to provide 
information about the size and shape of molecules and their assemblies. 151 SANS measures 

the structure within the size ranges between 0.5 and 1000 nm. 

Small-angle neutron scattering has been successfully used for measurements of the average 
dimensions of polymers chains in multicomponent blends 151. It has proved a valuable 

addition to X-ray and light scattering methods due to the different contrast factors and range 

of scattering vectors available. Specifically, the large differences between the neutron 

scattering properties of hydrogen and deuterium atoms have made possible observation of 
[6] single chains in bulk and in solution . 

A diagram of the main components of a SANS apparatus are shown in Figure 3.1. The 

reactor core is enclosed by D20 to reflect neutrons back and maximise the flux. The 

neutrons are directed to the cold source, allowing the use of long wavelength neutrons to be 

used, i. e., to maximise the useful flux at approximately 6 A. Then the neutrons are 
transported to a region with more space and low background, e. g., the evacuated tubes. The 

neutrons wavelength is selected by the velocity selector which only passes a narrow band of 

neutron velocities. Since velocity, v, and wavelength, A., are proportional thus a narrow band 

of wavelengths is passed and the incident beam on the sample is nearly monochromatic. 
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Figure 3.1 Schematic diagram of a SANS apparatus. Taken from reference 7. 
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3.4.1 SCATTERING VECTOR 

The scattering vector Q, also called wave-vector transfer or momentum transfer, describes 

the relationship between the incident, k,, and the scattered, k, wave-vectors and is defined 

by Equation 3.3. 

Q=k; - k, Equation 3.3 

Where k, and ks are the incident and scattered wave-vector, respectively, as shown in Figure 

3.2, neutrons with a wavelength A are scattered symmetrically by nuclei in the sample A 

fraction of the neutrons are scattered through an angle 0 are then recorded on a two- 

dimensional detector at a distance LSd from the sample at a radial distance r,,,,, 

The modulus of Q, QQ, quantifies length scales in reciprocal space and is the independent 

variable in a SANS experiment. Its magnitude is defined in Equation 3.4 and has dimensions 

of (length)-', it is normally expressed in units of Ä' 

Q- k -k, 1= 4, Tn 
sin 

U 4, T ': 
A2jA when 11 is small Equation 34 

.. r 

The neutron refractive index, n, can be taken as unity to a very good approximation. 
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Figure 3.2. The geometry of a SANS experiment. 

By substituting Equation 3.4 into the Bragg law of diffraction (Equation 3 5), 

A=21lsin( '2 
Equation 3.5 
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The relationship in Equation 3.6 is obtained 

d=Q Equation 3.6 

Where, d is the length scale because of the Q-range available in a SANS experiment, e. g., at 

LOQ, ISIS the Q-range available is 0.008 - 0.25 A-1 (chopper frequency operated at 25 MHz) 

and 0.012 - 0.23 A'' (chopper frequency operated at 50 MHz) 

In addition, Equation 3.6 allows a quick sizing/ spacing of the scattering centres in a sample 
from a diffraction peak in Q space. 

3.4.2 DIFFERENTIAL SCATTERING CROSS-SECTION 

The differential scattering cross-section (d dn)(Q), is the dependent variable measured in 

a SANS experiment. It has dimensions of (length)'', generally expressed in cm', and is a 

quantity that can be regularly calibrated to yield absolute data. The expression (d/d )(Q) is 

usually termed intensity of scattering which is represented by 1(Q). However, this is not quite 

right; the inaccuracy comes up because in fact what the detector measures a neutron flux. 

This can be expressed as Is]: 

I (Q) = lo (%)Acn(A)T (2) VS M (Q) Equation 3.7 

Where 10 is the incident flux, L1f2 is the solid angle element defined by the size of a detector 

pixel, rI is the detector efficiency, T is the neutron transmission of the sample, and V. is the 

volume of the sample illuminated by the neutron beam. It can clearly be seen that the first 

three terms are specific for the instrument, and the other terms depend on the sample. 

The meaning of (d/ )(Q) is that it contains all the information on the size, shape, and 

interactions between, the scattering centres on the sample. A general expression for the 

small-angle neutron scattering from any sample is given in Equation 3.8. 

ä (Q) = NV2 (ep)2 P(Q)S(Q)+B Equation 3.8 

Where N is the number concentration of scattering centres, V is the volume of one scattering 

centre, (op)2 is the contrast, P(Q) is the form factor and S(Q) is the shape factor, and B is the 

background signal. 
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3.4.3 SCATTERING LENGTH DENSITY AND CONTRAST 

There are always some factors that determine the achievability of any experiment. For 

example, in a light scattering experiment one of those factors is the difference between the 

refractive indexes of the solute and solvent. If the refractive Indexes are the same between 

the solute and the solvent, then there is no light scattering from the solute and it will be 

effectively disappear. In SANS the analogous feature is the difference in neutron scattering 
length density, p. 

The expression that describes the scattering length density for a molecule with 1 atoms is 

shown below (Equation 3.9) 

p=N Zb1=8N' bº 
,M, 

Equation 3.9 

Where N is the number concentration of scattering centres, NA Avogadro's number, 8Is the 

bulk density of the molecule, M is its molecular weight, and b, Is the coherent neutron 
scattering length of nucleus i. 

Only coherently scattered neutrons, where phase Is conserved, carry any structural 
information about the sample. All nuclei with non-zero spin also scattered neutrons 
incoherently. p has dimensions of (length)-2 and is normally expressed In units of 10'0 A'2. 

In Table 3.1 are given the values of the scattering length, b, for some selected nuclei. It can 
be observed how b varies irregularly between nuclei. This Is In contrast to X-ray scattering 
lengths which scale up with the number of atomic electrons and so Increase linearly with 
atomic number. This is what makes neutrons ideal for Investigating molecules composed of 
light atoms (e. g., hydrocarbons) even when they are in presence of heavy ones (e. g., metal- 
ion containing surfactants). 

The contrast, (ep)2, is defined as the square of the difference in neutron scattering length 

density between the solute and the surrounding medium or matrix, PM; Le., (A P)2 _ (p - pm)2. 
Even when p can be negative, (Op)2 is always positive and therefore (d da)(Q) must be 

either positive or zero. 

When (Op)2 is zero the scattering centres are said to be at contrast match to the matrix. This 

condition is generally achieved by using a mixture of fully hydrogenated and perdeuterated 
forms of the matrix in the appropriate ratio. The usefulness of contrast matching in SANS 

and reflection is that it provides a means of simplifying scattering patterns. For example, in 

the study of a multicomponent sample the total scattering is basically a contrast-weighted 
summation of the scattering from each individual component. 
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Table 3.1. Coherent scattering lengths, b, for selected nuclei (natural abundance) 

Nucleus b 110''5 m 

1H -3.741 

2D +6.671 

C + 6.646 

0 + 5.803 

Si +4.153 

A selection of neutron scattering length densities for the fully hydrogenated and 
perdeuterated forms of the solvents and polymers used in this thesis is given in Table 3.2 . 

Table 3.2. Neutron scattering length densities for the hydrogenated (H) and 
perdeuterated (d) forms of the compounds used in this work. Taken from reference 5. 

Compound p (H-form) 110$ A'2 p (d-form) 10$ A'2 

Water -0.56 + 6.38 

Toluene - 1.90 + 5.66 

Chloroform -1.00 + 3.16 

PDMS + 0.06 + 4.66 

PAF +0.60 +5.19 

Polysilicate resin* + 0.94 + 4.46 

"Calculated using NIST scattering length density calculator 
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3.4.4 FORM FACTOR 

The form factor or shape factor, P(Q), is a dimensionless function that describes how 

(dydrl)(Q) is modulated by interference effects between neutrons scattered by different 

parts of the same scattering centre. It depends on, both the size and the shape of the 

scattering centre. For most common shapes as well as for a few more complex shapes (41 it 

is possible to find analytical expressions for P(Q). One problem is that these expressions are 
derived for scattering centres of a specific size, while in a real sample a range of sizes will 

usually be present. Take into consideration the effect that this has on the interpretation of the 

observed scattering it might be required to fit the form factor with a suitable particle size 
distribution function such as a log-normal distribution. The form factors for a Gaussian 

distribution of segment density about a centre-of-mass characterised by a radius of gyration, 
Rg, and for a homogeneous sphere of radius R, are shown in Equation 3.10 and Equation 

3.11, respectively (5). 

2(exp(-Q2R8 )+Q2RR 
-1) 

2)2 Equation 3.10 P(Q) =( 
QZRß) 

P(Q) _ (QR)3 Equation 3.11 
[3(sin(QR)-QRc0s(QR)) s 

3.4.5 STRUCTURE FACTOR 

S(Q) is called the structure factor. It is another dimensionless function except that this time it 

describes how (d/n)(Q) is modulated by interference effects between neutrons scattered 

by different scattering centres in the sample. Thus it depends on the degree of local order In 

the sample and in the interaction potential between scattering centres. S(Q) is given by 

Equation 3.12. 

=14; 
rN' S (Q) rsin r1 dr ýQ) + 

QVJ[g(r)-1] 
ýQ 

1 Equation 3.12 

Where g(r) is a density distribution function related to the radial distribution function in 

statistical mechanics. S(Q) approximates to unity at high Q as the concentration of scattering 

centres becomes more dilute. 
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3.4.6 EXPERIMENTAL ASPECTS OF SANS 

3.4.6.1 Instrumentation 

There are two types of SANS instrument, fixed wavelength instruments, e. g., D11 at the ILL, 

and fixed geometry instruments, e. g., LOQ at ISIS. 

The following section is based on a more detailed text by King 15]. 

3.4.6.1.1 Fixed wavelength Instruments 

In a fixed wavelength instrument a value of A is selected and the Q-range of this instrument 

is fixed by the sample detector distance, Lsd, and the radial distance on the detector at which 
neutrons are recorded, rdef. Neutrons arriving close to the centre of the detector will have 
been scattered to small Q values and vice versa. Due to the minimum and maximum values 
of rder being fixed, the corresponding Q-range is small. The ways of expanding the Q-range 

are either by changing A, but due to the shape of the neutron wavelength distribution the 

results are undesirable; or more commonly, by varying the LSd. Therefore varying Lsd is more 

convenient. 

3.4.6.1.2 Fixed geometry Instrument 

In this instrument, LSd is fixed. Different wavelength neutrons (arriving at the detector at 
different times), scattered through the same angle, will have different Q values. 
Consequently, the broader the incoming wavelength range, the wider the Q-range of the 
instrument. 

3.4.6.2 Detection of Neutrons 

Neutrons are scattered from an isotopic sample with equal intensity in all directions. Nuclei 

can be considered as point scatterers, as a result of the fact that the neutron wavelength is 

orders of magnitude larger than the size of the nuclei. 

The diffraction pattern produced by the scattered neutrons is normally recorded on a large 
two-dimensional (area) detector. The most common detectors used are: gas and scintillator 
detectors. Normally the transmitted beam is prevented from reaching the detector by a 
neutron-absorbing beamstop. In some SANS instruments the beamstop may be removed 
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(after appropriate attenuation of the incident beam) so, the transmission of the sample can 
be measured. On other instruments the transmission can also be measured by inserting a 

separate high efficiency monitor detector after the sample. 

3.4.7 DATA REDUCTION 

In a SANS experiment, (dZc)(Q) Is measured indirectly and this function must be 

recovered from what is actually recorded by the detector. The data recorded by the detector 

is essentially a two-dimensional plot of the number of neutrons reaching the detector. This 

d 
therefore has to be converted to (dy 

do) as a function of Q. This process is known as data 

reduction. The data reduction will vary form instrument to Instrument and the software is 

provided by the neutron facility. 

The incoming scattered neutrons at the area of the detector generate a series of diffraction 

rings, due to the fact that the detector intercepts a conic section of the sphere of scattering. 

The process involves the radial averaging of the data (for isotropic data), normalisation using 
the transmission and placing the data on an absolute scale by comparison with a standard 
(e. g., water). This is followed by the subtraction of a suitable background (i. e., background 
data processed similarly to the sample). 

3.4.8 DATA ANALYSIS 

Once the data has been reduced into (dy 
d dn)(Q) versus Q, the molecular information of 

interest must be then extracted by an appropriate method of data analysis. It is important to 

remember that different regions of the scattering curve may provide information about 
different length scales that are present in the system. 

There is a huge variety of methods that can be used to get a first approximation of the shape 
or size of the particles. 
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3.4.8.1 Guinier and Zimm Approximation 

The Guinier and Zimm approximations are applicable when QR is small, i. e., when QR < 1; 

the form factor for a sphere was already defined by Equation 3.11 in section 3.4.4 that can 
be approximated by a series expansion of cos(QR) as shown in Equation 3.13. 

P(Q)ý 1-(QR)2 +... 
2 

10 
Equation 3.13 

Further approximations by a binomial expansion which, when combined with Equation 3.8 

and introducing the radius of gyration Rg which is for the sphere 141 (Equation 3.14), gives the 

Guinier approximation (Equation 3.15). 

Rg =35 R2 Equation 3.14 

ZR2 
aE (Q) -- NY2 (Op)2 exp _(Q# NV2 (Op)2 exp - 

ýQ 
g 

af) 53 Equation 3.15 

For a linear polymer of n repeat units, each with a step length 1K, contour length L and mass 
per unit length ML, the Rg is given by 

R2=1KL=1KM 
g6 6ML Equation 3.16 

Hence a graph of In[(d/R)(Q)] versus Q2 (Figure 3.3) should be linear at low values of Q2, 

extrapolating to Q2 =0 gives 

=MX 
0(, &P)2 

intercept =Mx 
C(AP)2 

NNA 62 A 

RZ 
slope =-3 

From Equation 3.18 is thus possible to calculate Rg. 

Equation 3.17 

Equation 3.18 
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3 

Q2 

Figure 3.3. Guinier plot. Showing the straight line behaviour at low Q. 

The closely related Zimm approximation is obtained by expanding Equation 3.13 multiplying 
by Nv2 (ep)2 on both sides of the expression and inverting the result. This gives Equation 

3.19. 

rR lý 
I1 1+ 

NV20P)2 

Q3 
Equation 3.19 

aS2 
ýQý 

Consequently, a graph of [(dYdI)(Q)]-' versus Q2 should also be linear at low values of Q2. 

Extrapolating to Q2 =0 gives 

z 
intercept= 

1x 
z= M1x 

N"ý 

MC (Op)z Equation 3.20 ý(Apý 

Rz 
gradient =-3x intercept Equation 3.21 

To allow for the concentration dependence of the scattering data additional terms must be 

added to Equation 3.19, therefore 

1A1 1+ +2A2k2c+3A3k3c2 DE kM3+... Equation 3.22 

arl 
where 
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k_ 
(ýP)2 

ý= NAS2 

and 

k2 
kc 

where A2 and A3 are the second and third virial coefficients, respectively. 

Equation 3.23 

Equation 3.24 

The classical Zimm plot, where three variables are plotted in two dimensions, is obtained by 

plotting kc versus [c+aQ2], where a is an arbitrary scaling constant. 
%n) (Q) 

The Flory-Huggins theory of dilute polymer solutions relates A2 to the excluded volume in the 

system, V., the effective thermodynamic (hard-sphere) volume, Vhs, and the polymer- 

solvent (and other medium) interaction parameter x according to Equation 3.25 

NA2 
x Vex = M2 x Vý� =4x 

Vs. Ivatea =12x2_ý, ) 
Equation 3.25 2M M MS Vary Vö 

where V. is the molar volume of the solvent. 

In a poor solvent system (x > 0.5) A2 can be negative leading to a lowering of the intercept; 

nevertheless, a negative intercept is also characteristic of Zimm plots from branched 

polymers. 

Although these approximations are very useful they have some limitations affecting their 

application. The value of Rg and M that are derived from the data depend critically on the 

range of Q2 that is fitted. By definition QRg must be less than unity, but it has been shown 
that this constraint can be relaxed slightly in a polydisperse system. 

In addition, it is assumed that the scattering centres are homogeneous in terms of their 

scattering length density distributions. In general, the magnitude of the Flory interaction 

parameters governing the system under study will determine whether or not there is a 
reasonable approximation. The major disadvantage with these approximations is the fact 

that because the Q4 and higher terms are ignored, Guinier and Zimm approximations quickly 
become less reliable as the anisotropy of the scattering centres increases. 
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3.4.8.2 Guinier-Debye Model for Polymers 

Debye derived the scattering from polymer molecules in order to characterise polymer 

chains in the theta state (A2 = 0, v=0.5), where there is a Gaussian distribution of segment 
density around the centre of mass of the chain. 

From the Debye form factor given in Equation 3.10, it is possible to obtain scattering function 

given in Equation 3.26. 

öE 2 
[2(exP(_(QR )2 )+ (QRg )ý 

-1I 

an 
(Q) = NV2 (APý 

(QR)4 
/ Equation 3.26 

Where the NV2 prefactor may be expanded by 

NV2 = OV = CM __ 
OM 

N,, S2 N,, ä Equation 3.27 

Where c is the concentration in g cm 3, and 0 the weight fraction of solute and N4 Is 

Avogadro's number. This equation is well suited to nonlinear least-squares model fitting 

which allows calculating Rg and M. 

3.5 Neutron Reflection 

This section in based on a more detailed text by Higgins and Benoit 141 and Penfold et all 18,101 

3.5.1 INTRODUCTION 

The fast growing field of neutron reflection technique is due to the recognition of its 

importance for the study of surfaces and interfaces. One of the main applications Is the study 

of buried interfaces. The specular reflection of neutrons gives information about 
inhomogeneities (composition or concentration distributions) normal to an interface or 

surface. 181 In addition, neutron reflection offers the possibility of altering the refractive index 

profile at a surface or interface through isotopic labelling (e. g., hydrogen/deuterium (H/D)) 

making it a particularly selective technique. 

The liquid-liquid interface is one of the most studied due to its occurrence In practical 

applications. Nevertheless, some novel experiments have been carried out in the study of 
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polymer adsorption at the liquid-liquid interface-181 The manipulation of contrast or refractive 
index, through isotopic labelling, has also been exploited in the study of the structure of 
Langmuir-Blodgett films and multilayers, insoluble monolayers, and surface modification 18,91. 

Slow neutrons incidents, at a surface behave similar to light, except that the neutrons usually 

pass through a medium of lower to one of higher scattering length, thus total reflection might 

occur (in light reflection total internal reflection is the phenomenon observed). Figure 3.4 

shows the processes that occur when a neutron beam is incident on a surface: specular 

reflection is the dominant process, i. e., when the angle of incident is the same of reflection; 
transmission, and scattering form the bulk; off specular reflection also occurs when the 

surface is not smooth. 

This section is based on a more detailed version of Penfold and Thomas 1101. 

n h 

Figure 3.4. Processes that occur when neutrons are incident on a surface: a) incident 
beam, b) specular reflection, c) off specular reflection, e) scattering form the bulk. 

3.5.2 NEUTRON SPECULAR REFLECTION 

In this section we evoke some simple laws of optics to define the critical angle and explore 
the differences between light and neutron reflection. 

Neutron specular reflection is the scattering which occurs from the surface if it contains 
fluctuations in scattering length density. The specular beam occurs at a well define angle 
following the laws of optics. Off specular reflection is diffuse scattering away from this angle 
and arises from the surface fluctuations in flatness, density or composition. 

3.5.3 REFRACTIVE INDEX 

Neutron reflection is a technique that investigates the difference in composition normal to a 
surface reflecting the neutrons. When thinking on neutron reflection measurements it is the 
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refractive index which is the key property of the reflecting sample and which allows us to 

follow by the analogy to the reflection of light. The neutron refractive index is: 

v=1-'2 2; r 
+i% 4; r 

Equation 3.28 

pb and p, are the real and imaginary scattering length density, I. e., the average scattering 
length per unit volume, and the adsorption cross section density (with a similar definition) 

respectively. Equation 3.28 defines a complex quantity. However, for most polymeric 

materials of interest, p, is negligible small so that the last term in Equation 3.28 can be 

ignored. Thus the refractive index can be described by Equation 3.29. 

v=1-A, 
(Pb 

2; r 
Equation 3.29 

It is this refractive index and in particular its variation normal to a reflecting surface, which 
rules the reflection of neutrons by surfaces and interfaces. 

If the refractive indexes of the media on both sides of an interface are different then radiation 
incident on that interface will undergo reflection and refraction (see Figure 3.5). 

3.5.4 THE CRITICAL ANGLE 

From the Snell's law the critical glancing angle for total reflection is given by Equation 3.30. 

=v cosoc Equation 3.30 

Since Oc is small, a series expansion can be used for cos©c In Equation 3.30, giving for small 

ec, 

Oc_ P Equation 3.31 

Considering the region of total reflection in more detail, we get Equation 3.32 

n, cos 9, = n2 cos 62 Equation 3.32 

Where 91 is the angle of incidence and, B2 Is the angle of refraction (Figure 3.5). 

Reflection from a surface is normally described in terms of the wavevector Q, Figure 3.5. 
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Q=k, -k2 Equation 3.33 

The magnitude of k is defined as thus the magnitude of Q is given by 

Q=2ksinO=4; r 
sin0 

A Equation 3.34 

Again, a series expansion can be used for the sine function in Equation 3.34 and 

approximating for small B, in terms of wavevector transfer, the critical edge occurs at 

Qc = 16rLP Equation 3.35 

Interestingly, the critical edge only appears when the neutron beam passes through a 
medium of low scattering length density to a one of higher scattering length density. 

If the incident angle is less than the critical angle, total external reflection occurs and 
neutrons only propagate into the sample as an evanescence wave. This gives rise to a flat 

portion, with unit reflectivity, on the reflectivity profile at high wavelength (low Q), this is 
known as the critical edge. 

Q 

Figure 3.5. Schematic representation of neutron reflection from a single interface 
between two medium. 
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3.5.5 REFLECTIVITY PROFILES 

A neutron reflection experiment measures the specular reflection as a function of the 

wavevector transfer Q perpendicular to the reflecting surface. This is related to the neutron 

scattering length density, which gives information about the composition of the surfaces and 
interfaces. 

The reflectivity, R, is defined as the reflected neutron Intensity divided by the Incident 

neutron intensity. To calculate the reflectivity profile, there are a number of approximate 

methods. However, the standard multilayer optical methods are the most used. For discrete 

layers their application is exact, but they also offer a good approximation for Interfaces that 

can be treated as a series of discrete layers with differing refractive indices. 

The standard optical method gives an exact equation for the interference from a single film 

on a substrate, which is of the form (101 

z 
rot 'f- n12e21Q 

R1+rr 
e21,8 

Equation 3.36 

Where ru is the Fresnel coefficient at the ] interface, given by 

Pý - Pl 
ra = 

Pl +P Equation 3.37 

Where pl = n1 sin 61 
and = 

(2r//) 
n1d sin ©, 

(optical path length In the film). 

For three or four layer system this approach can be easily extended. Some of the early 
calculations were based on the matrix formalism of Born and Wolf (standard method) I'll, 

and by applying the condition that the wave function and its derivative are continuous at 
each boundary, a characteristic matrix for each layer j, is defined: 

_ 
[cosßi 

-(7, 
) sin, Q, 

MJ 
i sin cos 

Equation 3.38 
- PI PJ QJ 

For n layers the reflectivity is obtained from the product of the characteristic matrices, 
Equation 3.39 

MR = [M1J[M2]""""""". [Mn] 
Equation 3.39 

Thus the reflected amplitude is given by 
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R= 
(M� + M, 2ps) Pa - (M21 + M22 )ps 2 

Equation 3.40 (M� + M12Ps) Pa +(M21 + M22 )Ps 

The optical matrix calculation gives the reflectivity profile from a model of the interfacial 

structure. 

3.5.6 ROUGHNESS AND WAVINESS 

The reflectivity, R, is also modified by the roughness at the interfaces and surface; some 

consideration should be made. The beam divergence and long-range surface waviness, 

which could be considered as locally flat, contributes to the reflectivity in a comparable way. 
If however, the surface is not completely smooth; the roughness of the surface will modify 
the specular reflectivity similarly to that of a diffuse interface, which in terms of specular 
reflectivity both, are indistinguishable. 

Roughness can be accounted for with an extension of the optical matrix method develop by 

Cowley and Ryan 1121 
. They have applied a Gaussian roughness factor to each interface by 

modifying the Fresnel coefficients so that: 

Pi - Pi 
r; ý = P; + P1 

]P[_0.5(i 
(C)2)] Equation 3.41 

Where, a: root mean square roughness. 

This treatment of surface imperfection corresponds to the optical matrix method but divided 
into discrete layers with a gaussian distribution of density. Thus, it is preferable to use an 

alternative method to calculate the reflectivity profiles, which will overcome this deficiency. 
The characteristic matrix is expressed in terms of Fresnel coefficients and is derived from the 

relationship between electric vectors in successive layers. 

1exp(113m_i) rm exp 
Mý 

('iIßm. 
i) 

Equation 3.42 
rm exp exp (-ißm-1 

The reflectivity is given by the elements of the resultant matrix, 

R_ MM 
" Equation 3.43 M�M� 
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3.6 Data Analysis 

The neutron reflectivity calculations were carried out by means of Parratt's dynamical 

approach ("1, built in the software Parratt32. This approach is based on stratified media, 
hence only the differences in the neutron scattering length density perpendicular to the 

surface are considered. Given the interference of waves, which are reflected from different 

interfaces within a system, intensity oscillations in the reflectivity can be observed. The 

periodicity in Qz of these fringes can be related to the thickness, d, of the film by 2n/d. the 

roughness of the interfaces is taken into account in the Fresnel coefficients as suggested by 

Nevot and Croce 1141, given that the roughness is small compared to the thickness of the 

layers involved. 

The fitting algorithm is based on the x2 minimization which Is Implemented as a simplified 

one dimensional Newton-Raphson method (15j. This method converges quadratically Into the 

nearest minima, by changing the parameter to be optimised. 

The Reflpak software 1181, calculates the fit using a gradient descent search through the fit 

parameter space using a Levensburg-Marquardt algorithm for least squares estimation of 
non linear parameters 117.18j. After each step of the fit the software updates the new 
parameters table, profile and reflectivity curve. At the end of the fit It estimates the 

uncertainty in each parameter. 
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4 Other Techniques 

4.1 Introduction 

In the last two decades, much effort has been devoted to the study of the interfacial 

properties of solutions. In particular, the behaviour of the polymers at liquid surfaces (melt or 

solution) has raised much interest, both theoretically and experimentally 111. The Interface of a 

polymer solution usually exhibits two different behaviours. Attractive behaviour (adsorption): 

polymer molecules enrich the interface. Repulsive behaviour (depletion): the Interfacial 

region is impoverished in polymer 121. 

A study of the surface tension of semidilute polymer solutions In a good solvent has been 

presented by Ober et al. Ill theoretical predictions are given for the two cases when the 

interface is attractive or repulsive for the polymer, for the cases of both weak and strong 

adsorption. The measurements were performed on polymers good solvents: poly- 
(dimethylsiloxane)-toluene and polystyrene-toluene for the attractive and repulsive cases, 

respectively. 

Polydimethylsiloxane molecular layers spread on aqueous substrates were studied by 

surface pressure, capillary wave, and ellipsometry experiments 131. PDMS was found to 

spread more easily on dense surfactant layer than on pure water due to the structural 

transformations of the PDMS layers when spread on different substrates. In the second case 
the PDMS chains, with their polar Si-O groups, must accommodate themselves at the polar 

water surface; this new chain configuration favours multilayer formation at the water surface. 
The results showed similarities with the spreading behaviour of PDMS on hydrophobic and 
hydrophilic solid substrates. (31 

Langmuir monolayers of PDMS with different hydrophobic Ions added Into the aqueous 

subphase were studied using surface- pressure area Isotherm techniques 141. Results 

showed a pronounced shift of the monolayer surface potential with a small variation on the 

surface pressure, when strongly hydrophobic tetraphenylborate (TPB) anions and 
tetraphenylphosphonium (TPP) cations were used. Interactions of the PDMS monolayer with 
the hydrophobic ions can be adequately described by a simple two-phase distribution model. 
The ability of the PDMS monolayer to change its surface potential with concentration of 
hydrophobic ions in the subphase may be of interest for sensor applications. (4) 
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4.2 Surface Tension 

At a given surface, if the force, F, acting tangentially to the surface and at right angles to an 

element (e. g., Wilhelmy plate de Noüy ring), &x, of an imaginary line in the surface has a 

magnitude that is independent of the direction of the element, then the surface tension, y, is: 

Y 
öx Equation 4.1 

y is normally expressed in N m-', however, it is rather large unit. For example, the surface 

tension of the air-water interface at room temperature is about 0.072 N m-'), therefore, 

surface tension is more commonly expressed in mN m"1. 

The origin of the surface tension from a molecular point of view can be understood from the 

forces acting on a molecule at the surface of a liquid, compared to those acting on one in the 

bulk phase (see Figure 4.1). 

The attractive forces acting on one molecule on the bulk are, when averaged isotropically, 

i. e., there is no net force pulling the molecule in any given direction. In contrast, one 

molecule in the surface will experience an unbalanced force due to the relative shortage of 

near neighbours in the direction of the gas phase. As a result, there is a tendency for the 

molecule to be pulled into the bulk phase, as is the case for every other molecule at the 

surface. Hence, it is clear why the tendency of the system is to minimise the area of the 

surface. 

00 
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00 00 
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ý"ýý rII 10 " ý""""ý "ý"ý9 Bulk phase """"? " """ 

Figure 4.1. Forces acting on molecules near a surface 

4.2.1 MEASUREMENT OF SURFACE TENSION 

Surface tension is an essential property in the study of interfaces so its measurement is of 

great importance. Many methods have been developed to measure surface tension, and 

selecting the method to use will depend on the nature of the system. 
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Figure 4.2 shows examples of the most commonly observed behaviour of the surface 

tension of a solution as a function of solute concentration. Curve I, is characteristic of 

solutions of substances that are lyophobic, so the change in y with increasing the 

concentration is negative. Such substances tend to accumulate in the surface. Curve II, is 

expected of a lyophilic solute. And Curve III, shows the behaviour of a highly surface active 

substance, e. g. detergent, even a very low concentration they have a big impact on y. 
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Figure 4.2. Surface tension versus concentration of solute. Three types of curves 
typically observed. The minimum in curve III is due to impurities and disappears after 
rigorous purification. Figure taken from reference 10. 

4.2.1.1 Wilhelmy Plate 

The Wilhelmy plate method measures the force acting on a flat plate when dipped on the 

surface of a liquid. It was named after the scientist who developed the device to measure 

surface tension (Wilhelmy, 1863). 

If the plate is perfectly wetted by the liquid a meniscus will form where it passes through the 

liquid surface giving a contact angle of 00. 

If the plate is hanging vertically, the meniscus will contact the plate along a line of length 2 (x 

+ y), where x and y are the horizontal length and thickness of the plate, respectively. Along 

the line of contact the liquid surface will be vertical so the surface tension along this line will 

exert a downward force on the plate; this is described in Equation 4.2. 
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F=y2(x+y) Equation 4.2 

As F, x, and y can all be measured, ycan be determined. 

Wilhelmy plates have been made from a variety of materials, but scrupulous and elaborate 
procedures were needed to ensure that the surfaces were clean and that the contact angle 
was zero. In order to overcome this, in 1977 paper plates made form high quality filter or 
chromatography paper were introduced. The liquid essentially saturates the plate and forms 

a liquid surface over the plate ensuring that the contact angle is zero. 

4.2.1.2 Do Noüy Ring Method 

The de Noüy ring is a variant of the Wilhelmy plate detachment technique. Instead of the 

plate a horizontal platinum ring immersed in the liquid is slowly pulled toward the surface 
(see Figure 4.3 A). During this displacement the force exerted on the ring by the interface 
(and the displaced volume) is recorded. This force has a maximum value Finax for a certain 
height hm, x of the ring. When, the ring is pulled beyond this value the force decreases, due to 
thinning of the film, leading to its rupture. If V is the volume of the solution that is drawn away 
by the ring at height hmex, the surface tension yis given by Equation 4.3 

_ 
Finax R3R 

Y 47rR 
fV 'a Equation 4.3 

Where a is the radius of the wire constituting the ring of radius R and f is the Harkins and 
Jordan factor, depending on the dimensionless variables RV and is calculated from / 

Finax and f is obtained from curves by Harkins and Jordan. To avoid border effects, the 
experiment is carried out in a sufficiently large vessel (diameter z5 cm). (1] 

Harkins and Jordan (51 have empirically determined correction factors for surface tension 
measurements by the ring method; these factors are dependent on: ring dimensions, density 
of the liquid and its surface tension. 

One problem is that during the increase of the surface due to the pull of the ring, the surface 
concentration must remain in equilibrium with the bulk solution. To ensure this equilibrium at 
height hmax, the ring is submitted to small oscillations around this position. The movement is 
slow enough to let the surface reach the equilibrium concentration. Ill The movement from a 
to b in Figure 4.3 B, is slow enough to let the surface reach the equilibrium concentration. 
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Figure 4.3. Schematic representation of the DeNoüy ring method. A) Vertical section 
of the circular ring. B) Variation of the measured force as a function of h. Segment a-b 
represents the path during the oscillations. Taken from reference 1. 

4.2.2 DROP SHAPE ANALYSIS 

The surface tension of polymer melts is an important thermodynamic parameter which plays 

a key role for many technological processes such as wetting, coating polymer blending and 
the reinforcement of polymer with fibres. However, the high viscosity and the limited thermal 

stability of polymer melts as well as the high temperatures cause several difficulties In the 

experimental determination of their surface tension. lei 

Drop shape methods are based on the idea that the shape of a sessile or pendant drop Is 
determined by a combination of surface tension and gravity effects. Compared with other 
methods, two majors advantages of drop shape methods are to be stressed. First, the 

surface tension is obtained directly. No requirements like complete wetting are needed. 
Second, they can be used to study both liquid-vapour and liquid-liquid Interfacial tension of 
polymer melts. But, since gravity is involved, one has to know how the density of the polymer 
changes at elevated temperatures, which has to be evaluated separately by time-consuming 

methods such as dilatometry. 161 

4.3 Langmuir Blodgett Technique 7 

When studying surface active molecules at the air/ water interface, a distinction is usually 
made between the hydrophilic group, which is anchored In the water surface, and the 
hydrophobic tail, which faces the air. If the hydrophobic tails are alkyl chains, they will 
occupy a cross-section area of approximately 18.5 A2 181. The compressibility of the 
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molecular film is therefore limited by the cross section occupied by the alkyl chains. The 

efforts of the surface films to expand are measured by the Langmuir trough (or surface film 

balance) in the form of force-area isotherms. Here a difference is made between collapsed, 
solid condensed, liquid condensed, liquid expanded and gaseous expanded film states [81. 

4.3.1 LANGMUIR FILMS 

Langmuir films consist of surface active compounds or surfactants sandwiched at the 
interface between two different phases: liquid-liquid or liquid-gas. 

Such surfactants are molecules that are named amphiphilic, i. e. molecules that are 

composed of a hydrophilic part and a hydrophobic part. Hydrophilic groups are attracted to 

polar media such as water and the forces acting upon them are mainly Coulombic. 

Hydrophobic groups such as hydrocarbon chains, amongst others, are much less soluble in 

water and the forces acting upon them are mainly van der Waal's type. Amphiphilic 

molecules are trapped in the interface because they posses these two different types of 
bonding within the one molecular structure. 

When amphiphilic compounds, dissolved in a non-aqueous volatile solvent, are introduced 

onto a polar liquid surface, e g. water, the solvent will evaporate leaving the amphiphilic 
compounds oriented at the liquid-gas interface. The hydrophilic head groups pull the 

molecule into the bulk of the water and the hydrophobic tail groups point into the air. A 

surface monolayer will only be achieved if the amphiphatic balance of the molecule is 
correct; i. e. the balance between hydrophobic and hydrophilic parts 191. If the hydrophobic tail 

group is too short (not hydrophobic enough) the molecule will be pulled into the water and 
will dissolve while if there is no hydrophilic part, the molecules might form thicker multilayer 
films on the surface, evaporate, or even form lens. 

A Langmuir film is formed by sweeping a barrier over the water surface. This forces the 
molecules to come closer together and eventually to form a compressed, ordered 
monolayer. See Figure 4.4. 

ii! F 
_ Figure 4.4. Expanded and compressed monolayer on water surface 
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4.3.2 LANGMUIR TROUGH 

Langmuir films are manipulated on a surface film balance, also called the Langmulr trough. It 

consists of a shallow trough with hydrophobic edges and hydrophobic barriers (modern 

trough and barriers are constructed of poly(tetraflouroethylene), PTFE), and an electronic 

device is used to measure the surface tension (Figure 4.5) 

W 
Clean 
Surface 

Monolayer 

Figure 4.5. Basic Langmuir trough. 

4.3.3 THE LANGMUIR BLODGETT TECHNIQUE 

Langmuir-Blodgett films consist of mono-molecular layers piled up consecutively onto a solid 

substrate. The solid substrate is immersed into the water, breaking through the Langmuir film 

and, given that certain criteria have been met, the Langmuir film attaches itself to the 

substrate, coating it with a mono-molecular layer. 

Subsequent layers can be deposited on each pass of the substrate through the air-water 
interface. Therefore, multilayers can be deposited to produce a film, the thickness of which 

will depend on the individual chain length and the number of times that the substrate has 

passed the air-water interface. 
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4.3.4 SPREADING 

A monolayer is formed on the surface of the subphase by dissolving the amphiphilic 

substance in a suitable solvent and spreading the solution drop by drop on the water 

surface. 

The spreading solution is best applied to one point of the surface by allowing small drops to 

fall from a syringe whilst is held a few millimetres above the subphase. Each drop should be 

allowed to evaporate before the next is applied. 

The spreading process can occur in a many different ways. Usually a thin film is formed by 

the spreading solution while the material forming the Langmuir film gets a more favourable 

configuration at the air-water interface and the solvent evaporates, leaving behind only the 

monolayer. However, in some cases the deposited globule does not spread over the 

subphase but instead a thin film of dilute solution of monolayer-forming material spreads 
from its edges; as solvent evaporates, more film spreads from the globule m. 

Spontaneous spreading to form a monolayer will continue until either the bulk material is 

exhausted or equilibrium is reached between the monolayer and the bulk material. The 

equilibrium position is characterized by an equilibrium spreading pressure, Tieq. At this point, 
the entire available surface is covered in monolayer and any further droplets of solution 

remain embedded in the monolayer as floating lenses, as no more spreading out can take 

place. 

4.3.5 ISOTHERMS 

Surfactants, i. e., surface active molecules, tend to accumulate at interfaces; this fact favours 

expansion of the interface, lowering the surface tension. This behaviour allows monitoring 
the surface pressure as a function of the area occupied per molecule if the number of 
molecules deposited on the surface is known. 

The features of a monolayer on the water surface are studied by measuring the variations in 

surface tension upon compressing the monolayer. The decrease of the surface tension is 
known as the surface pressure, this term was introduced to differentiate the surface tension 
from the instantaneous surface tension of the same liquid covered with a monolayer. The 

pressure is measured by means of a Wilhelmy plate attached to a microbalance. The plot of 
surface pressure versus area occupied per molecule at constant temperature is known as a 
pressure-area isotherm. The shape of the isotherm is characteristic of the molecules making 
up the film and therefore, provides a two-dimensional fingerprint. 
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4.3.6 FORCES AT THE SURFACE 

The forces affecting hydrophilic groups submerged in an aqueous subphase are ionic and 

proportional to 1/t2 (r being the intermolecular separation) whilst forces between the 

hydrophobic groups are due to van der Waal's interactions and proportional to 1/r° and 1/rt2. 

Therefore the interactions in the subphase are of longer range than those In the surface. 
Typically in the isotherm three regions can be distinguished. Figure 4.6 shows the Isotherm 

for stearic acid on pure water. 

After initial spreading onto the subphase, no external pressure Is applied to the monolayer 

and the molecules behave as a two-dimensional gas. On compression of the monolayer, 

some ordering of the film takes place and it behaves as would be expected of a two- 

dimensional liquid. Further increase of the pressure causes additional ordering, the 

monolayer behaving as a quasi-solid. This solid state Is characterised by a steep and usually 
linear correlation between surface pressure and molecular area. 

The continued compression of a monolayer will eventually lead to a situation where the 

material is forced out of the surface and collapses. Fracture and nucleated collapse can be 
distinguished. Fracture collapse is characterised by a sharp decrease in surface pressure or 

monolayer area and the surface pressure at which occurs depends to some extent on the 

rate of compression. On the other hand, nucleated collapse occurs at lower surface 

pressures and involves a slow but accelerating downward drift in surface pressure or surface 

area. 

When the bulk phase of a monolayer is liquid, it is generally not possible to compress the 

monolayer above its equilibrium spreading pressure, with droplets of bulk liquid being formed 

on the surface at this point. 

4.4 Adsorbed amount 

in surface and colloid science one of the most widely used expressions is the Gibbs 

adsorption equation, see Equation 4.4.1101 

S`dT + Ad y+n, du, =0 Equation 4.4 

At constant temperature Equation 4.4 is the Gibbs adsorption isotherm, shown in Equation 
4.5. 

ELL 
-dy = -' dit, _ T, dp, Equation 4.5 A 
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Where dy is the change in surface or interfacial tension of the solvent, I; is the surface 

excess concentration define as r, =nil and dui the change in chemical potential of any 

component of the system. Here 1 is defined as the excess per unit area of interface, of the 

amount of any component actually present. 

Equation 4.5 is applied to systems where the surface tension can be measured (e. g. those 

systems containing liquid-liquid or liquid-vapour interfaces) in order to calculate the surface 
concentration of the absorbed species causing the surface tension change. 
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Figure 4.6. Stearic acid isotherm on pure water 

The Gibbs adsorption equation can be related to experimentally measurable quantities. 
Limiting to the simplest case: two components system, for which from Equation 4.5 gives 

-dy = r, du, + f2dp2 Equation 4.6 

Equation 4.6 describes how the surface tension of a solution of, say component 2 in solvent 
I is changed as the activity coefficient of the substance 2, and thus µ2 is altered, at constant 
temperature. 

Assuming that f', =0 (that of the solvent) then r'2 = Tea = I'2,1 and so 

-dy = F2, dp2 

It can also be written 

Equation 4.7 
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d p2 = RT In a2 Equation 4.8 

where a2 is the activity coefficient of component 2. 

It follows that 

r2'ß 
1 dy 

RT d In a2 Equation 4.9 

If the solution is very dilute so that a2 is proportional to c2 (molar concentration) then 

c2 dy I dy 
r2,1 

RT dc2 RT dlnc2 Equation 4,10 

Which, is an adsorption isotherm. It gives the relationship between the amount adsorbed and 
the solution concentration, c2, in terms of the effect which c2 has on the surface tension. 
Typically surface active substances (i. e., that lower the surface tension) will have positive 

values of r. When y rapidly decreases with the increase in solution concentration, Indicates 

that F2,1 is large in these cases. Also the adsorption will increase as the chain length 

increases. 1101 

Therefore this technique involves measuring the surface tension of a set of solutions with 
different concentrations to find the dependence of surface tension on concentration. At any 

given concentration the slope of the plot of y against concentration or In(c) (see Figure 4.7) 

leads to the value of adsorption under those conditions, Figure 4.8. 

The area per molecule at the interfaces gives information on the level of packing and the 

orientation of the absorbed surfactant molecule, when compared with the dimensions of the 

molecule (e. g., obtained by molecular models). From the surface excess concentration, the 

area per molecule at the interface a2, in A2 is calculated form the relationship in Equation 
4.11. 

101° 
a2-NT2 

Where N is Avogadro's number and I'z is in mol cm 2. 

Equation 4.11 
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Figure 4.7. Typical decay of the surface tension of water on increase in surfactant 
concentration. Taken from reference 11 
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Figure 4.8. Gibbs adsorption equation. Taken from reference 11 
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5 Experimental System 

5.1 Introduction 

This chapter is divided in two main parts; the fist part, Is concerned with the sample 

preparation and characterization, and in the second part is concerned with the methods used 
for each technique in order to obtain the measurements. 

5.2 Materials: Preparation and Characterisation 

5.2.1 POL YDIMETHYLSILOXANE 

The linear PDMS and the silicate-based materials were supplied by Dow Corning 

Corporation and sample details provided by Dow Corning are given in Table 5.1. Figure 5.1 

shows the structure of PDMS (trimethyl terminated). 

An anionic polymerization process was used to obtain relatively monodisperse PMDS from 

hexamethylcyclotrisiloxane. The information on molar and hydrodynamic size was obtained 
from size exclusion chromatography (SEC) which used Polymer Laboratories Mixed-D 

columns with a Waters 2690 HPLC + 2410 refractive Index detector coupled to a Viscotek 
T60a right-angle laser light scattering /viscometer dual detector and toluene as an eluent at 
35°C. The density was measured at 25 °C using an Anton PAARDMA48 density meter. 

CH3 CH3 CH3 
III 

CH3 Si 0 Si 0 Si CH3 

CH3 CH3 
n 

CH3 

Figure 5.1. Structure of polydimethylsiloxane. Trimethyl terminated. 
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5.2.2 POLY-(ETHYL. a-METHYL-STYRENE-SILOXANE) FLUID 

The poly-(ethyl, a-methyl-styrene-siloxane) fluid (PAF) was supplied by Dow Corning 

Corporation and used as received. The physical properties provided by Dow Corning are 

shown in Table 5.1. PAF is a commercial random copolymer that has a broad molecular 

weight range. Also, the molecular weight varies from batch to batch, due to large amounts of 

cross-linker compounds added to adjust the viscosity required. 

Table 5.1. Physical properties of Polysiloxane melts (e) 

Material MW Ikg mol'' M,,, / Mn Rg (b)/nm ßg cm' 

PDMS 

2.6 k 2.630 1.22 1.40 0.94 

20.5 k 20.500 2.87 3.96 0.97 

36.6 k 36.600 1.68 5.32 0.97 

48.6 k 48.600 1.41 6.14 0.97 

53.1 k 53.100 1.34 6.42 0.97 

66.7 k 66.700 1.30 7.21 0.98 

78.2 k 78.200 1.25 7.81 0.98 

109 k 109.000 1.21 9.25 0.98 

174 k 174.000 1.16 11.72 0.98 

PAF 

12 k 12.000 3.33 2.46 1.006 

X81 MH, is the weight-average molecular weight, Mw / Mn is the molecular weight 
distribution, Rg is the radius of gyration, and p is the density at 25 °C. 
(b) Values were estimated using the relation 1%2 =a MW where a and b, are constants for the 
mean square radius of gyration of polysiloxanes. The constants given values for PDMS are a 
= 0.0666 and b=1.0141. Ill 

5.2.3 POLYSILICATE PARTICLES: MQ RESINS 

The nanosized silicates, designated as R3 and R10 in Table 5.2, were obtained from the 

acid-catalyzed polymerization of sodium silicate followed by reaction with 
trimethylchlorosilane in a process described elsewhere 121 and were glassy at room 
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temperature. The molar mass was determined by size exclusion chromatography (SEC) 

using Polymer Laboratories Mixed-D columns, with a Miran 1A-CVF HPLC infrared detector, 

calibrated with silicate molecular weight fractions, and using chloroform as an eluent at 35 

°C. These analyses were carried out by Dow Corning Corporation 

The polysilicate R3 was fractionated to obtain a narrow molecular weight distribution fraction. 

The fractions were obtained through super-critical fluid extraction. GPC analysis of each 
fraction was carried out to determine the molecular weight. Each sample was prepared in 

toluene at 0.5 % concentration, filtered and analysed against polystyrene standards using 

refractive index detection. The columns used were two 300 mm Mixed-C preceded by a 50 

mm Mixed-C guard column. The GPC data is shown in Figure 5.2. In Table 5.3 are shown 

the properties of the fractions used for this work. 

Table 5.2. Physical properties of polysilicate materials obtained from Dow Corning Corp. 

Material Mw, /g mol" m v/ M� Rg / nm P/ g cm"3 

R2 5,600 2.0 1.5 1.14 

R3 14,100 2.99 2.2 1.17 

R10 17,810 3.83 2.6 (*) 1.20 

ýýý obtained from Mw, p relationship. 

Retention time 

Figure 5.2. GPC data for MQ Silicate (R3) fractions obtained through super-critical 
fluid extraction. 
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Table 5.3. Properties of MQ silicate (R3) fractions used in this work. 

Reference Sample name M� /kg mol-1 MM, I kg mol-1 M�/ M� 

18819-133-2 MQ-F2 2.050 2.150 1.05 

18819-133-3 MQ-F3 2.700 2.860 1.06 

18819-133-4 MQ-F4 3.540 3.740 1.06 

18819-133-6 MQ-F6 4.960 5.210 1.05 

18819-133-7 MQ-F7 5.810 6.130 1.06 

18819-133-9 MQ-F9 7.440 7.760 1.04 

18819-133-10 MQ-F10 10.300 10.700 1.04 

For the nanopolysilicate resin RIO the GPC analysis shown in Figure 5.3 was carried out by 
Dow Corning Corporation. The analysis was performed in chromatographic equipment 
consisting of a Waters 2690 pump, autosampler, column oven and a Waters 2410 differential 

refractometer. The separation was made with two (300 mm x 7.5 mm) Polymer Laboratories 
PLgel 5 gm Mixed-C columns (molecular weight separation range of 200 to 2,000,000), 

preceded by a PLgel 5 µm guard column (50 mm x 7.5 mm). The analyses were completed 
using GPC grade toluene, with a flow rate of 1.0 mU min as eluent, and the columns and 
detector were both heated to 35 °C. The samples were prepared in toluene at 0.5 % w/v, and 
filtered through a 0.45 gm PTFE syringe filter into glass autosampler vials. An injection 

volume of 100 µL was used and data collected for 30 minutes. Data collection and analyses 
were performed using Thermo-Labsystems Atlas chromatography software and Polymer 
Laboratories Cirrus GPC software. Molecular weight averages were determined relative to a 
calibration curve (3rd order) created using Polystyrene standards covering the molecular 
weight range of 580 - 7,500,000. 
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Figure 5.3. GPC data for MQ Silicate (R10). 

5.2.4 POLYSILOXANE/MQ RESIN BLENDS 

The polydimethylsiloxane (PDMS) and polysilicate resin, R2, were provided by Dow Corning. 
PDMS and R2 were blended together in different molecular weights PDMS and 30 wt-% 
silicates using the following method: MQ silicate nanoparticles In xylene solution were added 
directly to the PDMS melts and mixed. The samples were then stripped of solvent, first In a 

convection oven at 110 °C, followed by exposure at 70 °C under vacuum 

A range of molecular weights from 1.32 k to 174k PDMS were used. The samples were 
labelled according with the molecular weight of the PMDS. For example, 30 wt-% MQ/1.32 k 
PDMS, i. e. the sample contains 30 wt-% MQ resins and 70 wt-% 1.32 k PDMS. (see Table 

5.4). 

38 wt-% MQ resin in PAF blend was obtained from Dow Corning Corporation. This Is a 
commercial product, which again has very high polydispersity. Different concentrations were 
prepared by dilution of the 38 wt-% MQ resin/PAF blend with pure PAF to the desired 

concentration. 

Samples prepared in our laboratories at the University of Bristol, were obtained utilising 
PDMS available from stock, PAF and polysilicate resins (R3 and R10) obtained from Dow 
Corning Corporation. 

Blends of R3 in PAF were prepared in order to compare with the PAF/RIO blends. Different 
R3 wt-% was blended with PAF by mixing them in a roller-mixer for few days up to a week or 

until completely dissolved and then left to rest for one week before carrying out the 

measurements. The resulting blend was light coloured. In this procedure no solvent was 
needed. In addition, blends of R10 in PDMS were also prepared. Different RIO wt-% was 
blended with PDMS by mixing them in a roller-mixer for few days up to a week or until 
completely dissolved. The blend obtained was completely transparent. 
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Table 5.4. PDMS molecular weight fractions blended with 30 wt-A/6 R2 and 30 wt-% R2- 
OH. Samples provided by Dow Corning Corporation. 

PDMS 
Reference Sample 

MW / kg mol-' p/g cm4 

19237-99-1 30 wt-% R2/ 1.32 k PDMS 1.32 0.94 

19237-99-2 30 wt-% R2/ 5.24 k PDMS 5.24 0.96 

19237-99-3 30 wt-% R2/ 12.2 k PDMS 12.2 0.97 

19237-99-4 30 wt-% R2/ 31.4 k PDMS 31.4 0.97 

19237-99-5 30 wt-% R2/ 66.7 k PDMS 67.6 0.97 

19237-99-6 30 wt-% R2/ 109 k PDMS 109 0.98 

19237-99-7 30 wt-% R2/ 174 k PDMS 174 0.98 

19237-99-11 30 wt-% R2-OH/ 1.32 k PDMS 1.32 0.94 

19237-99-12 30 wt-% R2-OH / 5.24 k PDMS 5.24 0.96 

19237-99-13 30 wt-% R2-OH / 12.2 k PDMS 12.2 0.97 

19237-99-14 30 wt-% R2-OH / 31.4 k PDMS 31.4 0.97 

19237-99-15 30 wt-% R2-OH / 66.7 k PDMS 67.6 0.97 

19237-99-16 30 wt-% R2-OH / 109 k PDMS 109 0.98 

19237-99-17 30 wt-% R2-OH / 174 k PDMS 174 0.98 

5.2.5 SYNTHESIS OF DEUTERA TED POLYDIMETHYLSILOXANE 

Neutron techniques rely on the selective deuterium labelling of parts of the system of 
interest. It was very important for the development of this project to synthesise these 

polymers. Following the work done by Dagger and Semlyen [3,41 some deuterated 

polydimethylsiloxane was prepared and characterised. This procedure was slightly modified 
in order to improve the yield of the reaction: the time of the reaction was increased from 15 
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days to 21 days. The concentration of the monomer in dichloromethane solution was also 

changed, making the solution more concentrated. 

145 g (0.665 mol) of the silane [(CD3)2SiPh2] was dissolved in 220 mL of CH2CI2 under a 

nitrogen atmosphere. 20 g (0.133 mol) of triflic acid was slowly added over 30 minutes and 

the solution gently stirred at room temperature. Once the triflic acid was added, one drop of 

de-ionised water was added and the reaction continued to gently stir at room temperature 

under nitrogen atmosphere 141. The reaction was left for 21 days: each day few drops of 
deionised water were added. After the water addition some turbidity was observed In the 

reaction mixture which was seen to clear after some time. This turbidity Is a result of the 

water released on condensation of silanol groups produced In a ring/ chain equilibration of 

hexamethylcyclotrisiloxane (D3) with triflic acid In dichloromethane (such silanol groups 

would result here from the rapid hydrolysis of the highly reactive silyl triflates produced, see 
Figure 5.4)151. 

Once the reaction has equilibrated, i. e., no turbidity was observed, a copious amount of 

sodium hydrogen carbonate (NaHCO3) was added to neutralise the triflic acid. The 

dichioromethane solution was then washed several times with deionised water before being 

evaporated down under reduced pressure. The cyclic and high molecular mass linear 

polymer, see Figure 5.5, in the residue were separated by precipitating the linear polymer 

from a hot solution of the reaction mixture equilibrated in acetone (approximately 10 w/v %), 

allowing the solution to cool to room temperature and stand for 24 hours. The supernatant 

solution containing the cyclic polymer was decanted from the viscous linear polymer and the 

acetone removed by evaporation under reduced pressure. 
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Figure 5.4. Production of siiyl triflates and silanol Intermediates. Figure taken from 
reference 3. 
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Figure S. S. Example of rearrangement to perdeuterated PDMS oligomers. Figure taken 
from reference 3. 

5.2.6 CHARACTERIZATION OF DEUTERATED POLYDIMETHYLS! LOXANE 

The characterization and fractionation of the d-PDMS were obtained through super-critical 
fluid extraction. GPC analysis of each fraction was carried out to determine the molecular 

weight of the d-PDMS fraction. These analyses were carried out by Dow Corning 

Corporation. 

The fractions were obtained using a pressure profiling technique in which each sequential 
fraction is collected at a slightly higher pressure than the previous fraction. The temperature 

was held constant at 80 °C. A sample of the polymer is charged to the fractionation chamber, 

with a small piece of glass wool at the bottom. Gas (CO2 in this case) at a selected pressure 

and temperature (above Tc) is introduced into the chamber, and gas flow is commenced. As 

the gas passes through the sample it dissolves the soluble species, and then the solution of 

gas plus dissolved material is depressurised in the collection vessel (a filter flask), the 

dissolved material precipitates and is collected. The gas flows through a rotameter and a dry 
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test meter for total flow volume integration. After a selected amount of gas has passes 

through the chamber, the collection vessel is changed, the pressure raised, and the test 

continue. 

The GPC analysis of the d-PDMS fractions; test samples were prepared in toluene at 0.5 

wt% concentration, filtered and analysed against polystyrene standards using refractive 

index detection. The columns were: two 300-mm Mixed C with a 50-mm guard column. The 

flow rate was 1 mL min-'. GPC data obtained for the d-PDMS is shown in the Figure 5.6 and 

Table 5.5 shows the properties obtained for each of these fractions. 
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Figure 5.6. GPC data for d-PDMS obtained through super critical fluid extraction. 

5.3 Instrumentation 

5.3.1 NUCLEAR MAGNETIC RESONANCE 

A Bruker MSL 300 NMR spectrometer operating at 300 MHz for protons was used to perform 

NMR experiments. The temperature of the samples, when required, was controlled by a 

Eurotherm airflow system with an accuracy of ± 0.1 °C. 
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5.3.1.1 T2 Relaxation Measurements 

The 'H spin-spin relaxation measurements were performed using a Carr-Purcell-Meiboom- 

Gill (CPMG) pulse sequence with a 900 pulse duration of 6.5 µs and a 180 ° pulse separation 
of 2.5 ms. Up to 2048 data points were collected by sampling alternate echo maxima. 
Measurements were carried out at four temperatures (i. e. 25,40 60 and 80 °C). 

5.3.1.2 T, Relaxation Measurements 

Sýf ä 

F 

The 1H spin-lattice measurements were performed using the inversion-recovery pulse 
sequence. Measurements were carried out using an intervening 10 s delay. A total of 16 
data points were collected as a function of the recovery time, which was varied between 10 s 
and 20 s, in general the increments were not equally spaced. These experiments were 
performed at 25 °C. 

Table 5.5. Properties of d-PDMS fractions obtained. 

Reference Dow(RS)-5 Sample name M, / kg mol'' MW / kg mol"' M,, / Mn 

Control Blend 25.000 40,. 900 1.63 

1 DPDMS-1 6.480 12.200 1.89 

2 DPDMS-2 14.000 15.700 1.12 

3 DPDMS-3 18.000 20.800 1.10 

4 DPDMS-4 22.900 25.800 1.13 

5 DPDMS-5 27.400 29.700 1.09 

6 DPDMS-6 33,100 35,700 1.08 

7 DPDMS-7 41,300 44,200 1.07 

8 DPDMS-8 52,700 56,100 1.06 

9 DPDMS-9 71,900 76,600 1.07 

10 DPDMS-10 111,000 123,000 1.10 
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5.3.2 SURFACE PHENOMENA 

5.3.2.1 Surface Tension 

Surface tensions were measured with a Krüss K12 processor tensiometer using a platinum- 
iridium De Noüy ring. The temperature was kept at 24 ± 0.5 °C using a flow-through 

thermostat unit. The De NoQy ring was thoroughly cleaned before each measurement by first 

rinsing it with toluene and then flamed several seconds in a Bunsen burner until the ring was 
red hot. It was allowed to cool to room temperature. Before each measurement the 
tensiometer was tared and calibrated. 

The surface tension was also measured with a Krüss Drop Shape Analysis System DSA10 

Mk2. Measurements were carried out at room temperature and on the same day. 
Measurements were carried out at room temperature on the same day. The temperature was 
held at 24 ± 0.5 °C. The sample was loaded into a syringe and then put back into the sample 
holder in the instrument. The measurements were taken when the drop was formed and an 
average of the values recorded taken as surface tension value. Surface tension was 
determined by fitting the shape of the drop captured in a video Image to the Young-Laplace 

equation which relates inter-facial tension to drop shape. The Instrument software does this 

automatically 16). 

The shape of a drop is determined by its radii of curvature, R, and R2. In the case of a 
spherical drop, these are equal. The relationship between interfacial pressure (pressure 

across the interface) and these radii of curvature is known as Young-Laplace equation 
(Equation 5.1) 171. 

AP =y 
(R, 

+R Equation 5.1 R2 

Where dP = interfacial pressure difference; y= interfacial tension; R1, R2 = surface's radii of 
curvature. 

5.3.2.2 Langmuir Blodgett Trough 

Langmuir-Blodgett measurements were carried out in a NIMA Langmuir-Blodgett trough 

model 311 D which has a single barrier compressing towards one end of the trough. It has an 
area of 300 cm'. The single barrier has a dynamic speed range of ± 250 cm'/ min and closes 
to an area of 0 cm' for rapid and thorough cleaning. 

The measurements were carried out at room temperature, 22 ±1 °C. The room has air- 
conditioning unit fitted and the room temperature was reasonably constant. 
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Samples were prepared by diluting the different concentrations of polymer/resin blends, to 

0.2 weight-percent in chloroform; and 50 µL of the solution spread on the deionised water 
surface. The surface tension of the pure water was measured to ensure the cleanliness of 
the surface. Then allowed the chloroform to evaporate, waiting 25 - 30 seconds after the 

spreading. 

5.3.3 NEUTRON TECHNIQUES 

5.3.3.1 Neutron Reflection 

Neutron reflection experiments were performed at different neutron facilities: NG7 - 
Reflectometer at National institute of Standards and Technology (NIST), USA, and CRISP at 
ISIS, Rutherford-Appleton Laboratory, UK. 

Experiments at NG7 Reflectometer were carried out at 25 ±1 °C using a flow-through 

thermostat unit, in a special apparatus designed to study the liquid-liquid interface. This 

apparatus consist of a PTFE trough filled with D20, enclosed in a sealed double-walled 
temperature controlled compartment, and presents a distinct meniscus to the incoming 

neutron beam. 18,91 

The experiments at CRISP were carried out at room temperature (- 22 °C). This is a 
dedicated Reflectometer, which uses a fixed angle of incidence (1.5 0) and a polychromatic 
neutron beam. Specularly reflected neutrons are received by a single detector, and their 
wavelengths are analysed by time-of-flight. The sample environment used was the trough for 
liquid samples available at CRISP. 

In all the experiments a layer of d-PDMS or d-PDMS/MQ polysilicate blends were prepared 
based on the surface area of the trough used in each experiment. The DPDMS melt or 
DPDMS/ MQ polysilicate blends were diluted in chloroform and then an adequate volume 
(l L) of this solution was spread in drops on top of the D20 surface. The thickness of the 
layers was expected to be approximately 50 A. 

A summary of the scattering length densities for the different substances used in these 
experiments, is given in Table 5.6 
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Table 5.6. Scattering length densities for the substances used In neutron reflection 
experiments. [10] 

Substance Formula 
Scattering leng 

Protonated 

th density/ 10"6 A-2 

Deuterated 

Water H2O / 020 -0.56 6.35 

Polydimethylsiloxane ((CH3)2SiO]n /([(CD3)2SiO]n) 0.06 5.04 

[CH3-C2H5-SiO]n -( CH3- 
PAF 0.6 n/a 

CBH9-SiO]n 

Polysilicate resins [(CH3)3SiO]n-(SiO4]n 0.96' n/a 

' Estimated using the scattering length density online calculator from NIST I'll 
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6 Surface Phenomena Results 

The surface tension of polymer melts Ill and polymer blends 121 is an Important 

thermodynamic parameter which plays a key role in fundamental areas such as wetting, 

coating, polymer blending and the reinforcement of polymers with particles as well as 

compatibilization, foaming and lubrication (1,21 
. However, the viscosity and the limited thermal 

stability of polymer melts as well as the high temperatures cause several difficulties in the 

experimental determination of their surface tension 111. 

6.1 Surface Tension 

The surface tension measurements were carried out on two pieces of apparatus. In first 

place a De NoDy ring was used, but due to the high viscosity of the samples proved very 
difficult to obtain a steady value in the measurements. Therefore, a second method was 
used, drop shape analysis, which gave much better results. 

The drop shape analysis consist of a pendant drop that Is illuminated and the image Is 

received by a charged couple device (CCD) camera; there is a magnifying/ focusing lens 

system to obtain a sufficiently large and sharp Image. The Image passes from the CCD 

camera to the frame grabber (that allows the capture of individual frames). The digital drop 

image is transferred to a computer, where the border of the drop Is selected. The Image 

brightness should also be optimal for image analysis. Illumination Is PC controlled, as well as 
the position of the drop 131. The necessary complex mathematical calculations and 

corrections are carried out by the instrument software. 

The data obtained by drop shape analysis for the variation of the surface tension, y, as a 
function of the concentration of R10 in poly-(ethyl-methyl, a-methyl-styrene-siloxane) fluid 

(PAF) is shown in Figure 6.1. In this plot the critical resin concentration is defined by the 

change in slope at about 5 wt-%. Similarly to the critical micelle concentration, above this 

concentration the surface is completely saturated with the resin and no further changes are 

observed. As can be observed the surface tension decreased as the R10 concentration in 

the polymer increased. The dip in the curve is due to Impurities in the samples (41. This Is not 

surprising since the samples are commercial quality and were used as received. Although, 

the surface tension measurements were carried out using the drop shape analysis, some 
difficulties were also found. The drop shape was not "normal" it was more elongated than for 

other liquids, this is due to the high viscosity of the samples, so its shape changed with time 

(-12 min) as the drop grew longer (see Figure 6.2) and so changed the surface tension 

measurement. It is thought that the high viscosity of the solutions results In very slow 
dynamics and as a consequence the solutions take a long time to attain equilibrium, this is 
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confirmed by the high resin concentration samples which have a slightly higher surface 
tension than that expected from the trend of the curve. 

Figure 6.3 shows the surface tension, y, as a function of the logarithm of the concentration of 
R10 in PAF in mol L''; only the linear segment is shown. From this plot it is possible to 

calculate the adsorbed amount in the surface, (r in mol m-2) given by Equation 6.1, the 
Gibbs isotherm. 

r=- 1 dy 
RT d Inc Equation 6.1 

where R is the gas constant and T the temperature in Kelvin. The linear segment of the 

curve was fitted to a quadratic equation and the first derivative was taken numerically. The 

adsorbed amount calculated is shown in Figure 6.3 and Figure 6.4. The adsorbed amount in 

the surface was 1.86 mg M-2 . The area per molecule can also be calculated from the 

adsorbed amount data. Using the relationship given in Equation 6.2, the value of area per 
molecule found for R10 is 10.7 nm2. This indicates that the nanopolysilicate R10 is closely 
packed on the surface. 

10'6 
-2=Nr2 

25 
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Equation 6.2 

Figure 6.1. Surface tension plot for PAF/R10 blends, at room temperature. 
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Figure 6.2. Variation of the drop shape of 10 wt % RIO In PAF as a function of time. 1) 
Initial t=0 minutes. 2) After 2-3 minutes. 3) After 12 minutes the drop fall out. 
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Figure 6.3. Surface tension, y, as a function of the logarithm of the RIO concentration, 
In mol L''. The solid line represents the fit to a quadratic function. 
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Figure 6.4. Adsorbed amount for PAFIRIO blends, at room temperature. 

6.2 Langmuir-Blodgett Technique 

6.2.1 PURE POLYMER ISOTHERMS 

The spreading of polymer melts on the water surface was made by depositing 50 µL of a 0.2 

wt-% of the polymer in CHCI3. The surface pressure as a function of the area is also known 

as an isotherm, the data obtained for the pure polymer melts is shown in Figure 6.5. The 

surface pressure changed as soon as the polymer in CHCI3 solution was spread, although it 

was expected that the pressure would return to zero some of the samples did not return to 

zero value, even after a few minutes. 

The presence of a small amount of polymer melt causes the surface tension to decrease. 

The effect of the pure PDMS seems to be more dramatic at the beginning but as it is 

compressed it does not show large changes. This may be due to the fact that the PDMS had 

already covered the surface and there was little compression or multilayer formation 151. For 

PAF, at the beginning of the experiment of the change in the surface pressure is small, but 

as the layer is compressed the surface pressure increases. Although, in both cases the 

polymer molecular weight is similar (12 k) and the same amount of polymer was added, the 
differences are thought to be due to the molecular structure of each polymer. The PAF has 

alkyl- aryl- groups in a siloxane backbone chain. The packing of the chains depends on the 
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size and shape of the groups. Under these conditions the area per molecule for the PDMS Is 

0.67 A2 for the fully opened barrier and 0.13 A2 for the barrier closed. 

12- 

10- 

8- 
TE 

PDMS12k 
Z6". PAF12k 

E' 
ýr y 

2 

0 100 200 300 

Area I cm2 

Figure 6.5. Langmuir-Blodgett Isotherm for 12 k PDMS and 12 k PAFF at room 
temperature. Solutions at 0.2 wt-% polymer melt In CHCI3. 

lt was expected to be able to observe the changes in the compression of the layers, as found 

by Bernett and Zisman (6j however, their results are based on short PDMS chains (14 

monomers long). They also reported that the Increase In the molecular weight of the PDMS 

slightly decreased the area/ monomer for the onset of noticeable film pressure and also 
decreased the plateau film pressure; this is in good agreement with the PDMS used In this 

study. Additionally, the surface pressure obtained for the PDMS Is In good agreement with 
the results obtained by Bernett and Zisman 161 10.5 mN m'1 and the results shown In the 

PDMS isotherm in this study 11.8 mN m". 

Steinbach and Sucker m, proposed that the PDMS on water in its extended film state would 
have its siloxane groups facing to the water and the methyl groups pointing out to the air, as 

shown in Figure 6.6. This orientation of the PDMS on water is due to the Interaction forces 

between the siloxane bond and the water molecules, which can be taken to be dipole forces 

or hydrogen bridges. 181 they also proposed that the conformation of the spreading chains is 

established at the air/ water interface. 
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Although PAF is a member of the siloxane polymer family, its molecular structure is very 
different from the PDMS. It is a random copolymer, with ethyl, methyl groups for one block, 

and for the other methyl and alpha-methyl-styrene. The exact position of the large groups is 

not known though their size is thought to cause some spatial restrictions on the surface, if it 

were to follow a pattern similar to the PDMS. However, since it showed more compressibility 

under the same conditions as the PDMS, it would be possible that its siloxane backbone is 

located on the surface leaving the methyl groups pointing out as shown in Figure 6.6. 

Si Si Si----- 
,_ 

Hý ýH 
H\0/H 

00 

Figure 6.6. Structure of the surface layer of PDMS on water. Taken from reference 7. 

6.2.2 PDMS/RESIN BLENDS ISOTHERMS 

The addition of nanopolysilicate resins changes even further the surface pressure plot. 
Interestingly it does not seem to be dependent on the concentration of the nanoparticles. It is 
thought that this may be due to the packing of the particles at each concentration, due to the 

polydispersity of the samples, particularly the resins; it is also possible that some 
aggregation of resin occurs. 

Figure 6.7 shows the surface pressure isotherm for the R3/ PDMS blend, the different 

concentrations of R3 does not seem to have a big effect. The PDMS melt seems to have 

strong interactions on the water surface, and all the isotherms for the different R3 

concentration fell below the PDMS melt curve. However, the blend at 30 wt-% R3 is the one 
that falls the furthest. 

However, the R10/ PDMS blend, Figure 6.8, shows a mixed behaviour; at low concentrations 
it has similar surface pressure to the PDMS melt, but 5 wt-% R10 causes an increase in the 
surface pressure, also at 25 wt-% R10 there is a higher surface pressure, leaving the 
isotherms for the concentrations between 5 and 25 wt-% all grouped together. For 5 and 25 
wt-% R10 it is possible to see some changes in the surface pressure curve, these changes 
are related to the structure that the film adopts when is being compressed. The molecules 
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come close together and order themselves in a solid/ liquid state; this is shown in the very 

steep part at small surface areas. 

The surface tension results presented in section 6.1, showed that the R10 particles are 

packed on the surface; and that the critical concentration of R10 was 5 wt-%, the surface 

tension remained constant indicating that the surface was full. Although the polymers are 
different the R10 could be possibly packing on a similar way. 

These results also showed that the smaller particle, R3, has a smaller effect than the R10, 

on the surface pressure isotherm; R10 showed a mix of different behaviours: a low 

concentration it is not very effective, but at the critical concentration (5 wt-% R10) it causes a 

large jump on the surface pressure and above the critical resin concentration. But it does not 

show any further changes, apart from the 20 wt-% R10/ PDMS blend which showed some 
large changes; higher surface pressure and the structure of the film in which a liquid like 

state appears and further compression shows a mere solid like arrangement. 
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Figure 6.7. Langmuir-Blodgett isotherms for PDMS/R3 blends, at room temperature. 
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Figure 6.8. Langmuir-Blodgett isotherm for PDMS/R10 blends, at room temperature. 

6.2.3 PAR RESIN BLENDS ISOTHERMS 

Figure 6.9 shows the surface pressure isotherm for the R3/ PAF blends. Similar to the 

PDMS, at low concentrations it does not show any effect of the R3. However, in the 5,10 

and 15 wt-% R3 curves it is possible to distinguish some of the structures of the monolayer 

compression. It is possible to see the region where the molecules are believed to be in a 

liquid like state and further compression shows the formation of a solid like state; for the 

other concentrations, although the surface pressure is higher than the PAF melt, they do not 

show any further changes and the isotherms remained grouped together. 

The R10/ PAF blends results are shown in Figure 6.10. It can be seen that at low 

concentrations there are only little changes, and the isotherms are very similar to the PAF 

melt. Again, for the sample at 5 wt-% R10 it is seen that there is the large jump in the surface 

pressure and the shape of the curve is also different, indicating the film is compressed. At 10 

wt-% R10, there is also a very interesting behaviour, this isotherm showed the film collapsed, 

even though the compression was carried out in identical conditions to the other samples. 
Above this concentration, no further changes were observed and again, the isotherms 

remained grouped together, showing all similar characteristics. 
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Figure 6.9. Langmuir-Blodgett isotherms for PAF/R3 blends, at room temperature. 
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Figure 6.10. Langmuir-Blodgett isotherms for PAF/R10 blends, at room temperature. 
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Similar to the surface tension results, the critical concentration of R10 in these blends is 5 

wt-% for both polymer PDMS and PAF, concentration in which the most changes are visible, 

and its isotherm is very distinct from the others. The changes in the surface pressure are 

also the most visible. This behaviour was observed throughout the study, and even in the 

samples with PDMS. 

The nanopolysilicate R3/ PAF also showed a critical concentration of 5 wt-%, however, the 

R3/ PDMS did not show any indication that there was a critical concentration at which most 

changes would have taken place. The 5 wt-% R3/ PDMS blend does show a big jump, but to 

a lower surface pressure, opposing to what has been seen in the results from all the other 

samples. 

6.3 Conclusions 

Surface tension analysis has shown that the PAF/ R10 blend has a critical concentration at 5 

wt-% RIO, where the surface tension does not change anymore. The adsorbed amount at 
the surface at the critical concentration was found to be 1.86 mg m-2, which represents an 

area per molecule of 10.7 nm2. This means that the particles are closely packed together 

since above this concentration the surface can not accommodate any more particles on it. 

Langmuir films for PDMS showed similar results to those found by Bernett and Zisman [61 

For the PAF which besides being a siloxane family member does not have the same 

molecular structure, a very different isotherm from the PDMS was found. 

The effect of the nanopolysilicate resin on the isotherms was also studied. The R31 PDMS 

blends did not show large effect, although the surface pressure was reduced below that of 
the PDMS melt. Interestingly, the RIO/ PDMS blend behaved completely different showing a 

critical concentration at 5 wt-% RIO: above this concentration some changes could be 

observed but they do not seem to be dependent on concentration. 

Similarly, the R3/ PAF and R10/ PAF blends showed a critical concentration at 5 wt-% R3 at 

which significant changes were seen and again, above this concentration some of the blends 

showed some changes in the surface pressure and even similar curves to 5 wt-%, but their 
behaviour did not appear to depend on concentration. 

The addition of R10 seems to show similar effect in the different polymer melts studied. Also, 

the PAF behaved similarly with both the resins; showing some flexibility in its future uses. 
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7 Relaxation Results and Discussion 

7.1 Introduction 

In the last few decades, silica has been used as a reinforcing agent In polymers such as 

polydimethylsiloxane (PDMS), and strong Interactions between the two components have 

been observed. (1,2) Surface modifications of silica for example using trimethylsilylation, can 
be used to mediate the interaction with the PDMS to avoid the complications of 

agglomeration when studying these interactions. Many techniques and methods have been 

developed to study these interactions. 

Bertmer et al. (31, studied the segmental chain mobility of a series of short 

polydimethylsiloxane chains grafted into hydrophobic silica using homo-nuclear ('H-'H) and 
hetero-nuclear ('H - 13C) multiple quantum solid-state NMR experiments. Experiments were 

carried out using sample series with different average chain lengths. For all the experiments 
the existence of a clear separation of a strongly dipolar coupled region which Is attributed to 
the silica-PDMS interface, and a weakly dipolar coupled region attributed to the mobile chain 
portions outside the interface was observed (3]. Residual dipolar couplings and average order 

parameters were found to be constant for the interfacial part and the mobile part correlated 

linearly with the average chain length. Solid-state NMR can provide detailed Information 

about the macroscopic structure of this material and especially the effect of chain anchoring. 
Sample rotation may influence the mobile component and therefore, studies should always 
be performed under static conditions. 

Cosgrove et al., 14-51 have reported both reinforcement and solvation effects when 

nanocomposites are incorporated Into polymer melts. NMR spin-spin relaxation and self- 
diffusion measurements were used to investigate the mobility of PDMS polymers when 

mixed with trimethylsilyl-treated silicate nanoparticles 151. The silicate can either solvate or 
reinforce the composite depending on the size of the particle 151. The smaller nanoparticle 

solvated all the polymer samples studied whilst the larger nanoparticle reinforced the two 

lowest molecular weight polymers at any concentration. When mixed with the higher 

molecular weight PDMS, the larger polysilicate caused a dramatic reduction In the mobility of 
the polymer chains above a critical concentration; however, an increase in the mobility of the 

polymer chain was observed below this critical concentration. This apparent Increase In the 

mobility was also seen in a decrease in the zero-shear-rate viscosity of the blends 151. 

Vega et al. (s), estimated the mass fraction of elastic and pendant chains of model 

polydimethylsiloxane networks using transverse proton relaxation NMR ('H). These 

experiments were compared with theoretical estimate of the mass fraction of pendant chains 
predicted by mean-field calculations (MFC). To obtain Information on several molecular 

parameters related to the molecular structure of the pendant chains and for the theoretical 

calculations, a recursive approach, to derive the probability of a finite or dangling chain In a 
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polymer network; originally postulated by Miller and Macosko m and further extended by 

Vega et al. was used 161 A preliminary inspection of the results showed that 1H relaxation 

measurements underestimate the mass fraction of pendant material. They considered that 

trapped entanglements, in which long pendant chains are involved, may act as temporary 

crosslinking points on the time scale of the 1H NMR experiments. In this condition only 

portions of the pendant chains would be detectable by the experiments, justifying the 

observed differences between 1H relaxation experiments and the MFC results. To verify this 

presumption, Vega et al. L61, formulated a modification of the recursive calculations to 

estimate the amount of entanglements in which pendant chains are involved. When 

entanglements were taken into consideration, a very good agreement between theoretical 

mass fraction of pendant chains calculated by the modified MFC and experimental values 
determined from 1H relaxation was obtained. 

Su et at. 181, studied the properties of PDMS colloids as an innovative contrast agent for NMR 

imaging. By connecting the field-gradient spin-echo theory to spin-spin relaxation, the 

relation between the tube-reptation model and spin-spin relaxation can be represented by 

the transverse relaxation function G(t) define in Equation 7.1. 

Gt= expL-`ý2)n] Equation 7.1 

In which n =1 and 0.5 for regimes IV and 111181 , respectively. Where regime IV is governed by 

reptation motions and regime III is dominated by wriggling motions. 

In these experiments 181, the spin-spin relaxation of linear polydimethylsiloxane agrees with 

G (t) = exp{_`/2)] Equation 7.2 

While that of crosslinked PDMS coincides with 

G (t) = expR_`»2) 
0 5J Equation 7.3 

These results reflect that in the time interval 8- 800 ms the dynamics of linear PDMS are in 

regime IV (governed by reptation motions) and those of the crosslinked PDMS are in regime 
III (dominated by wriggling motions). The line-shapes of NMR spectra of crosslinked PDMS 

are consistent with the Lorentzian rather than the Gaussian model. This can be accounted 
for by supposing that the PDMS chains between crosslinks have liquid-like motions even 
though a crosslinked PDMS is solid. The liquid-like motions of crosslinked PDMS could be 

regarded as wriggling motions described by the tube-reptation model. The experimental 
results of diameter distribution, viscosity, and NMR image and spin-lattice relaxation were 
given. 
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Shim et al. 191, reported 'H NMR transverse relaxation T2 and pulsed-field-gradient spin-echo 

(PFGSE) self-diffusion measurements at 70 °C in polydimethylsiloxane rubber before and 

after crosslinking, and after subsequent devulcanization by Intense ultrasound. Relaxation 

spectra extracted from the transverse magnetization decays display three distinct 

components, which are further refined by a direct fit. The components are attributed to 

entangled and crosslinked networks, light sol and dangling network fragments, and 

oligomers including 4% of an unreactive trace. Ultrasound produces extractable sol, which is 

strongly dependent on feed rate and transducer amplitude. The results vary monotonically 

with the amount of sol; all three mobilities and the amounts of the two most mobile fractions 

increase with sol content, but the diffusion rates decrease slightly, due to the production of 
higher molecular weight sol. Data from earlier NMR studies of ultrasound devulcanization of 
SBR and natural rubber showed strong similarities with these results. The main difference 

appeared to be a greater extent of loosely attached network fragments in PDMS. 

In other work Shim et alJ1°1 used NMR relaxation and PFGSE diffusion measurements at 70 

°C in precipitated silica filled PDMS rubber after crosslinking, after subsequent 
devulcanization by intense ultrasound, and after following revulcanization. As In unfilled 
PDMS, transverse relaxation showed three distinct components attributed to an entangled 

and crosslinked network (similar in T2); light so1 plus dangling network fragments, and 

unreactive trace oligomers. Ultrasound produces large amounts of extractable sol. The T2 

relaxation times decreased modestly with increasing filler content, but they and the 

components proportions correlated mainly with the sol fraction, i. e., the network degradation. 

In rupturing the network, devulcanization produces large diffusing fragments and dangling 

ends; revulcanization largely reverses these effects. The weakness of the effects of the filler 

suggests that ultrasound devulcanization is easily adaptable to the recycling of particulate- 
filled industrial rubbers. 

Cohen-Addad et al. t111, established a linear relationship between the elastic modulus of 
polymer networks and the transverse relaxation rate of protons attached to the 

unconstrained polymer by considering polydimethylsiloxane (PDMS) chains, cross-linked at 

random according to two different ways. Networks of type A were composed of long poly 
(vinyl methyl-dimethylsiloxane) copolymers. With randomly distributed vinyl functions (molar 

fraction of vinyl functions: 2x 10-3 per monomeric unit), links were formed between vinyl and 

methyl groups at 150 °C; then networks were quenched at 0 °C, during the gelation process. 
Networks of type B were composed of vinyl-terminated PDMS chains and poly (methyl 

hydrosiloxane-dimethylsiloxane) copolymers, with additional hydride-terminated PDMS 

chains (molar fraction of hydride functions: 10.2 per monomeric unit). For these systems, 
measurements of either the storage modulus or NMR were performed, In situ, during the 

gelation. This study extends the NMR swelling interrelationship to the property of elasticity. 

Cohen-Addad et al. [121, used transverse magnetization of protons to probe the unfolding 

mechanism of chains of unfilled and Si02 filled PDMS. The residual energy of spin-spin 
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interactions governing the magnetization dynamics obeyed scaling laws upon variation of the - 
solvent concentration. These properties were due to packing and screening effects due to 

trapped entanglements in unfilled gels, but no affine property or packing condition could 

account for scaling properties in Si02 filled systems. The spin-lattice relaxation rate was 
independent of the Si02 concentration and the polymer weight fraction. 

Cosgrove et at., have found that, for silica concentrations greater than 25 wt-percent, most of 

the polymers segments in the dispersion experienced some degree of restricted mobility. 1131 

This effect was molecular weight dependent with the high molecular height chains being 

more influenced at a given silica concentration. The incorporation of silica in PDMS also 

affects the ability of the melt to crystallize, and this is another indication of the interaction of 

the filler surface with the polymer chain. (1141 

In previous data by Cosgrove et at. Ill, systems involving trimethylsilylated silicate particles 

and polydimethylsiloxane (PDMS) have shown that at low PDMS molecular weights the 

polysilicate filler particles caused a dramatic reduction in the overall PDMS chain mobility. 
However, at high PDMS molecular weights the polysilicate filler particles caused a dramatic 

reduction of the overall PDMS chain mobility only above a critical concentration; a surprising 
increase in mobility was observed below this critical concentration. The origin of this 

phenomenon was hypothesized to be a combination of free volume, polymer adsorption, and 

entanglement effects at low particle concentrations. 

This chapter focuses on NMR spin-spin relaxation study of the effect of polysilicate 
nanoparticles-filler on polydimethylsiloxane melts and the effect of temperature on the 
displacement of the critical molecular weight. 

7.2 T2 Relaxation Studies 

The linear PDMS and the silicate-based materials were supplied by Dow Corning 
Corporation. Different molecular weights PDMS and 30 wt-% nanopolysilicate were blended 
together. As described in section 5.2.4 

The 1H spin-spin measurements were performed as described in section 5.3.1.1. The 

resultant data were fitted to single or multiple exponential, for PDMS melts and PDMS/ R2 

resin blends, using a nonlinear least-squares analysis program and the DISCRETE 

algorithm. 1151 The best fit was obtained by allowing the program to fit the data up to n distinct 

exponentials in the form (Equation 2.1) 

n 
G (t) _ G° exp 

(-YT21) 
+b Equation 7.4 
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Where G° is the protonic proportion of component i with relaxation time T2, and b is the 

baseline, which should be zero except for any DC offset and non-random noise. The fitted 

baseline has been subtracted from the data in all the figures shown. The choice of the best 

fit was based on a nonlinear correction to the standard deviation of the fit from the data for 

different integers of n. 

The stretched exponential function (Equation 7.5) was also used to fit the data. This provides 

another parameter which indicates the exponentiality of the relaxation decay curve (n); n=I 

represents a single exponential. 

G (t) = exp -L)2 
n 

Equation 7.5 

7.2.1 PDMS MELTS 

Experimental spin-spin relaxation decays obtained for PDMS melts are shown in Figure 7.1. 

Data have been normalized to unit intensity to help make comparisons between their 

shapes. It is apparent that increasing the molecular weight of the PDMS, leads to faster 

relaxation hence the polymer must therefore be less mobile overall. This is consistent with 
the observed viscosity of the samples which increases with molecular weight. 

For a liquid sample of low molecular weight the relaxation time, T2, should be a single 

exponential. However, as the molecular weight increases the decays become progressively 
less exponential. This behaviour is due to a combination of finite dispersity of chain lengths 

and non averaged dipolar interactions. (181 The extra free volume of the chains ends could 
lead to an enhanced mobility, but is likely that this effect would be averaged out in the melt. 
These nonaveraged interactions have been discussed In detail by Cohen-Addad C", 181 and 
become progressively more important above the chain entanglement molecular weight. 

Figure 7.2 shows the typical fit of Equation 7.4 to a polymer of low molecular weight (2.6 k) 

and Figure 7.3 and Figure 7.4 show higher molecular weights (20.5 and 109 k, respectively), 

using the discrete algorithm as a first approximation. The insets show a plot of the residuals: 

a single exponential fit was clearly inappropriate in describing the measured relaxation 
decay, in all cases, whereas the qualities of the fits improve but up to four exponential 

coefficients are required to represent the data of the high molecular weight polymers. 

Whilst, the number of exponential components required to fit the data does not seem to have 

any correlation with the molecular weight as the number of components determined using 
discrete do not show any trend with the molecular weight. From Figure 7.2, Figure 7.3 and 
Figure 7.4 the number of exponential components varied randomly Independently of the 
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molecular weight, for example for 2.6 k PDMS a triple exponential fit was required but for 

20.5 k PDMS a double exponential fit. These observation cou\d be attributed to the dMete't 

molecular weight i \stnbut\ons in each sample, however if the sample is homogeneous we 

would see this effect averaged in the relaxation times. 

10° " 1" 

; 

ý PDMS w . 10-'   2.6k { 

" 20.5k 
o " 36.6k 
z 

" 46.8k 
" 53.1 k 
4 66.7 k 

78.2 k 
10-Z " 109 k 

* 174k 

10-3 10,2 10' 10° 

Time /s 

10' 102 

Figure 7.1. Normalised NMR spin-spin relaxation data for PMDS melts at 25 °C as a 
function of the molecular weight. The molecular weights going from left to right 
correspond to 174,109,78.2,66.7,53.1,46.6,36.6,20.5,2.6 kg mol , respectively. 

Comparing the results obtained by Discrete (shown in Figure 7.2) against the GPC for the 

PDMS samples (Figure 7.5). The best fitting gives three exponential components, which 

could be attributed to the three peaks shown in the GPC for the 2.6 k PDMS. There are two 

low intensity peaks at low molecular weight corresponding to D5 and D6. 

Expanding this study to the other samples showed a similar behaviour. For example, 20.5 k 

PDMS best fit gives two components exponential (Figure 7.3) comparing it with its GPC it 

can be seen two broad peaks with very different molecular weights; and for 109 k PDMS 

best fit gives three components exponential (Figure 7.4) and again comparing it with its 

GPC, in this case it is not possible to distinguish between peaks, but it is clear that the peak 

present is broad and not symmetrical, possibly indicating overlapped peaks. 
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Figure 7.2. Multiple relaxation decay fits to PDMS 2.6 k melt at 25 °C. The solid line 
through the experimental data is the triple exponential fit. The inset shows the 
residual plots for single, double and triple (best fit) exponentials. 
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Figure 7.3. Multiple relaxation decay fits to PDMS 20.5 k melt at 25 °C. The solid line 
through the experimental data is the double exponential fit. The inset shows the 
residual plots for single and double exponential. 
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Figure 7.4. Multiple relaxation decay fits to PDMS 109 k melt at 25 °C. The solid line 
through the experimental data is the triple exponential fit. The inset shows the 

residual plots for single, double and triple exponentials. 

PDMS fractions from 12,500 cSt 200 Fluid 
MM = 77500, MIM,, = 2.62 

Polystyrene standards 
Fraction Mw MJMn 

1 2630 1.22 (low MW peaks correspond to D5 and Ds) 
2 20500 2.87 

36600 1.68 
46800 1.41 

5 53100 134 
6 66700 1.30 
7 78200 1.25 
8109000 1.21 
sH 174000 1.16 

103 10° 

M 

105 106 

Figure 7.5. SEC analysis of the SFE of PDMS fractions. 

A detailed analysis of the population of each exponential showed that not all the components 

are in the same proportion. Those components with a small population are ignored because 

we believe they may just be due to over parameterization. 
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Results obtained by ignoring these minor components and fitting to double exponential, 

showed for all PDMS melts a ratio of approximately 70: 30 between the two components. 
Interestingly, the major component was also the fastest component (short T3) for all the 

samples except PDMS 2.6k. The values of the two T2 components are shown in Table 7.1. 

Table 7.1. T2 relaxation values for pure PDMS melts at 25 °C 

PDMS T2 Is T2 Is Weighted fraction 

Mw I kg mol'' (Major component) (Minor component) Major component 

2.6 1.8982 0.9631 0.90 

20.5 0.3047 0.6349 0.73 

36.6 0.1421 0.3338 0,71 

46.8 0.0916 0.2368 0.70 

53.1 0.0716 0.1879 0.72 

66.7 0.0448 0.1302 0.67 

78.2 0.0295 0.0920 0.63 

109 0.0145 0.0575 0.64 

174 0.0094 0.0489 0.79 

Figure 7.6 shows the T2 rate for the T2 of the minor and major components. As can be seen 
two different molecular weight dependences occur and the inflexion point where the slope 

changes signifies the onset of the molecular entanglements. At low molecular weight the T2 

for the two components followed the same trend; whilst at high molecular weight the slope 

changes abruptly for the faster component. However, for the slower component the T2 rate 
does not seem to be as dependent on molecular weight. The critical entanglement 

molecular, Mc, weight estimated from this plot for both components is 45 k. Although this 

data may of course just indicate that the relaxation decay is not exponential (see later). 

Figure 7.7 shows relaxation decay for PDMS 2.6 k, with a single exponential fit. However, 

the best fit using the discrete algorithm as a first approximation gives a triple exponential 
function (see Figure 7.2). Following detailed analysis of the exponential components It has 

been found that, for this particular sample, the weight of each component is 4,61 and 35 % 

respectively. The result after ignoring the smallest component and fitting to double 

exponential is one major component with 90 % of the population and the second component 
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with only 10 %. This distribution corresponds approximately to a single exponential as seen 

in Figure 7.7. We believe that the minor component corresponds to the low molecular 

weights (D5 and D6) observed in the GPC. 
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Figure 7.6. Spin-spin relaxation rate for the major and minor components as a 
function of PDMS molecular weights at 25 °C. Fit forced to two exponential 
components using the discrete algorithm. 

A broader comparison has been carried out to verify if these results show a trend. The T2 

values were calculated in different ways[ 15] 

" Time taken to reach 1/e of the initial intensity calculated using the data normalised to 

unity. 

" Weight averaged T2 for the best fitting, where up to four components were obtained to 

describe the curve. 

" T2 of the major component of the double exponential fit. 

" T2 of the single exponential obtained forcing discrete to single exponential fit. 

" T2 of stretched exponential fit. 

The results showed that all the T2 are in good agreement and follow the same trend. A 

comparative table for all the T2's calculated for all the PDMS melts is given in Table 7.2. 
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It has been noticed that the relaxation decays became less exponential as the molecular 

weight increases. This is also showed using a stretched exponential function. The values of 

T2 calculated this way are in good agreement with the other values. The stretched 

exponential function (Equation 7.5) provides another parameter which indicates the 

exponentiality of the curve (n); n=1 represents a single exponential. Figure 7.8 shows the 

relaxation decays for PDMS fitted to Equation 7.5. It can be seen that the fits are reasonably 

good, going through most of the data points. 
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Figure 7.7. Normalised Spin-spin relaxation decay for PDMS 2.6 k melt at 25 °C. The 
solid line shows the lineal regression of the data points. 

The trend lines drawn in Figure 7.9 show two very distinct molecular weight dependence; for 

all the PDMS at low molecular weight the T2s follow the same behaviour; whilst at high 

molecular weight the behaviour changes for the different analyses. However, the T2 for the 

single exponential, the time taken to reach 1/e of the initial intensity and the averaged T2 (for 

the best fit) are similar even at high molecular weights. These variations may be due to the 

fact that the different analyses involve different ways of averaging the data. For example, the 

data set that shows the most change is that for the stretched exponential, given the fact that 

the stretched exponential analysis is a broad averaging of the exponential components. 
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Table 7.2. Comparative table of the T2 values obtained from different fitting conditions 
at 25 °C; estimated error ± 10 %. 

PDMS 

Mw/ kg mol-' 

Time /s 

1/e 

T2 /s 

averaged 

T2 /s 

Major 

T2 Is 

Single 

T2 /s 

Stretched 

2.6 1.74 1.74 1.90 1.84 1.77 

20.5 0.36 0.39 0.30 0.39 0.36 

36.6 0.18 0.19 0.14 0.19 0.17 

46.8 0.12 0.13 0.09 0.13 0.11 

53.1 0.09 0.10 0.07 0.10 0.09 

66.7 0.06 0.07 0.04 0.07 0.05 

78.2 0.04 0.04 0.03 0.05 0.04 

109 0.03 0.03 0.01 0.03 0.02 

174 0.02 0.02 9.4 X10-3 0.02 3.9 X10-3 
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Figure 7.8. Spin-spin relaxation decays for PDMS as a function of PDMS molecular 
weights at 25 °C. Solid lines represent the fittings to a stretched exponential. 
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Figure 7.9. Comparison between T2 for the major component of double exponential, 
weight-averaged T2 for the best fit, T2 for single exponential, the time taken to reach 
1/e of the initial intensity and T2 for the stretched exponential, and PDMS molecular 
weight at 25 °C. 

A plot of the stretched parameter, n, versus PDMS molecular weight shows that the 

exponentiality is lost in a linear way as the molecular weight increases (see Figure 7.10) 

This trend might be expected since at low molecular weight the polymer chains have an 
isotropic motion and as the molecular weight increases this motion becomes more restricted 

showing an anisotropic motion. 

7.2.1.1 Temperature effect 

The effect of temperature was also studied on the spin-spin relaxation times, T, Results 

showed as expected, that an increasing temperature increases the T2. The relaxation time is 

inversely proportional to the viscosity of the sample, i. e. liquid-like sample would have a long 

T2 in the order of magnitude of seconds. Increasing the temperature lowers the viscosity of 

the PDMS, therefore incrementing the mobility of the chains overall, hence the relaxation 

time must be longer. Slow motions give long correlation times [19201, rc, i. e , '0'C 

Thus, TZ a rc 
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I 
Short values of T2 will therefore be associated with long values of rr and therefore low 

viscosity, high temperatures and small sizes. 

The spin-spin relaxation experiments were performed at three other temperatures: 40,60 

and 80 °C. Figure 7.11 shows the spin-spin relaxation times for PDMS at 60 °C. Data have 

been normalized to unit intensity to help make comparisons between their shapes. 
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Figure 7.10. Exponential, n, calculated from the stretched exponential against PDMS 
molecular weight at 25 °C. Error bars are represented but they are smaller than the 
symbol. 

The non-exponentiality of the relaxation decays was also observed at all temperatures. 

Figure 7.12 shows the comparison of the n parameter, calculated from the stretched 

exponential against PDMS molecular weight at 25 and 60 °C. Only two temperatures are 

shown for clarity but the trend is same for the high temperature. Interestingly, it shows that 

an increase in the temperature makes the loss of exponentiality less pronounced. This 

behaviour is attributed to the fact that as the temperature increases the viscosity of the 

PDMS is reduced and so the chain motion is more isotropic. 

In Table 7.3 is a summary of the n values, obtained for all the PDMS molecular weights at 

different temperatures. At higher temperature the n approaches unity. 
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Figure 7.11. Normalized NMR spin-spin relaxation data for PMDS melts at 60 °C as a 
function of the molecular weight. 

Table 7.3. Parameter n for PDMS molecular weights at different temperatures 

PDMS M, N 
/ kg mol-1 25 °C 

Temperature 

60 °C 

2.6 0.97 0.98 

20.5 0.91 0.91 

36.6 0.86 0.86 

46.8 0.83 0.82 

53.1 0.82 0.80 

66.7 0.76 0.76 

78.2 0.73 0.76 

109 0.62 0.72 

174 0.48 0.63 
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From the measurements of the spin-spin relaxation at different temperatures, an Arrhenius 

plot of Log (T2-1) versus the reciprocal of absolute temperature, T, can be constructed and 

the activation energy extracted from the slope. Arrhenius behaviour was observed for all the 

PDMS samples, see Figure 7.13. The activation energy calculated for the PDMS show an 

increase with molecular weight as expected. The activation energy values obtained varied 

from 7.1 ± 0.7 kJ mol-' to 16.9 ± 1.1 kJ mol-' for the lowest molecular weight (2.630 k) to the 

highest molecular weight (174 k) used in this study. At low molecular weights the PDMS 

chains are more mobile than at high molecular weights. But this process is more difficult as 

the molecular weight increases. 

This results are in good agreement with values reported elsewhere 121.221 16 ±1 kJ mol-' 

obtained from viscosity measurements and 13 kJ mol-l obtained from temperature 

dependence of the NMR spin echo function, ß(2tr, T), specially designed to be inherently 

sensitive to the weak dipolar interactions, for high molecular weight PDMS (1.6 x106 Da). 

The discrepancy observed between the different methods corresponds to the fact that the 

measurements are studying motion on different timescales. Spin-spin relaxation looks at the 

motion on both fast and slow timescales whilst the viscosity measurements are studying 

motion on a slow timescale. However the trend observed is the same in both measurements. 
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Figure 7.12. Exponential, n, calculated from the stretched exponential against PDMS 
molecular weight at 25 and 60 °C. Only two temperatures are shown for clarity. 
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Figure 7.13. Arrhenius plot of T2 rate for different PDMS molecular weights. 
Temperatures: 25,40,60 and 80 °C. 

Figure 7.14 shows the spin-spin relaxation rate constants, T21, as a function of the different 

PDMS weight-average molecular weight according to Brereton's [23,24,251 model at different 

temperatures, only two temperatures are shown for clarity. In the model, the molecular 

configurations giving rise to a spin-spin relaxation function based on two correlation functions 

characterizing the dynamics of segment and entanglement correlations which, over a 

suitable distance scale, describe the motion of the whole chain. Therefore, this gives a 

representation of the critical molecular weight for entanglement as perceived by the 

segmental dynamics. 

The Brereton model 124,251 which represents the polymer chain as a series of Rouse subunits, 

was invoked to discuss the relaxation of the single-components melts. The measured 

relaxation function is proposed to be a single exponential (below Mc) with a time constant 

which is dependent on molecular weight thus: 

T2 '=a In Mw, +, 3 Equation 7.6 

The parameters a and ß are related to the size of the Rouse unit such 11hx is proportional to 

the logarithm of the number of monomer units in a Rouse subunit. Above the critical 

molecular weight for entanglement, some non-exponentiality is proposed, and observed, in 

the relaxation function. (251 
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The validity of the Rouse model is limited up to a critical molecular weight Mc. At higher 

molecular weights entanglement effects play an increasing important role and the dynamics 

of the chain are changed. [261 Significant changes occur in the spin-spin relaxation behaviour 

when the mobility becomes restricted or anisotropic, which has been shown to be due to the 

onset of molecular entanglements. [271 

The critical molecular weight characterises the transition to a stronger dependence on 

molecular weight associated, again, with the onset of molecular entanglements. From Figure 

7.14 two distinctive molecular weight dependences can be distinguished and the inflexion 

point where the slope changes signifies the onset of the molecular entanglements. 

The effect of the temperature in the critical entanglement molecular weight is shown in 

Figure 7.14 and Figure 7.15. The Mc calculated from the data at 25 °C is 43 kg mol-1 is in 

good agreement with the value reported by Cosgrove et al. [231 33 kg mol 1. It was found that 

the critical entanglement molecular weight does not change with the temperature increase 

within the error. 
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Figure 7.14. Spin-spin relaxation rates for PDMS weight-average molecular weight as a 
function of the temperature. Only two data sets are shown for clarity. 

The coefficients a and ß, were calculated from Equation 7.6. The value of a, is given by the 

slope and ß, is given by the intercept of the molecular weight dependence curve. The Rouse 
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units were calculated from the ratio ß/a which is proportional to the logarithm of the monomer 

units in a Rouse subunit; which in turn is interpreted as the number of monomers between 

entanglements [25]. The Rouse units were calculated for both the low molecular weight and 

the high molecular weight dependences. The results showed a slight increase in the number 

of monomer units in the Rouse unit as the temperature increased, but again this increase 

was not significant since all the values are within the estimated error. Results for the Rouse 

length in number of monomer units for low and high PDMS molecular weights are given in 

Table 7.4. 
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Figure 7.15. Spin-spin relaxation rates as a function of the PDMS weight-average 
molecular weight at 40 and 60 °C. Only two data sets are shown for clarity 

7.2.2 EFFECT OF THE ADDITION OF POLYSILICATE RESIN 

7.2.2.1 Polysilicate resin R2 

Figure 7.16 shows the experimental relaxation decays obtained for blends of 30 weight-% 

nanopolysilicate resin (R2) and different molecular weights of PDMS. The intensity has been 

normalized to unit intensity to help make comparisons between the shapes. It is apparent 

that the addition of resin to the PDMS melts increases the viscosity of the PDMS, the 

addition of the nanoparticles makes the polymer less mobile and so relaxation occurs faster 
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and a greater proportion of the initial intensity is lost before the first point is recorded (see 

Figure 7.17). Another and rather striking observation in Figure 7.16 was that for the higher 

molecular weights the effect observed are longer relaxation times; as if the nanopolysilicate 
resin acts as a solvent. The most dramatic effect was observed at the highest molecular 

weight studied, 174 k, showing a longer T2 than the molecular weight just below (109 k). 

Table 7.4. Rouse length analysis based in the Brereton's Model for PDMS low and 
high molecular weight at different temperatures 

Rouse units 
Temperature 

Low MW High Mw 

25 °C 28±5 544±54 

40 °C 17±5 501±50 

60 °C 25±5 540±54 

80 °C 21 ±4 549 ± 55 

Figure 7.18 shows the comparison between the PDMS melts and R2/ PDMS blends 

relaxation decays. It can be clearly seen that at low molecular weight the relaxation time is 
dramatically reduced compared with the pure PDMS melts. However, this reduction is less 

marked as the molecular weight increases. It also shows at higher molecular weights the T2 

goes from very close to even longer T2, than the pure melt. 
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Figure 7.16. Normalised to unit NMR spin-spin relaxation data for 30 wt-% R21 PMDS 
blends at 25 °C as a function of the molecular weight. 
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Figure 7.17. Intensity loss of the R2/ PDMS blends as a function of the molecular 
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Figure 7.18. Comparison of the spin-spin relaxation data for PDMS melts and 30 wt-% 
R2/ PMDS blends at 25 °C as a function of the molecular weight 

Figure 7.19 compares the relaxation decays normalised to its corresponding PDMS melt, for 

some pairs of R2/ PDMS blends and the corresponding PDMS melt. Only three pairs of 

samples are shown for clarity. It can be seen for 12 k PDMS the dramatic reduction of the 

relaxation time of about one order of magnitude, however the intensity loss is only about 5% 

of the intensity for the pure melt. For the higher molecular weights there is still some 

reduction of the T2 but it is no so marked, but the intensity is reduced up to 44 %. However, 

for the highest molecular weight used in this study (174 k) there is an increase on the T2 and 

interestingly the intensity loss is only about 10 % when compared with the correspondent 

pure melt. These results are in agreement with the previous observation that the addition of 

nanopolysilicate to high molecular weights PDMS makes it more mobile, giving as a result 
longer relaxation times. 

Figure 7.20 and Figure 7.21 shows the fit of the Equation 7.4 to 30 wt-percent R2/ 1.32 k 

PDMS and 30 wt-percent R2/ 109 k PDMS, respectively. The inset shows a plot of the 

residuals: neither a single nor double exponential fit was appropriate in describing the 

measured relaxation decay, in all cases; up to three exponential coefficients are required to 

represent the data at high molecular weight polymers. 
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Figure 7.19. Spin-spin relaxation decays for 30 wt-% R21 PMDS blends at 25 "C as a 
function of the molecular weight. Data have been normalised to corresponding PDMS 
molecular weight. 
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Figure 7.20. Multiple relaxation decay fits to 30 wt-percent R2/ 1.32 k PDMS blend at 25 
°C. The solid lines through the experimental data are the fits. The inset shows the 
residual plot for single, double and triple (best fit) exponentials. 
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Figure 7.21. Multiple relaxation decay fits to 30 wt-percent R21 109 k PDMS blend at 25 
°C. The solid lines through the experimental data are the fits. The inset shows the 
residual plot for single, double and triple (best fit) exponentials. 

Figure 7.23 shows the relaxation decays for PDMS fitted to Equation 7.5, the stretched 

exponential. It can be seen that the fits are reasonably good. Figure 7.24 shows a plot of the 

n parameter, for 30 wt-% R2/ PDMS blends as a function of PDMS molecular weight. It can 
be seen that the exponentiality is lost as the molecular weight increases. However the 

addition of the nanoparticles to PDMS melts changes the linear dependence observed for 

the pure melts. n, is smaller in all cases but for the blend with 174k PDMS which, matches n 
for the pure 174k PDMS melt. This observation also reflects what has been already seen for 

this particular case, the addition of the nanoparticles seems to be acting as a solvent i. e., 

showing a increased mobility as if it was a low molecular weight melt. It is believed that the 

nanoparticles reduce the degree of entanglement, see Figure 7.22. 
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Figure 7.22. Diagram of the effect of the addition of nanoparticles to PDMS melt. 
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A comparative table of the exponential values is given in Table 7.5. Some of the molecular 

weights for the pure melt have been left out because they do not have any matching pair in 
the blends to compare with. 
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Figure 7.23. Spin-spin relaxation decays for 30 wt-% R2/ PDMS as a function of PDMS 
molecular weights at 25 °C. Solid lines represent the fits to stretched exponential 
function. 

Table 7.5. Comparative table of the n parameter, for the pure PDMS melts and the 30 
wt-% R2 I PDMS blends, at 25 °C. 

PDMS Mw / kg mol' 
Sample 

1.32 2.6 5.24 12.2 20.5 31.4 36.6 66.7 109 174 

PDMS melts -- 0.97 -- -- 0.91 -- 0 86 0 76 0 62 0 48 

R2/PDMS 0.79 -- 0.76 0.67 -- 0 64 0 54 0 55 0 49 Blends 

t: 1 
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Figure 7.24. Exponential, n, calculated from the stretched exponential fits for PDMS 
melts and 30wt % R21 PDMS blends; as a function of PDMS molecular weight at 25 °C. 
Error in n 20 %. 

Figure 7.25 shows the T2 calculated using the discrete algorithm, stretched exponential and 

the time taken to reach 1/e of the initial intensity. As can be seen the T2 between the discrete 

fit and the time taken to reach 1/e of the initial intensity are similar whilst the stretched 

exponential shows the same trend at low molecular weights but changes abruptly at high 

molecular weights. These two distinct molecular weight dependence were also shown by the 

PDMS melts, again the stretched exponential showed the biggest change in the slope for the 

high molecular weight. The critical molecular entanglement weight, Mc, estimated from this 

plot is approximately the same for all analyses (- 28 k). However, each analysis involves 

different ways of data processing. On the other hand, the same study for the PDMS melts 

gave a wider range of Mc depending on the analysis chosen for the calculation of T2. A 

comparative table for all the T2 calculated for all the blends, is given in Table 7.6. 
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Figure 7.25. Relationship between the T2 averaged for the best fit using discrete, T, for 
the stretched exponential, the time taken to reach 1/e of the initial intensity tho 

molecular weight at 25 °C. 

Table 7.6. Comparative table of the T2 values for 30 wt-% R2/ PDMS obtained from 
different fittings at 25 °C. 

PDMS Mw 

I kg mol-1 

T2 Is 

Averaged 

T2 /s 

Stretched exponential 

Time taken to reach i/o 

of the initial intensity Is 

1.32 0.485 0.441 0 448 

5.24 0.198 0 166 01108 

12.2 0.112 0 073 () 11.1 

31.4 0.059 0.031 0 064 

66.7 0.037 0.011 0 048 

109 0.025 0.009 0 024 

174 0.020 0.005 0020 
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7.2.2.1.1 Temperature effect 

Increasing temperature on R2-PDMS blends showed the same trend in the spin-spin 

relaxation times as for the PDMS melts; an increase in the temperature also increases the 

relaxation time i. e., longer T2. 

The relaxation decays were measured at three other temperatures 40,60 and 80 °C. Figure 

7.26 shows the relaxation decays for R2-PDMS blends at 80 °C data have been normalised 

to unit intensity to help make comparisons between their shapes. The non-exponentiality of 

the relaxation decays was observed at all temperatures as seen for the pure melts. 

Figure 7.27 compares the n parameter, calculated from the stretched exponential fit versus 

PDMS molecular weight at 25 and 80 °C for 30 wt-% R2/ PDMS blends. Evidently, 

increasing the temperature makes the loss of exponentiality less pronounced than at 25 °C. 

It is also possible to see that the dependency of n, on the molecular weight is not linear at 25 

°C, whereas it becomes linear on increasing the temperature. A comparison between the n 

values for the 30 wt-% R2/ PDMS blends at 80 °C and that for the pure PDMS melts at 25 °C 

is also shown in Figure 7.27, it can be seen that a similar trend between the two data sets 
but the exponentials are smaller for the blends, indicating restricted motion caused by the 

addition of the nanopolysilicate to the melts at low molecular weight; and again for the high 

molecular weight (174 k) the n value matched the n value for the 174 k PDMS melt 
indicating, as seen before, that the nanoparticles make the chain more mobile. 
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Figure 7.26. Normalized to unit intensity NMR spin-spin relaxation data for 30 wt-% R2- 
PMDS blends at 80 °C as a function of the molecular weight. 
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Figure 7.27. n parameter, calculated from the stretched exponential versus PDMS 

molecular weight at 25 and 80 °C; compared with pure PDMS melts at 25 "C. Only two 
temperatures are shown for clarity. 

The activation energy can also be calculated from the measurements of the spin-spin 

relaxation at different temperatures, plotting Log (T21) versus the reciprocal of absolute 

temperature, T. Arrhenius behaviour was again observed for all the PDMS samples, (Figure 

7.28). The activation energy calculated for the R2-PDMS shows a marked dependency on 

the molecular weight as observed for PDMS melts and furthermore increases with the R2 

loadings. Interestingly, the activation energy values obtained varied from (9.7 +0 7) kJ mol' 

for the lowest molecular weight (1.32 k PDMS) up to (33.5 + 2.3) kJ mol 1 for 31 4k PDMS 

just to fall to (22.0 ± 1.7) kJ mof' for the highest molecular weight (174 k PDMS) used in this 

study. 

Figure 7.29 shows the results for the activation energy as a function of PDMS molecular 

weight with 30 wt-percent of R2 polysilicate. It can be seen how the effect of the addition of 

the nanopolysilicate particles has a greater impact on the low molecular weight, it is more 

constrained. Once again, it is possible to observe that for the high molecular weight the 

effect of the addition of the nanopolysilicate particles is not so dramatic as it would be 
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expected, i. e., the activation energy does not increases further, on the contrary it is 

considerably lower than that required at a lower molecular weight, indicating that the addition 

of the nanoparticles aids the motion of the polymer chains. 
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Figure 7.28. Arrhenius plot of T2 rate for 30 wt-% R2/ PDMS blends as function of the 
molecular weights. Temperatures: 25,40,60 and 80 °C. 

A comparison between the spin-spin relaxation rates, T2-', for the 30 wt-% R2/PDMS blends 

and PDMS melts at 80 °C is made in Figure 7.30. As has been seen before from the 

relaxation decays the addition of nanopolysilicate resin to the PDMS melts at 25 °C caused a 

rather dramatic reduction on the relaxation time for the low molecular weights. This effect 

can also be seen in the Mc for these samples as the reduction on the Mc is rather dramatic 

from 43 k for the PDMS melts to 21.9 k when 30 wt-% R2 is incorporated to the melts. 

Figure 7.31 shows the spin-spin relaxation rates, T2-1, for the 30 wt-% R2/ PDMS blends as a 
function of the PDMS weight-average molecular weight at different temperatures. As for the 

PDMS melts it was found that the Mc does not change with the temperature increase within 
the error. 
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Figure 7.29. Dependence of the activation energy on PDMS molecular weight and 30 
wt-percent R2 blends. 
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Figure 7.31. Spin-spin relaxation rates of 30 wt-% R2-PMDS blends for different PDMS 

molecular weights as a function of the temperature. 

7.2.2.2 Hydroxyl-polysilicate resin R2-OH 

Figure 7.32 shows the experimental relaxation decays obtained for blends of 30 weight-% 

hydroxyl-polysilicate resin (R2-OH) and different molecular weights of PDMS. As before the 

intensity has been normalized to unity. The addition of hydroxyl-polysilicate resin to the 

PDMS melts increases the viscosity of the PDMS; the addition of the nanoparticles makes 

the polymer less mobile and so the time taken to relax is shorter. An interesting observation 

is that the high molecular weights are greatly affected by the addition of the R2-OH 

nanoparticles. It can be seen the higher molecular weights group together whilst the two low 

molecular weights are quite distinct. Comparing these results with the ones obtained for the 

R2/ PDMS blends it can be seen that the interactions are strongly for the hydroxyl- 

polysilicate, since hydroxyl groups are more hydrogen bonding. 

Figure 7.33 shows the fit of the Equation 7.4 to 30 wt-% R2-OH/ 1.32 k PDMS using the 

discrete algorithm as a first approximation. The inset shows a plot of the residuals: a single 

exponential was inappropriate in describing the measured relaxation decay; in all cases 

whereas the quality of the fits improves but up to four exponential coefficients are required to 

represent the data for high molecular weight polymers. 
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Figure 7.32. Spin-spin relaxation data normalised to I for 30 wt-% R2-OH/ PDMS 
blends at 25 °C as a function of PDMS molecular weight. 
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Figure 7.34 shows the relaxation decays for R2-OH/ PDMS blends fitted to a stretched 
exponential (Equation 7.5). It can be seen that the fits are reasonably good. 

Figure 7.35 shows a plot of the n parameter, for the 30 wt-% R2-OH/ PDMS blends as a 
function of PDMS molecular weight. Although, the data is more scattered, it can be seen that 

the exponentiality is lost as the molecular weight increases, becoming independent of 

molecular weight. Comparing these data with the data for R2/ PDMS blends it is evident that 

both data sets show similar trend. Interestingly, the n parameter for the high molecular 

weight again matches the one for the pure PDMS melt, even though the other results for the 

30 wt-percent R2-OH/ 174 k PDMS did not show any sign of "solvation" with the addition of 

the hydroxyl nanopolysilicate particles however the relaxation time was not significantly 

reduced. 

The interactions already mentioned for the hydroxyl polysilicate seems to be stronger than 
those seen for the polysilicate alone. This is due to the fact that the hydroxyl groups show 
stronger hydrogen bonding making the chain mobility more restricted and more anisotropic 
than R2. 

A comparative table of the n values for the PDMS melts, 30 wt-% R2/ PDSM blends and the 

30 wt-% R2-OH/ PDMS blends, is given in Table 7.7. Some of the molecular weights for the 

pure melt have been left out because they do not have any matching pair in the blends to 

compare with. As can be seen the R2-OH/ PDMS blends show smaller values of n, so the 

decays are less exponential, hence the polymer chains are more rigid. Again it can be seen 
that for 174 k the value of n is almost the same in all the cases. 

Figure 7.36 shows the T2 calculated using the discrete algorithm, stretched exponential and 
the time taken to reach 1/e of the initial intensity. As it can be seen the T2 for the discrete fit 

and the time taken to reach 1/e of the initial intensity are in good agreement and they follow 

exactly the same trend whilst the T2 for the stretched exponential shows the same trend at 
low molecular weights but changes abruptly at high molecular weights. This effect was seen 
before for the pure melts and for the R2/ PDMS blends; it is thought to be due to the way that 
data is averaged for the stretched exponential function. A comparative table for all the T2 
calculated for all the blends, is given in Table 7.8. 
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Figure 7.34. Spin-spin relaxation decays for 30 wt-% R2-OH/ PDMS as a function of 
PDMS molecular weights at 25 °C. Solid lines represent the fittings to a stretched 
exponential. 
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Table 7.7. Comparative table of the n parameter, for the pure PDMS melts and the 30 
wt-percent R2-OH/ PDMS blends, at 25 °C. 

PDMS Mw / kg mol" 
Sample 

1.32 2.6 5.24 12.2 20.5 31.4 36.6 66.7 109 174 

PDMS melts -- 0.97 --0.91 - 0.86 0.76 0.62 0.48 

R2/ PDMS 0.79 - 0.76 0.67 - 0.64 -- Blends 0.54 055 0.49 

R2-OH/ PDMS 0.76 -- 0.65 0.66 - 0.57 - Blends 0.59 0.51 0.50 

Table 7.8. Comparative table of the T2 values at 25 °C for 30 wt-percent R2-OH/ PDMS 
obtained from different fittings. 

PDMS MW T2 Is T2 Is Time taken to reach 11e 
kg mol'' Averaged Stretched exponential of the initial intensity Is 

1.32 0.198 0.166 0.208 

5.24 0.112 0.098 0.112 

12.2 0.030 0.061 0.032 

31.4 0.019 0.014 0.024 

66.7 0.024 0.011 0.030 

109 0.016 0.004 0.016 

174 0.012 0.002 0.012 
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Figure 7.36. Relationship between the T2 weight-averaged for the best fit using 
discrete, T2 for the stretched exponential, the time taken to reach 1/e of the initial 
intensity and PDMS molecular weights at 25 °C. 

7.2.2.2.1 Temperature effect 

The effect of increasing temperature on the spin-spin relaxation times for the R2-OH/ PDMS 

blends was also studied. Results showed that an increase in the temperature also increases 

the relaxation times, i. e., longer T2; same trend was observed for the pure PDMS melts and 
for the R2/ PDMS blends. 

The relaxation decays were measured at three temperatures: 40,60 and 80 'C. Figure 7.37 

shows the relaxation decays for R2-OH/ PDMS blends at 40 °C data have been normalised 

to unit intensity as before. 

Non-exponentiality of the relaxation decays was also observed at all temperatures as seen 
for the pure melts and the R2/PDMS blends. Figure 7.38 shows the comparison between 

174 k PDMS melt and the 30 wt-percent R2-OH/ 174 k PDMS blend at two different 

temperatures, 25 and 80 °C. As can be seen increasing the temperature also increased the 

relaxation times, i. e., also the addition of the hydroxyl nanopolysilicate particles does not 

give a longer T2 than the pure melt, although these two values are very close. 

Figure 7.39 shows a comparison of the n parameter, versus PDMS molecular weight at 25, 

40 and 80 °C for the 30 wt-% R2-OH/ PDMS blends. Evidently, increasing the temperature 

as before makes the loss of the exponentiality less marked than at 25 °C. It is also shows 
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that the dependency on the molecular weight is not linear at 25 °C, but it improves with the 

temperature increase. A comparison of n for the 30 wt-% R2-OH/ PDMS blends at high 

temperatures against the pure PDMS melts showed that the chains mobility after the R2-OH 

particles addition is much more restricted than that for the pure melts, i. e., shorter T2 

indicates stronger interactions due to the hydroxyl groups which are more hydrogen bonding. 
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Figure 7.37. Spin-spin relaxation data normalised to 1 for 30 wt-% R2-OH/PDMS blends 
at 40 °C as a function of PDMS molecular weight 

The activation energy can be calculated as before. Arrhenius like behaviour was observed 
for all the blends, see Figure 7.40. The activation energy calculated for the R2-OH/ PDMS 
blends showed a marked dependency on the molecular weight as observed for the pure 

melts and for the R2/ PDMS blends. 

Figure 7.41 shows the results of the activation energy, Ea, as a function of PDMS molecular 
weights with 30 wt-% of R2-OH load. It can be seen that the addition of the hydroxyl 

polysilicate filler has a greater impact on the low molecular weight mobility. On the other 
hand the effect observed for the high molecular weight is less dramatic; the activation energy 
required for the relaxation to occur is smaller than that required for the high molecular 
weights pure PDMS melts. 

134 



10° ý+'0 ''t'' 

." 

o..   
" 

n 10 I "ý 

E 
o 
c1 
N 

c 
10-2   174 k PDMS at 25 °C 

° -A 30 wt-% R2-OH/ 174 k PDMS at 25 Cr 1 
" 174 k PDMS at 80 °C 

" 30 wt-% R2-OH/ 174 k PDMS ffi 80 °C 

10-3 102 10, 

Time Is 

10 ° 

Figure 7.38. Spin-spin relaxation data normalised to 1 for 30 wt-% R2-OH/ 174 k PDMS 
blend at 25 and 80 °C compared with 174 k PDMS melts at 25 and 80 °C. 
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Figure 7.39. n calculated from the stretched exponential fit for 30 wt-% R2-OH/ PDMS 
blend versus PDMS molecular weight at 25,40 and 80 °C. 
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Figure 7.40. Arrhenius plot of T2 rate for 30 wt-% R2-OH/ PDMS blends as a function of 
the molecular weights. Temperatures: 25,40,60 and 80 °C. 
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Figure 7.41. Dependence of the activation energy on PDMS molecular weight for 
PDMS and 30 wt-% R2-OH/ PDMS blends. 
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7.2.3 POLY-(ETHYL, a-METHYL-STYRENE-SILOXANE) FLUID 

7.2.3.1 Effect of the addition of polysilicate resin R10. 

Figure 7.42 shows the experimental relaxation decays obtained for PAF and blends of up to 

38 weight-% nanopolysilicate resin, R10, the intensity has been normalized. It is apparent 

that as more R10 is added to the PAF the time taken for the intensity to fall is shorter as 

seen for PDMS. The addition of the nanoparticles makes the polymer less mobile and so 

relaxation occurs faster. 

From Figure 7.42 it is difficult to see any changes for the relaxation decays between the pure 

PAF melt and the low weight percent of added filler to it. For more clarity the relaxation 

decays for PAF melt and the blends from 5 wt-percent Ri 0/ PAF are shown in Figure 7.43. 
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Figure 7.42.1H spin-spin relaxation data for RIO! PAF blends at 25 °C as a function of 
RIO weight percentage loadings. 
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Figure 7.43. Normalized to unit NMR spin-spin relaxation data for PAFI R10 blends at 
25 °C as a function of resin weight percentage. 

Figure 7.44 shows the time taken to reach 1/e of the initial intensity analysis; it is evident that 

a decrease on the relaxation time occurs as the filler loading is increased. The effect of the 

addition of as little as 0.1 wt-% R10 to the PAF melt causes a dramatic reduction in the time 

taken to reach 1/e of the initial intensity and the effect remains the same up to 5 wt-%. A 

further increase in the loads of R10 leads to a linear decrease on the time constant. This 

means that the polymer is less mobile at higher nanopolysilicate concentrations; which 

indicate that the molecular motion is slowed down in both bulk and local mobilities, that is, 

long and short relaxation times, respectively. 

Although the 1/e analysis is a good approximation it does not describe all the components of 

the relaxation decays. Figure 7.45 shows the effect of the addition of R10 to the PAF melt. 

As can be seen the increase in the nanoparticles loading leads to a linear decrease in the 

weight-averaged T2. Again, this is due to the fact that the time taken to reach 1/e of the initial 

intensity does not take into account all the exponential components. 

The effect of the addition of nanopolysilicate has already seen for the PDMS melts in the 

previous sections; which have showed a dramatic reduction on the relaxation time, T2, for 

most of the samples with the addition of 30 wt-% R2. 
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Figure 7.44.1/e analysis of the T2 relaxation data for R10/ PAF blends at 25 °C. 
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Figure 7.45. Effect of increasing the R10 loading on the weight-averaged T2 of R10/ 
PAF blends at 25 °C. 
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7.2.3.2 Effect of the addition of polysilicate resin R3 

Figure 7.46 shows the experimental relaxation decays obtained for PAF and blends of up to 

20 weight-% nanopolysilicate resin, R3. As more R3 is added to the PAF the time taken for 

the intensity to fall is shorter. The addition of the nanoparticles makes the polymer less 

mobile and so the time taken to relax is shorter. 

Figure 7.47 shows the time taken to reach 1/e of the initial intensity analysis. As can be seen 

the addition of R3 causes a decrease in the time constant as the filler loading is increased. 

This means that for the polymer chains are more rigid hence relaxes faster at higher 

nanopolysilicate concentrations. The addition of 5 wt-% of R3 shows same behaviour than 

the addition of 5 wt-% of R3, a dramatic decrease in the time to reach 1/e, following a linear 

dependency with further increase of the loadings of R3. 

Figure 7.48 shows the effect of the addition of R3 to the PAF melt. As it can be seen the 

increase in 5 wt-% of R3 causes a dramatic reduction in the T2, however further increase in 

the amount of R3 in PAF leads to a linear decrease in the weight-averaged T2. 

The addition of the nanopolysilicate resin showed in all the cases a dramatic reduction in the 

mobility of the polymer chains. 
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Figure 7.46. Normalized to unit NMR spin-spin relaxation data for PAF -silicate resin 
blends at 25 °C as a function of resin (R3) weight percentage. 
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blends at 25 °C. 
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7.3 T, relaxation studies 

The spin-lattice relaxation time, T1, is affected by fast processes whilst the spin-spin 

relaxation time, T2, is affected by both fast and slow processes. As seen in Equation 7.7 and 

Equation 7.8 

1_C 2rc 
T1+ w2r2 

Equation 7.7 
c 

1C 

1+ 
rC 

2+ Zc Equation 7.8 
c 

So as the correlation time gets longer, so does the relaxation rate constant. 

For this reason, T, measurements can give an insight on the effect of the addition of 

nanopolysilicate resins to PDMS melts. 

Figure 7.49 shows the experimental T, relaxation decay for 109 k PDMS melt, 30 wt-% R2/ 

109k PDMS blend and 30 wt-% R2-OH/ 109k PDMS blend at 25 °C. It can be seen that the 

data fit well to a single component Ti. This was the case for all the samples studied. 
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Figure 7.49. T, relaxation data for 109 k PDMS melt, 30 wt-% R2/ 109k PDMS blend and 
30 wt-% R2-OH/ 109k PDMS blend at 25 °C fitted to a single T, component. 
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Figure 7.50, Figure 7.51 and Figure 7.52 show the T, data for all the melts and blends. As 

can be seen there is a dramatic effect between the lowest molecular weight and higher 

molecular weights. However the high molecular weight PMDS melts have almost the same 
T, for all the samples. This is due to the fact that the T, depends on local chain motions 

whilst the T2, which showed significant reduction as the molecular weight increased, 

depends on both local and bulk motions. 

The effect of the nanoparticle addition seems to be independent of the molecular weight 

since the T, changes for the 30 wt-% R2/ PDMS blends and 30 wt-% R2-OH/ PDMS blends, 

but both blends follow almost a linear trend. As it has been seen in all the other results the 

low molecular weights are the most affected with the nanopolysilicate addition, and at high 

molecular weights the effect is almost constant. 

A comparative table for the T, values calculated by fitting of the relaxation decays to single 
T, component, for all the samples is given in Table 7.9. 
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Figure 7.50. Effect of increasing the molecular weight on the T, of PDMS melts. 
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Table 7.9. Comparative table of T, for the PDMS melts, 30 wt-% R2/ PDMS and 30 wt-% 
R2-OH/ PDMS blends, at 25 °C. Estimated error ± 5%. 

PDMS Mw I kg mol-1 
Sample 

1.32 2.6 5.24 12.2 20.5 31.4 36.6 66.7 109 174 

PDMS -- 2.09 -- -- 1.33 -- 1.30 1.29 1.29 1.29 

R2/PDMS 1.47 -- 1.35 1.35 -- 1.37 -- 1.33 1.33 1.34 

R2OH/PDMS 1.47 -- 1.34 1.32 -- 1.30 -- 1.29 1.28 -- 
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Figure 7.51. Effect of increasing the molecular weight on the T, of 30 wt -% R2/ PDMS 
blends at 25 °C. 
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Figure 7.52. Effect of increasing the molecular weight on the T, of 30 wt-% R2-OH/ 
PDMS blends at 25 °C 

7.4 Conclusions 

Increasing the PDMS molecular weight was seen, as expected, to influence all the properties 

studied. As the molecular weight increased the polymer chain motions are more restricted. 

Therefore, the spin-spin relaxation times obtained are reduced as the molecular weight 

increases. Activation energy, as expected, was also found to be dependent on the molecular 

weight. 

The addition of 30 wt-% nanopolysilicate, R2, was seen to reinforce the PDMS melts at low 

molecular weights; however, at high molecular weight a solvation effect was seen for the 174 

k PDMS melt. Evidence of this behaviour was observed in the T2 relaxation data. Besides, 

activation energy results showed that a higher energy was required for the relaxation 

processes to occur at low molecular weights, whilst for the high molecular weight much lower 

activation energy was needed. 

The addition of hydroxyl nanopolysilicate resin, R2-OH, was also found to reinforce the 

PDMS melts over the range of molecular weights studied. Shorter spin-spin relaxation times 

gave evidence of this behaviour, even shorter T2 than those of R2 alone, indicated stronger 

interactions due to the hydroxyl groups which are more hydrogen bonding Despite, the 

relaxation decays at high molecular weight did not show sign of solvation, the activation 

energy required for this blend to relax was even lower than that for the pure melt. 
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Studies on the T, relaxation time for all the samples were shown to increase with the 

molecular weight, but became independent at high molecular weights. As well as being 
independent of the addition of the different nanopolysilicate resins. 

The study of the addition of nanopolysilicate particles in another polysiloxane fluid (PAF) 

showed similar behaviour to the PDMS melts when polysilicate nanoparticles were added. 
Shorter spin-spin relaxation times were observed in all instances. However, the particle size 
of the nanopolysilicate seems to have a different effect than expected. The smaller size, R3, 

used caused a more dramatic reduction on the relaxation times, T2; whilst the R10, bigger 

size showed weaker interactions. 
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8 Neutron Reflection Results and Discussion 

The aim of the neutron reflection experiments is to show how the nanopolysilicate resin Is 

distributed in the bulk phase and at interfaces. It is anticipated that the nanopolysllicate resin 

will accumulate at the air/ polymer, polymer/ aqueous Interfaces. However, their location Is 

particularly difficult to characterize by conventional methods. Neutron reflectivity with 

contrast resolution offers the opportunity to determine the surface activity of the 

nanoparticles at the relevant interfaces. 

Liquid/ liquid interfaces of polymer/ water and polymer/ polymer were created and studied by 

neutron reflectivity using a special cell designed for liquid/ liquid interfaces and described In 

detail elsewhere. (1l, and shown in Figure 8.1. The systems under study are given in Table 

8.1. DPDMS melt or resin/ DPDMS blends spread on D20. 

Table 8.1. Systems under study 

Compound DPDMS Mw ! kg mol'' R3 Mw ! kg mol' 

DPDMS 12.000 

R3/ DPDMS blends 12.000 14,100 

Neutron Beam 
---ý�ý 

_ 
Hexane Film 

Water 

A . 01 / Thermostatted Plate 
Peltier Coolers 

Insulation 

Figure 8.1. Cross section of the trough used for the liquid I liquid Interface 
experiments. Taken from reference 1. 
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For the first experiment the trough was filled with D20 to form the bulk phase and on top a 
layer of approximately 50 A of polymer melt or polymer/resin blend was spread. To obtain a 
layer of approximately 50 A the appropriate amount of a diluted solution of the polymer or 

polymer/ resin blend in chloroform was delivered on the D20 surface using a syringe. The 

amount needed depended on the area of the trough. 

8.1 Spreading dynamics of D-PDMS on D20 

The first experiment was just pure D20 in order to check the cleanliness of the cell and the 

contribution to the background from the bulk phase. The reflectivity profile obtained is shown 
in Figure 8.2. A table with the fitting parameters is given in Table 8.2. The value obtained for 

the scattering length density for the D20 is in good agreement with its theoretical value (6.35 

X 10$ A'2). A usual observation of the critical edge confirms this value, critical edge at Q 
0.018 A1 and it corresponds to an scattering length density of 6.35 x 10"e A 2. 

The fits were done using Parratt32 the fitting software obtained from the Berlin Neutron 
Scattering Centre (BENSC) 121. In addition, to crosscheck the results the software Reflpak 

obtained from the National Institute of Standards and Technology (NIST) (31 was also used. 
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Figure 8.2. Reflectivity profile of pure D20. The solid line represents the fit to a bare 
surface, i. e., zero layers, using the software Parratt32. 
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Table 8.2. Fitting parameter for D20 using the fitting software Parratt32. 

Sample D /A A D20 /10'° A-2 aIA x2 

D20 Bulk 6.35 ± 0.05 4.42 ± 0.29 17.8 

The first experiment consisted in spreading a layer of approximately 50 A of D-PDMS on the 

D20 surface by delivering about 30 gL of 0.1 wt-% DPDMS In CHCI3 solution containing 

approximately 40 µg of 12 k DPDMS melt with Mw! Mn = 1.89. The time needed to 

accumulate enough data from the sample, taking into account the scattering length density 

of the different compounds used in the experiment and the neutron flux of the Instrument, 

was estimated to be around three hours. The spreading of the DPDMS on D20 was 

expected to be slow and to take few hours 14), so the experiment was allowed to run for 

longer in order to improve the quality of the data. In order to check the kinetic behaviour the 

data was stored in different files corresponding to every 3 hours run. The data reduction was 
done using the procedures and software provided by NIST. 

Figure 8.3 shows the reflectivity profile obtained for the first run of D-PDMS on D20. The 

solid lines represent the fits to one and two layers models using the fitting software 
Parratt32. The critical edge for this sample was found at Qc " 0.0 17 A''; see inset Figure 8.3. 

The first attempt was to fit to a single layer model, but it was not possible to get a reasonable 
fit, and it did not fit the bump at low Q. The data suggest the possibility of a second layer. 

Subsequently, a two layer model was tried; in this case a very good fit including both maxima 

was obtained. The quality of the fits is given by the statistical parameter, x2. A comparative 
table of the fitting parameters for the first run of DPDMS on D20 for the two different models 
is given in Table 8.3. 

Table 8.3. Comparative table of the fitting parameters for the two models studied for 
the first run (0 -3 hours) of DPDMS on D20. 

Model Layer dl A pl 10-6 A-2 cl A 

1 52.2±2.4 5.53 ± 0.04 1.80±0.78 
One layer 12.9 

Bulk - 6.35 ± 0.05 27.8±4.7 

1 38.34±0.64 5.57 ± 0.01 1.71 ±0.47 

Two layers 2 43.85 ± 1.10 6.02 ± 0.01 8.1 ± 2.2 9.6 

Bulk -- 6.35 ± 0.05 7.2±2.9 
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Figure 8.3. R* Q4 reflectivity profile of DPDMS on D20. Run from zero to 3 hours. Inset 
shows the reflectivity profile for the DPDMS on D20; note the critical edge. Solid lines 
represent the fits to one and two layers models using the software Parratt32. 

The two layer model proposed to explain this behaviour is based on the fact that the 

spreading of DPDMS on D20 is very slow and may not have reached equilibrium in the first 3 

hours. As the CHCI3 solution is spread it may leave islands of DPDMS on the D20 surface. 

The critical edge is Qc = 0.017 A` which taking into account the scattering length density of 

the DPDMS and D20, is in good agreement with the model proposed. The neutrons "see" 

the two layers since the physical density, and therefore the refractive index, of the pure 

DPDMS (top part of the film) is very different of the density of the diffused layer of DPDMS- 

D20. As the spreading progresses the initial thickness of the layer, the scattering length 

density, volume fraction of the DPDMS and other parameters change. Fitting each one of the 

individual runs for the DPDMS on D20 it was found that effectively there were changes in the 

thickness of the layers, indicating slow spreading dynamics. 

Figure 8.4 shows the fits for two layer model at different times. As can be seen the two layer 

model is more appropriate for fitting the data. The fitting parameters were found to support 
this model. A comparative table for the fitting parameters calculated using Parratt32, is given 
in Table 8.4. It can be seen that the thickness of the layers changes with time; the top layer 

(layer 1) gets thicker with time, the second layer on the contrary, is getting thinner as the 

DPDMS spreads over the water surface. 
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The roughness of the layers is also changing as the DPDMS spreads. It can be seen that for 

the first run (0 -3 hours) every layer has some roughness, as the spreading progresses the 

layers get more uniform and, the roughness decreases. These changes can be seen more 

clearly in the scattering length density profile of the reflectivity measurements, shown in 
Figure 8.5. It can be seen that for the first run the profile is rough in all the layers, and in the 

subsequent runs the scattering length density profiles show sharper transitions between the 

layers, as completely smooth interfaces have very small roughness. However, the model 
does not seem to be very sensitive to the roughness; the values obtained are within a 

reasonable range but when fitting the roughness could be adjusted to zero and it was still 

possible to get a good fit; nevertheless with reduced roughness the fit has a better x' value 
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Figure 8.4. R* Q4 reflectivity profiles of D-PDMS on D20 at room temperature. 
Spreading dynamics. Solid lines represent the fits to two layers model using the 
software Parratt32. 

From Figure 8.4 the dynamics of the spreading of D-PDMS melt in D20 can be seen The 

reflectivity profile changes a little from one measurement to another. The bump that appears 

at high Q (- 0.15 A) in the first run is slightly shifted to lower Q. This displacement indicates 
that the layer is getting thicker. In the last run (6 -9 hours) the bump seems to be better 

defined, suggesting a more uniform and thicker layer has been formed. 

The composition of the DPDMS on the layers was calculated from Equation 81 
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PnDPDMS * 1DPDMS + PnD20 * (1 
- 

ODPDMS) = PnDPDMS-exp Equation 8.1 

Where PnDPDMS is the scattering length density of DPDMS, pnD20 is the scattering length 

density of the D20 and p�DPOMSexp is the scattering length density of a DPDMS layer from " 

the model fit, and gPDMS is the volume fraction of DPDMS in the DPDMS layer. 

The volume fraction profile of DPDMS for each layer of this model calculated using Equation, 

8.1, and is shown in Figure 8.6; it can be observed that in the top layer the volume fraction of 
DPDMS increases with time to a constant volume fraction, suggesting that equilibrium state 

was reached. In the second layer the DPDMS shows some changes, this suggests that the 

system is still equilibrating. 

The total amount of DPDMS spread on the surface was calculated from the volume fraction 

profile. It was found to be 28 µg for the first run and 46µg and 42µg for the second and third 

runs, respectively. These values are in good agreement with the theoretical amount added 

(approximately 40 µg). The lower amount on the first run may be indicating that as thought 

some of the DPDMS sank in the trough but then joined back to the rest of the DPDMS film. 

Table 8.4. Comparative table of the fitting parameters for the DPDMS on D20 as a 
function of the time. 

Time Layer d/ Ap/ 10'6 A-2 v/A xz 

1 38.3± 1.0 5.58±0.03 1.7±0.5 

0-3h 2 

Bulk 

43.9±1.6 

- 

6.02±0.02 

6.35 ± 0.05 

8.1±2.2 9.6 

7.2 ± 2.9 

1 45.6 ± 1.0 5.31 ± 0.01 1.35±0.7 

3-6h 2 35.6±1.0 5.60±0.02 3.0±3.5 11.9 

Bulk - 6.35±0.05 8.0±2.1 

1 48.4±0.7 5.31 ± 0.01 1.0±0.0 

6-9h 2 27.5±0.7 5.75±0.02 0.0±0.0 12.8 

Bulk -- 6.35 ± 0.05 7.2 ± 2.6 
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Figure 8.5. Scattering length density profile of D-PDMS on D20 at room temporaturo. 
Profiles obtained from the fit to two layers model using Parratt32. 
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Figure 8.6. Volume fraction profile of DPDMS on D20 at room temperature. Calculated 
using Equation 8.1. 
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8.2 Effect of the addition of nanopolysilicate resin, R3 

This experiment consisted in spreading a layer approximately 50 A thick of a 10 wt-% R3/ 

DPDMS blend on a D20 surface. Knowing that the data collection was taking about three 

hours for the pure melt, it was decided that for the statistics to be similar each run should be 

left to run for approximately the same time. Figure 8.7 shows the reflectivity profile of the 

second run (3 -6 hours) of 10 wt-% R3/ DPDMS blend on D20. As before, the data 

reduction was performed using the procedure and software provided by NIST. The solid line 

represents the fit to a three layer model. 

As before, the spreading of the 10 wt-% R3/ DPDMS blend was carried out by delivering 

approximately 30 µL of 0.1 wt-% of 10 wt-% R3/ DPDMS blend in CHCI3 on the D20 surface. 
The spreading was made under the same conditions and is expected to proceed similarly. 
However, the effect of the addition of R3 is believed to aid the spreading so, it may enhance 
the rate. Also, due to the mainly hydrophobic character of the resin, its accumulation at the 

air/polymer interface rather than at the polymer/ D20 interface is expected. 

The critical edge observed for this experiment was found to be Qc m 0.017 A. The critical 

edge expected for 10 wt-% R3/ DPDMS blend is Qc 0.016 A1 and D20 is Qc st, 0.018 A 1. 

Similarly to the DPMS, the CHCI3 solution of the blend is also denser than the D20, so some 
of the mixture may have sunk initially. 
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Figure 8.7. Reflectivity profile for 10 wt-% R31 DPDMS blend on D20 at 25 °C. The solid 
line represents the fit using the software Parratt32. 
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In order to determine the location of the nanopolysilicate resin, an Initial attempt to fit the 

data to one and two layers models was made, but did not prove to be adequate enough to 

describe the curve; however a three layer model proved to be more appropriate. 

Figure 8.8 shows the reflectivity profiles for the two runs of the 10 wt-% R3/ DPDMS blend 

on D20, the solid lines represent the fit to a three layer model using Parratt32. A summary of 
the fitting parameters for this sample is given in Table 8.5. From the fitting parameters It can 
be seen that there is an enriched resin region which shows that the resin Is accumulating 

more at the air/polymer interface rather than at the polymer/ D20 Interface. The second layer 

is mainly the R3/ DPDMS blend but again the scattering length density Indicates that this 

layer is also part of the enriched resin region; however, the resin could not migrate 

completely from the polymer blend, so there is still some resin remaining In the bottom layer 

where scattering length density suggests that it is mainly DPDMS (see Figure 8.11). 

The roughness observed for this model was not very sensitive but the values obtained are 

sensible, and the roughness could be slightly changed and it was still possible to obtain a 

good fit. 

Table 8.5. Fitting parameters for 10 wt% R3/ DPDMS on D20 as a function of time, 
Three layers model. 

Time Layer d/ Ap/ 10"' A" cIA x2 

1 10.0±4.2 1.80±0.02 1.0±1.0 

0-3h 
2 15.0±0.4 4.50±0.04 2.9±4.1 

20.6 
3 75.0 ± 0.2 6.00 ± 0.04 2.0±1.9 

Bulk -- 6.35±0.05 3.7 ± 5.0 

1 15.0± 1.2 2.10±0.02 1.0±0.0 

3-6h 
2 18.0±0.7 4.80±0.03 1.6±8.8 

21.3 
3 66.0 ± 0.2 5.8i 0.2 9.8 12.9 

Bulk - 6.35 ± 0.05 5.0 ± 2.2 

The second run, also shown in Figure 8.8, shows the reflectivity profile of 10 wt. % R31 
DPDMS blend on D20 at approximately 3-6 hours. Here can be seen the appearance of a 
more defined fringe indicating that the layers have further refined as the time has elapsed. 
However, in the profile for the first run (-3 hours) the fringes are unclear. 
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Figure 8.8. Comparison of the reflectivity profiles for 10 wt-% R31 DPDMS on D20 for 
time 0-3 hours and 3-6 hours, at 25 °C. Solid lines represent the fit to a three layers 
model. 

In Figure 8.9 the reflectivity has been multiplied by Q4 to magnify the changes in the profiles. 

In the first run (0 -3 hours) two fringes are apparent at approximately Q=0.06 A-' and 0.13 

Ä-', respectively. For the second run these same fringes appeared to be slightly shifted to 

higher Q, indicating that some of the layers may be thinning. 

Figure 8.10 shows the scattering length density profile for 10 wt-% R3/ DPDMS blend on 

D20 from the fits to a three layer model using Parratt32. It can be seen that there is an 

enriched resin region between the two top layers, where the scattering length density is 

lower than that of the blend. The bottom layer is thought to be mainly DPDMS and some 

resin, as not all of the resin can migrate from the blend. 

The R3 contribution to the layer is calculated from Equation 8.1 and Equation 8.2. 

PnR3 * OR3 + PnB! end 
* (1 

- 0R3) 
- PnLayer Equation 8.2 

Where pnR3 is the scattering length density of R3, pnBlend is the scattering length density of 

the R3/ DPDMS blend and PnLayer is the scattering length density of a layer from the model 

fit, and c3 is the volume fraction of R3 in the blend layer. 

158 



The R3 volume fraction (4R3) in each layer is shown in Figure 8.11. As can be seen the 

amount of resin on the two top layers seems to be relocating between the layers, creating 

the enriched resin region. The bottom layer shows a small amount of resin in it, confirming 

that not all the resin migrates from this layer. 

The total amount of resin in this experiment was calculated by integrating the area under the 

volume fraction profile (Figure 8.11) including the three layers, and multiplying by the area of 
the trough in m2 (NIST: 8.4 x 10-3 m2; CRISP: 10.8 x 10-3 m2). It was found that for the first 

run there was 9±4 pg and for the second run 13 ±7 Ftg, as for the DPDMS, spreading is 

occurring in a similar way with some possible migration from the particles of the sample that 

were not in the illuminated area of the sample. The theoretical amount of R3 added was 

approximately 4 µg. The estimated error was approximately 50 % in most cases: this effect is 

due to the large bottom layer with a very low amount of resin in it. 
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Figure 8.9. Reflectivity profiles of 10 wt-% R3/ D-PDMS blend on D20 at room 
temperature. Solid lines represent the fits to a three layer model using the software 
Parratt32. 
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Figure 8.10. Scattering length density profile for 10 wt-percent R3/ DPDMS blend on 
D20. Obtained from the fit to three layers model using Parratt32. 
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Figure 8.11. R3 volume fraction profile in the layers. 10 wt-% R3/ DPDMS blend on D20 
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The adsorbed amount in mg"m-2 of R3 on the surface (top layer) was calculated using 

Equation 8.3. 

R 

I=pf o(z) dz 
0 

Equation 83 

Where: p is the physical density of the compound; O(z) is the volume fraction in the top layer 

and R is the radius of the particle. 
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Figure 8.12. Comparison of the reflectivity profiles for DPDMS and 10 wt-% R3/ 
DPDMS blend on D20, at 25 °C. The solid lines represent the fitting using Parratt32. 

For this experiment the adsorbed amount was found to be 0.93 mg m `' and 0.82 mg m' for 

the first and second runs, respectively, which compared to the theoretical value for close 

packed spheres (0.37 mg m-2), confirms that the particles are packed on the surface. The 

large difference may be due to the fact that polydisperse particles have a wide range of 

sizes, so it may accommodate more effectively because the smaller particles would fill the 

gaps left by the bigger particles. 
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A comparison between the reflectivity profiles for the DPDMS melt and 10 wt% R3/ DPDMS 

blend on D20 bulk phase is shown in Figure 8.12. It can be seen that the presence of the 

polysilicate resin does change the reflectivity profile dramatically. Also, it seems that the R3 

aids the spreading on the D20 surface. However, neither of the systems seems to have 

reached a final equilibrium, even after several hours. 

In an attempt to create a layer of 100 A (approximately double thickness), a second aliquot 

of 30 µL of the 0.1 wt-% R3/ DPSMS blend in CHCI3 was added on top of the existing layer 

of 10 wt-% R3/ DPDMS blend. 

Figure 8.13 shows the reflectivity profile of approximately 80 µg of 10wt-% R3/ DPDMS 

blend on D20. The appearance of two fringes approximately at the same Q as the previous 

experiment (Figure 8.9) can be seen but, with a better definition. Also, it can be seen that the 

two profiles are very similar. The model used to fit these data was the same for 40 µg of 10 

wt-% R3/ DPDMS, based on three layers. It was expected to obtain a better defined enriched 

resin region. On the contrary, it seems that when the solution was added, the solvent had 

washed away the existing layer, which also seems to return very slowly. The fitting 

parameters are given in Table 8.6. It can be seen that the two top layers have more resin In 

them (lower SLD) but they are also thinner that in the previous experiment. However, the 
bottom layer Is thicker, but definitely not as much as twice as was expected. This behaviour 

was also noticed in the scattering length density profile shown in Figure 8.14. It can be seen 
the enriched resin region is very small in both runs, as the top layers are really thin; it is not 
possible to distinguish them in the scattering length density profile, however, in the volume 
fraction profile it is possible to see that the top layers have more resin than the other layer. 
For the last run, the bottom layer appears to have a slightly higher R3 volume fraction, but 
the difference is so small that it could be within error; this also indicates that the layer that 
had been "washed away" may be returning. 

The total amount of R3 calculated by integrating the area under the curve of the volume 
fraction profiles was found to be 9±4 µg and 10 ±6 µg for the first and second run, 
respectively. These results are comparable to the values obtained for the previous 
experiment (40 gg blend). 

The absorbed amount on the surface was calculated using Equation 8.3. The values found 

were 1.04 mg m'2 and 0.94 mg M-2, for the first and second run respectively. These values 
are comparable with the ones for the 40 µg of blend, showing that the addition of the second 
layer has washed away the first layer. 
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Figure 8.13. Reflectivity profile of approximately 80 µg of 10 wt-% R31 DPDMS blond on 
D20 at 25 °C. Fit to 3 layers model using Parratt32. 

Table 8.6. Fitting parameters for 80 µg of 10 wt-% R31 DPDMS blend on D, O as a 
function of time. Three layers model using Parratt32. 

Time Layer d/ A p/ 10,6A-2 cs /Ax 

1 5.4 ± 0.4 1.2 ± 0.01 1.7 t 0.6 

2 10.2 ± 0.2 4.49 ± 0.12 2.9 t 0.7 
0-3h 166 

3 78.9 ± 0.7 5.44 ± 0.04 0.0 +11 

Bulk -- 6.35 ± 0.05 50 21 

1 5.8±0.2 1.60±0.01 17 104 

2 9.5±0.3 4.37±0.07 2.9t 1.6 
3-6h 31 1 

3 82.3± 0.6 5.11 ± 0.02 0.0 t 0.8 

Bulk -- 6.35 ± 0.05 50t1.8 
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Figure 8.14. Scattering length profile for 80 4g of 10 wt-% R3/ DPDMS blend on D20. 
Obtained from the fit to three layers using Parratt32. 
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Figure 8.15. Volume fraction profile of R3 in the different layers of the model. For 80 
µg of 10 wt-% R31 DPDMS blend on 020. 
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8.3 Effect of the nanoparticulate resin concentration and size 

These experiments were carried out on the CRISP reflectometer at ISIS. This reflectometer 
has been designed to measure liquid surfaces; it has horizontal sample geometry and an 

incident beam at 1.5° to the horizontal. At 50 Hz this angle gives aQ range of 0.05 A'' to 

0.65 A"', which is optimal for liquid surface measurements. This setting however means that 

the critical edge is not visible as can be noticed in Figure 8.16, which corresponds to the 

reflectivity profiles of 3 wt-% R3 (f3)/ DPDMS blend on D20 at room temperature obtained at 
CRISP. The solid lines represent the fit to three layers model using Parratt32. The Q range 

has been cut down to 0.3 A''; firstly, because above this value the data was too noisy and 

secondly, to be able to show the small changes at lower 0 in the profiles. 

In the previous section it was seen that the addition of R3 apparently eases the spreading 

process and that the resin accumulates at the air/ polymer interface. In this section different 

particle sizes and concentrations of R3 were used. 

Figure 8.16 are shown the reflectivity profiles as a function of time, note that the run 1 is 

quite different to runs 2 and 3; run 1 has a minimum at high 0, so it has a thinner layer. 

Figure 8.17 shows the same reflectivity profile of 3 wt-% R3 (f3)/ DPDMS blend on D20 

plotted as R*Q4 . The fraction numbers refers to the particle size (see Table 8.7). The solid 
lines represent the fit to the three layer model. To fit these data the same three layer model 

in section 8.2 was used. The fitting parameters are given In Table 8.8. As can be seen the 

top layer corresponds to the resin enriched layer, i. e., lower scattering length density than 

that of the blend (4.92 x 10"e A72); and as the time elapses the scattering length density 

decreases; however, the values are within the experimental error. 

The changes in the thickness of the layers can be attributed to the fact that the particle size 
is very small and transferring or accommodating between the layers should be easier 

although, the scattering length densities are almost the same in all three runs. 

The scattering length density profile is shown in Figure 8.18. It can be seen that the enriched 

resin region is less dramatic than seen in section 8.2; this is not surprising since the particle 

size is considerably smaller compared to the commercial R3 that was used In section 8.2, as 

well as the lower concentration. It can also be observed that the later runs have sharper 
transitions than the first run, indicating that as the spreading progressed the layer becomes 

smoother and more uniform. 

165 



Table 8.7. Physical characteristic of the R3 fractions used in this section. Values taken 
from Reference 5. 

R3 fraction Mw /g mol-' MW/ M� R/A //A 

f3 2 860 1.06 11.6 -- 

f6 5 210 1.05 11.3 39.0 

f10 10 700 1.04 14.1 71.9 

Raw material 19 000 4.0 9.3 66.2 
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Figure 8.16. Reflectivity profile of 3 wt-% R3 (f3)I DPDMS blend on 020 at room 
temperature. The solid lines represent the fit to three layers model using Parratt32. 
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Figure 8.17. R*Q4 reflectivity profile of 3 wt-% R3 (f3)/ DPDMS blend on D20 at room 
temperature. The solid lines represent the fit to three layers model using Parratt32. 
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Figure 8.18. Scattering Length profile of 3 wt-% R3 (fraction 3)/ DPDMS blend on D20. 
Obtained from the fit to three layers model using Parratt32. 
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Figure 8.19 shows the volume fraction profile for 3 wt-% R3 (f3)/ DPDMS blend on D20. The 

R3 volume fraction is lower than in the previous sample. The total amount of R3 calculated 
from the volume fraction profile is 10 ± 4µg, 11.3 ± 5µg and 12.0 ±5 µg, for the first, second 

and third runs, respectively. And the absorbed amount of R3 in the air/ polymer interface for 

each run was: 0.27 mg m'2,0.27 mg m'2 and 0.29 mg m'2, respectively. These values are 
lower than the theoretical value calculated (0.45 mg m2) for this particle size (11.6 A) which 
indicates that there are particles on the surface but not closely packed. 

Figure 8.20 shows the reflectivity profile of 10 wt-% R3 (f3)/ DPDMS blend on D20 at room 
temperature. The solid lines represent the fit to three layers model using Parratt32. It can be 

seen that the fringe that appears in the first run gets more defined in the second run, and 

almost no change between the second and third run, this is believed to be due to the fact 

that the time between run was of few hours. So, the spreading could be almost finished. The 

model to fit these data Is the same three layers model used to fit the data in the previous 

experiments. 

Table 8.8. Fitting parameters for the 3 wt-% R3 (f3)I DPDMS blends. Three layers 
model. 

Time Layer d/A p110"8A-2 a/A x2 

1 19.410.2 4.47 ± 0.2 2.01 1.2 

40 min- 2 26.6 ± 0.3 5.35 ± 0.01 1.9 ± 0.7 
1.12 

1h20min 3 71.5±0.5 5.98±0.02 2.3±2.9 

Bulk - 6.35 ± 0.05 29.9 t 2.4 

1 28.7 ± 0.5 4.45 ± 0.04 0.8t 1.5 

4h00min- 2 16.8 ± 0.2 5.23 ± 0.01 4.3 ± 0.6 
0.99 

4h40min 3 76.3±0.4 6.00±0.02 2.0±3.8 

Bulk - 6.35 ± 0.05 30.9 t 4.9 

1 30.2 ± 0.3 4.4 ± 0.1 0.8 t 0.8 

7h20min- 2 15.9±0.2 5.20±0.01 3.3±2.1 

8h00min 3 79.3 ± 0.9 5.99 ± 0.02 0.0±0.0 
0.68 

Bulk -- 6.35 ± 0.05 27.2 ±4 
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Figure 8.19. Volume fraction profile of 3 wt% R3 (fraction 3) in the different layers of 
the model. 
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Figure 8.20. Reflectivity profile of 10 wt-% R3 (f3)/ DPDMS blend on D20 at room 
temperature. The solid line represents the fit to three layers model using Parratt32. 
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Figure 8.21 shows the R* Q4 profile of 10 wt-% R3 (f3)/ DPDMS, from this plot can be seen 
that the fringe has not only got more defined but also has slightly shifted to low Q indicating 

the thickening of one of the layers. This is also showed in the fitting parameters obtained 

using Parratt32. A summary of the results is given in Table 8.9. Although there are some 

small changes in the thickness of the two top layers these changes are within the error 
Indicating that in fact the spreading may have just occurred, because the file was not 

recorded immediately after the addition of the chloroform solution of the blend on the 

surface, but some time after (approximately 1h 20 min later). However, the statistical 

parameter x2 Indicates that the quality of fit is better for the last run; this could also indicate 

that the layers are better defined after 8 hours. 

The scattering length density profile is shown in Figure 8.22. It can be seen that the top 

layers conform the enriched resin region in all three runs. This is shown by the values of the 

scattering length density which are lower than that expected for the blend. From the values 
of scattering length density obtained, the volume fraction has also been calculated; giving as 

result that for the first run the R3 volume fraction present in the layer was of 0.66 and this 

value falls after in the subsequent runs to a steady value (R3 4=0.48). Whilst in the other 
layers the volume fractions show a slight increase. This could indicate, as before, that as the 

spreading proceeds the blend returns back from the diffuse layer joining to the rest of the 
film. The volume fraction profiles are shown in Figure 8.23. 

The total amount of resin calculated from the volume fraction profile is 19 µg, 14 µg and 15 

Ng, for each run respectively. These values are in good agreement with the fact that in this 

experiment a higher concentration of R3 was used. Interestingly, the absorbed amount of R3 

on the surface showed to be constant in the last two runs, 0.89,0.65,0.65 mg m'2, for first, 

second and third run, respectively. Not surprisingly, these values are higher than the 

calculated for the 3 wt-% R3 (f3)/ DPDMS blend because the higher concentration means 

more particles are available. These values indicate that the particles are more closely 

packed than at 3 wt-% R3 (f3). The fact that the resin relocates from the top layer to other 
layer can be related to the hydrophobicity; weak hydrophobic character means the particles 

could accommodate in the polymer/ water interface. 
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Table 8.9. Fitting parameters for the 10 wt-% R3 (fraction 3)I DPDMS blends. Three 
layers model. 

Time Layer d/ A p/ 10,8 A-2 ca /A 2 

1 18.2 ± 0.6 2.49 + 0.15 31 1.0 

1h 20min- 2 20.0 ± 2.2 5.71 ± 0.08 4.4 i 1.2 
1 44 

2h 00min 3 78.0 ± 2.7 6.00 ± 0.02 0.0 t 0.0 

Bulk -- 6.35 19.914.3 

1 17.2 ± 0.5 3.25 ± 0.21 1.0 $ 0.2 

4h40min- 2 16.5±0.9 5.15±0.04 9.1 t 1.6 
1 31 

5h 20min 3 78.4 ± 1.1 6.00 ± 0.08 1.0 t12 

Bulk -- 6.35 0 05 189 35 

1 17.6 ± 0.5 3.28 0.2 1.0 0.2 

8h00min- 2 16.5 ± 0.9 5.12±0.04 9.2 t 0.5 
0 94 

8h 40min 3 81.8 ± 1.1 5.99 t 0.06 1.0 0.0 

Bulk -- 6.35 ± 0.05 23.1 t34 
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Figure 8.21. Reflectivity profile of 10 wt-% R3 (f3)/ DPDMS blend on D20 at room 
temperature. The solid lines represent the fits to three layers model using Parratt32. 
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Figure 8.22. Scattering Length profile of 10 wt-% R3 (fraction 3)I DPDMS blend on D20. 
Obtained from the fit to three layers model using Parratt32. 
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Figure 8.23. R3 volume fraction profile of 10 wt-% R3 (fraction 3) in the different layers 
of the model. 
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Figure 8.24 shows the reflectivity profile of 3 wt-% R3 (f6)/ DPDMS blend on D20 at room 

temperature. The solid lines represent the fit to the three layer model using Parratt32 It can 

be seen that both profiles are almost identical, this is due to the fact that when the first run 

was recorded 2h 40 min had already passed since the spreading of the chloroform solution 

of the blend on the surface. This seems to indicate that the spreading has already happened 

after 2h 40min since the second run profile did not change significantly respect the first run 

(- 5h 20 min). 

Figure 8.25 shows the R* Q4 reflectivity profile of 3 wt-% R3 (f6)/ DPDMS, the solid lines 

represent the fit to three layer model using Parratt32. The model used to fit these data is the 

same model used for the previous experiments. In this figure, it can be seen that the fringe 

effectively did not change noticeably; even the fitting parameters are very similar between 

the two runs and the values are more or less within the error The fitting parametrrs . im 

given in Table 8.10. 

The scattering length density profiles are shown in Figure 8.26. As can be observed both 

profiles are almost the same, with one difference that the roughness between some of the 

layers has changed, and now show a sharper transition between them, this indicates a 

smoother interface that could have been achieved because the spreading has aliv. idy 

happened or is near completion. 
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Figure 8.24. Reflectivity profile of 3 wt-% R3 (fraction 6)I DPDMS blend on D20 at room 
temperature. The solid lines represent the fits to a three layer model using Parratt32. 
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Figure 8.25. R* Gl4 reflectivity profile of 3 wt -% R3 (fraction 6)/ DPDMS blend on D20. 
The solid lines represent the fit to three layers model using Parratt32. 

Table 8.10. Fitting parameters for the 3 wt-% R3 (fraction 6)/ DPDMS blends. Three 
layers model. 

Time Layer d/ A p/ 10-6A -2 a/A x2 

1 12.7 ± 1.1 3.99 0.4 1.5±0.6 

2h00min- 2 19.0± 1.0 4.89±0.04 5±2.1 
0.83 

2h40min 3 75.6 0.9 6.00±0.06 2.5±0.9 

Bulk -- 6.35 ± 0.05 13.7 ± 3.6 

1 14.8 ± 2.7 3.83 ± 1.3 1.4+0.4 

5h20min- 2 19.4 2.7 4.85±0.04 4.3±2.4 
0.94 

6h 00min 3 73.5 + 0.6 6.0 ± 0.1 0.5 ± 0.5 

Bulk -- 6.35 t0 05 18.6+4.2 
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Figure 8.26. Scattering length density profile of 3 wt-% R3 (fraction 6)/ DPDMS blend 
on D20. Obtained from the fit to three layers model using Parratt32. 

The R3 (f6) volume fraction profile is shown in Figure 8.27. As can be seen the volume 

fraction of R3 has increased from the first run to the second run. This effect may be due to 

some of the resin relocating between the layers. 

The amount of R3 (f6) calculated from the volume fraction for each run was 93 and 11 jig, 

respectively. This amount of resin is distributed between the three layers. Also, the adsorbed 

amount of R3 (f6) on the surface was found to be for each run 0.41 and 0.46 µg cm 

respectively. These values are in good agreement with the theoretical value, 0.44 mg m 

which indicates that the particles are closely packed on the surface. 

Figure 8.28 shows the reflectivity profile of 10 wt-% R3 (f6)/ DPDMS blend on D70 at room 

temperature. The solid lines represent the fit to three layer model using Parratt32 As can be 

seen both profiles are almost identical, as for the previous experiment this is because the 

time that has elapsed from the spreading of the blend on the surface to the time of recording 

the data, is already of few hours. This also seems to indicate that the spreading has already 

occurred or nearly completion. 

Figure 8.29 shows the R* Q4 reflectivity profile for the 10 wt-% R3 (f6)/ DPDMS blend on 

D20. It can be seen that there are some changes between the runs contrary to the observed 

in the previous figure. This may be due to the fact that in this plot the scale is magnified by 

Q4 and therefore the changes are more visible. 
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Figure 8.27. R3 (f6) volume fraction profile in the different layers of the model. 
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Figure 8.28. Reflectivity profile of 10 wt-% R3 (fraction 6)1 DPDMS blend on D20. The 
solid lines represent the fits to three layers model using Parratt32. 
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Figure 8.29. R* Q4 reflectivity profile of 10 wt-% R3 (fraction 6)I DPDMS on D20 at 
room temperature. The solid lines represent the fit to three layer model using 
Parratt32. 

In Table 8.11 are presented the fitting parameters for 10 wt-% R3 (f6)/ DPDMS blend on 
D20. In summary the resin is located in the top layer. 

The scattering length density profiles are shown in Figure 8.30. It can be seen that as before 

an enriched resin region is formed in the two top layers where most R3 is located, also the 

change in the roughness indicates that the layers have become smoother giving a sharper 
transition. Similar observations can be seen in the R3 (f6) volume fraction profile, shown in 
Figure 8.31. The air/ polymer interface seems to be the preferred location for the R3 (f6) 

since the volume fraction of this layer has significantly increased from the first to the second 

run. This is also repeated in the second layer where the volume fraction has increased, 

between these two layers where the resin is mostly located. The bottom layer has only ;a 

small concentration of R3. 

The total amount of R3 (f6) calculated from the volume fraction has been found to be 14 and 

19 µg. Not surprisingly, these values are, as expected, higher than the total amount found in 
the 3 wt-% R3 (f6)/ DPDMS blend used in the previous experiment. 

Similarly for the adsorbed amount of R3 (f6) on the surface, the values are 0.62 and 0 85 mg 

m, 2. These values are, as expected, higher than for the 3 wt-% R3 (f6)/ DPDMS blend, and 
indicate that there are even more resin particles on the surface. 
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Table 8.11. Fitting parameters for the 10 wt-% R3 (fraction 6)1 DPDMS blends. Three 
layers model. 

Time Layer d/ API 10-6 A-2 6IA x2 

1 11.5 ± 0.3 3.3 ± 0.2 0.8 ± 0.3 

2h40min- 2 32.0 ± 0.7 4.75 ± 0.01 16.4 2.9 
1.68 

3h20min 3 72.9 ± 0.9 6.0 ± 0.1 0.0±0.5 

Bulk -- 6.35 ± 0.05 16.9 3.8 

1 10.6 ± 0.30 2.6 ± 0.2 1.2 ± 0.5 

6h00min- 2 35.1 ± 0.92 4.40±0.01 0.0±1.8 
1.22 

6h40min 3 65.5± 1.0 6.0±0.04 0.0±0.5 

Bulk -- 6.35±0.05 19.5 3.5 
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Figure 8.30. Scattering length density profile of 10 wt-% R3 (fraction 6)! DPDMS blend 
on D20. Obtained from the fit to three layer model using Parratt32. 
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Figure 8.31. Volume fraction profile of 10 wt-% R3 (f6) in the different layers of the 
model. 

Figure 8.32 shows the reflectivity profile of 3 wt-% R3 (f10)/ DPDMS blend on D? O at room 

temperature. The solid lines represent the fit to three layer model using Parratt32. It can be 

seen the appearance of a small fringe in the second run at about 0.16 A'. This sample run 

was recorded just 30 minutes after the blend was spread on the surface 

Figure 8.33 shows the R* Q4 reflectivity profile of 3 wt-% R3 (f10)/ DPDMS on D20, from this 

plot is also possible to see a second fringe. The two fringes are small, but both are visible in 

the profile for the second run. This indicates that as the time elapses the layer is getting 

more uniform, therefore a more detailed profile. A summary of the fitting parameters 

obtained for this sample is given in Table 8.12. As can be seen there are significant changes 

in most of the layers but particularly in the bottom layer. The scattering length density profile 

is shown in Figure 8.34. In this plot the enriched resin region is very noticeable, with a layer 

of almost pure resin, and the middle layer which seems to correspond to an enriched resin 

blend; as observed in the other samples, the bottom layer is mainly DPDMS with a small 

concentration of R3 (f10) in it. The fact that the bottom layer is getting thicker in this 

experiment was not noticed as in some of the other experiments, and may be due to the time 

that has elapsed from the spreading until the data were recorded, In this sample, this time 

was very short between the two runs, which means that the spreading was still occurring, 

whilst for some of the others samples the time between runs was up to few hours. 

179 



10' 

is i04 

0 

10 
Q) 

10, 
0.05 0.10 0.15 0.20 0.25 0.30 

Q/A-' 

Figure 8.32. Reflectivity profile of 3 wt-% R3 (f10)/ DPDMS blend on D20 at room 
temperature. The solid lines represent the fit to 3 layers model using Parratt32. 
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Figure 8.33. Reflectivity profile of 3 wt -% R3 (fraction 10)1 DPDMS blend on D20. The 
solid lines represent the fits to three layers model using Parratt32. 
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Table 8.12. Fitting parameters for the 3 wt-% R3 (fraction 10)/ DPDMS blends. Three 
layers model. 

Time Layer d/ A p/ 10 6 A-2 c/A X7 

1 12.6 ± 2.7 1.3 + 0.02 2.0 +07 

Oh30min- 2 18.5 ± 0.6 5.4 ± 0.3 1.5 t 09 
1 58 

1h00min 3 60.0±0.8 6.0±0.05 1.0 ± 0.3 

Bulk -- 6.35 f 0.05 25 0 26 

1 12.5+1.2 1.4±0.02 2.0 04 

3h 00min - 
2 22.0 ± 0.7 4.99 ± 0.3 4.1 t 1.3 

111 
3h 30min 3 77.0 ± 0.7 6.0 ± 0.07 21 3.5 

Bulk -- 6.35 ± 0.05 20 t 4.3 
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Figure 8.34. Scattering length density profile of 3 wt -% R3 (fraction 10)/ DPDMS blend 
on D20. Obtained from the fits to three layers model using Parratt32. 
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The R3 volume fraction profile is shown in Figure 8.35. It can be seen that the R3 presence 
increases from the first to the second run, in both of the top layers. This indicates as 

mentioned before, the spreading is still going on when the data was recorded. 

The total amount of R3 calculated from the volume fraction profile is constant, 19 µg. It 

seems that the resin and blend itself are relocating between the layers, since the total 

amount in each run is the same. The adsorbed amount of R3 (f10) on the air/polymer 
interface calculated using Equation 8.3, is constant, 1.5 mg M-2 in both runs. These values 

show, again, that the particles are closely packed on the surface. 

Figure 8.36 shows the reflectivity profile of 10 wt-% R3 (f10)/ DPDMS blend on D20 at room 
temperature. The solid lines represent the fit to the three layer model using Parratt32. It can 
be seen there is almost no difference between the two runs. Figure 8.37 shows the R` Q° 

reflectivity profile of 10 wt-% R3 (f10)/ DPDMS on D20, a small fringe is evident in the 

second run at approximately 0.11 A-'. The fitting parameters are shown in Table 8.13. Again, 

there are no significant changes in the values of the parameters. The top layer is thought to 

be only resin, given the scattering length density for this layer in both runs. And the other 
layers showed the same trend as in the other samples, the middle layer which again looks 

like the enriched resin blend, and the bottom layer is DPDMS with a very low resin 

concentration. 
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Figure 8.35. R3 volume fraction profile of 3 wt-% R3 (f10) in the different layers of the 
model. 
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Figure 8.36. Reflectivity profile of 10 wt-% R3 (f10)/ DPDMS blend on D20 at room 
temperature. The solid lines represent the fit to 3 layers model using Parratt32. 

The scattering length density profile of 10 wt-% R3 (f10)/ DPDMS blend on D20 is shown in 

Figure 8.38. It can be seen that there is a resin layer and a blend enriched resin layer The 

shape of the profile is also modified by the roughness of the sample. 

The R3 (f10) volume fraction profile is shown in Figure 8.39. Same as seen in the scattering 

length density profile, the top layer is mainly resin with a volume fraction of almost 1 0, ie 

pure resin. And for the other layers there is no change or within the error. 

The total amount of resin calculated from the volume fraction profile is 20 and 22 tag in the 

first and second run, respectively. The adsorbed amount of R3 on the air/ polymer interface 

is constant 1.6 mg m-2 in each layer. The theoretical value for this particle size is 0 55 mg m 
2. These values are comparable with that obtained for 3 wt-% R3 (f10), it seems to indicate 

that this particle size, even at low concentrations, has almost occupied the whole surface 

and only takes fewer particles. 
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Figure 8.37. Reflectivity profile for 10 wt-% R3 (fraction 10)1 DPDMS blend on D20. The 
solid lines represent the fits to three layers model using Parratt32. 

6 

0 
5 

C4 
a) " O 
=3 
rn 
C Q) J 

rn 2 
C 

1 MWA, 
" Run1 

U) " Run 2 
0 ---- 

0 20 40 60 80 100 120 140 
Distance /A 

Figure 8.38. Scattering length density profile for 10 wt-% R3 (fraction 10)/ DPDMS 
blend on D20. Obtained from the fit to three layers model using Parratt32. 
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Table 8.13. Fitting parameters for the 10 wt-% R3 (fraction 10)/ DPDMS blends. Three 
layers model. 

Time Layer d/ A P/10 -6A-2 QIA X' 

1 12.6 ± 3.6 1.1 ± 0.2 0.0 ± 0.3 

1h00min- 2 21.6±0.4 5.1±0.3 2.0t0.4 
1 03 

1h 30min 3 71.1 ± 0.5 6.0 ± 0.04 8.0 r 3.7 

Bulk -- 6.35 t 0.05 17 743 

1 12.6 ± 0.7 1.1 ± 0.02 00 02 

3h 30min - 
2 23.5 ± 0.6 4.7 i 0.4 0.4 0.0 

1 25 
4h00min 3 71.0 ± 0.6 6.0±0.07 12.5 t 39 

Bulk -- 6.35. t 0.05 20.0 t 4.5 
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Figure 8.39. R3 (f10) volume fraction of 10 wt -% R3 (f10)! DPDMS blend in each layer of 
the model. 
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8.3.1 EFFECT OF CONCENTRATION 

The effect of increasing the concentration from 3 wt-% to 10 wt-% of R3 (f3) is shown in 

Figure 8.40. The increase of the concentration has a dramatic effect on the reflectivity profile 

as it can be seen in Figure 8.40. 

The fitting parameters obtained for the 3 and 10 wt-% R3 (f3)/ DPDMS blend are given in 

Table 8.8 and Table 8.9 in the previous section. Not surprisingly, it can be noticed that the 

low concentration has a higher scattering length density than the 10 wt-%, as there is less 

resin in the blend. The middle layer has almost the same scattering length density; this is 

related to enriched resin region. The bottom layer which has a slightly higher scattering 
length density is thought to be the part of the mixture initially sank on the D20. 

Also, the amount of resin calculated for the volume fraction agrees with the R3 

concentration, for 3 wt-% R3 (f3)/ DPDMS, was found that 12 µg were present. Whilst for 10 

wt-% R3 (f3)/ DPDMS, was found that 15 µg were present. In addition, the adsorbed amount 

of R3 on the surface calculated was of 0.29 and 0.65 mg m-2, for the 3 and 10 wt-% R3 (f3), 

respectively. These values are consistent with the concentration, the lower concentration, 

has less particles on the surface. 
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Figure 8.40. Concentration effect on the reflectivity profiles for 3 wt% and 10 wt% R3 
(fraction 3)I DPDMS blends on D20. The solid lines represent the fits to three layers 
model using Parratt32. 
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A comparison between the 3 and 10 wt-% R3 (f6)/ DPDMS blend, allows us to see the 

changes that occurred when the concentration is increased. As can be seen in Figure 8 41, 

the concentration has a dramatic effect in the reflectivity profile. 

The fitting parameters for the 3 and 10 wt-% R3 (f6)/ DPDMS blend, are given in Table 8.10 

and Table 8.11. As expected the scattering length density for the 10 wt-% R3 (f6) has a 

lower scattering length density due to the high resin concentration. The middle layers, which 

are also enriched in R3, have lower scattering length density than the expected for the blend 

(3 wt-% R3 p� = 5.17 x 10-6 A-2 and 10 wt-% R3 E),, = 4.92 x 10.6 A-2, these values were 

estimated using the scattering length density obtained for the DPDMS in section 81 

exp = 5.3 x 10-6 A-2) 

The total amount of R3 (f6) calculated from the volume fraction by integrating the area under 

the curve, is in good agreement with the concentration of the R3 (f6) in the blends it was 

found for 3 and 10 wt-% R3 (f6) to have 11 µg and 19 µg, respectively Also, the adsorbed 

amount of R3 (f6) on the surface calculated was of 0.46 and 0.85 mg m ', for the 3 and 10 

wt-%, respectively. 
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Figure 8.41. Effect of the concentration on the reflectivity profiles for 3 wt-% and 10 
wt-% R3 (fraction 6) blends on D20. The solid lines represent the fits to three layers 
model using Parratt32. 
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The effect of increasing the concentration of R3 (f10) from 3 to 10 wt-% is shown in Figure 

8.42. As can be seen the increase of the concentration causes some changes, although 
these changes are not as significant as in the other particle sizes. 

The fitting parameters for the last run for 3 and 10 wt-% R3 (f10)/ DPDMS blend are 

presented in Table 8.12 and Table 8.13. It can be seen that at low concentration, not 

surprisingly, there is less resin in the top layer. At higher concentration, as expected, there is 

more resin in every layer of the model but in particular in the top layers. However, the bottom 

layer shows the same scattering length density in both samples, this is related to the 

DPDMS as seen in the model for the DPDMS melt. 

In addition, the total amount of R3 (f10) calculated from the volume fractions agrees with the 

concentration, that is 19 and 22 µg for the 3 and 10 wt-%, respectively. And the adsorbed 

amount of R3 (f10) on the surface is 1.5 and 1.6 mg m-2 for each sample respectively. The 

fact that these values are similar may indicate that with 3 wt-% of R3 the surface was already 

covered by closely packed R3, and could not take any more on it. 
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Figure 8.42. Reflectivity profiles of 3 and 10 wt-% R3 (f10)/ DPDMS blend on D20 at 
room temperature. The solid lines represent the fit to three layers model using 
Parratt32. 
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8.3.2 EFFECT OF PARTICLE SIZE 

Figure 8.43 shows the reflectivity profiles for the three different particle sizes of 3 wt-% R3 

used in this study. It can be seen the changes in the profiles for the small particle size (13) 

the profile shows a minimum at approximately Q=0.07 A'' and a maximum at about Q  

0.14X1. Whilst the other two profiles only show one minimum at approximately Q=0.10 and 
0.15 A''. A summary of the fitting results obtained for these samples is given In Table 8.14. 

As can be seen the thickness of the layer for the smallest particle size Is the thickest as well, 
this is thought to be due to aggregation of the particles and therefore forming clusters of 

resin, also the scattering length density associated to this layer Indicated that the layer Is 

enriched in resin, since it is lower than the expected for the blend but significantly higher 

than the resin. 

Fraction 6, medium particle size used, shows similar behaviour, but the thickness of the top 

layer is significantly less thick. However, it shows a higher volume fraction of R3 In It, I. e., 

scattering length density is even lower than in the previous sample. Finally, for the big 

particle size, the thickness of the layer is less thick than any of the other two samples. 
Additionally, the scattering length density is almost of pure resin Indicating that the resin has 

actually migrated from the polymer to the surface. 

The changes in the thickness are believed to be due not only to the particle size but also to 

its shape as well as its hydrophobic character that is closely related to the size of the 

particles. In a previous study 151 it was found that the size of the particles has a linear 

relationship with the molecular weight; the low molecular weight resin would have mainly 

spherical particles, whilst the higher molecular weights would have mainly cylindrical 

particles as can be seen in Table 8.7. Thus, fraction 6 and fraction 10 have the top layer 

thickness comparable, as to their radius, 11.3 and 14.1 A, respectively. However, the 

scattering length density indicates that the bigger particle has packed more efficiently on the 

surface. This can also be due to the hydrophobicity of the particles; bigger particles are 
thought to be more hydrophobic so the resin would rather accumulate at the air/ polymer 
interface rather than the polymer/ water interface. 

The bottom layer, as can be noticed is almost constant for all the samples, the thickness Is 

very similar. However, this layer is a dilute resin/ DPDMS blend. It also has a very similar 

scattering length density to bulk DPDMS. 

The adsorbed amount of R3 on the surface for the different samples Is very variable and can 

also be associated to the particle size. For fraction 3, r-0.29 mg m'2 which Is in correlation 

with the concentration of the R3 particles. For fraction 6 the adsorbed R3 on the surface, r, 

0.46 mg M-2, and for fraction 10, r=1.5 mg M-2. 
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Figure 8.43. Effect of the particle size on the reflectivity profiles for 3 wt-% R3 
(fractions 3,6 and 10) blends on D20. The solid lines represent the fits to three layers 

model using Parratt32. 

Figure 8.44 shows the reflectivity profiles for the three different particle sizes of 10 wt-% R3 

used in this study. The profile shows a minimum at approximately Q=0.11 A-'. Whilst, 

medium particle size (f6) profile show one minimum at approximately Q=0.07 and 0.15 A-'. 

A summary of the fitting results obtained for these samples is given in Table 8.15. As can be 

seen the thickness of the top layer for the smallest particle size is still the thickest of the top 

layers. The scattering length density is lower than the one for the blend, so that the layer is 

enriched resin. 

Fraction 6, medium particle size used, shows a completely different behaviour, the thickness 

of the top layer is less thick, it shows a higher volume fraction of R3 in it, i. e., scattering 
length density is lower than in the previous sample. The middle layer also shows lower 

scattering length density, but it is also thicker, this maybe due to the accumulation of resin in 

this layer. As mentioned before the hydrophobic character of the resin is thought to be 

closely related to its molecular weight, same as its particle size. Therefore, the increase of 

the R3 presence on the top layers means that it is actually more hydrophobic than the R3 

(f3); but less hydrophobic than R3 (f10). So there will be some resin that would also have 

some amphiphilic character and this would prefer DPDMS/ water interface. 
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Table 8.14. Comparison of the fitting parameters for the 3 wt-'Yo R3 (fractions 3,6 and 
10)1 DPDMS blends. Particle size effect. 

3 wt-% R3 Layer d/ Ap 110'6 A'2 a/Ax 

1 30.2 ± 0.3 4.44 10.1 0.8i 0.8 

2 15.99±0.2 5.20: t 0.01 3.3±2.1 
f3 0.68 

3 79.3±0.9 5.99 ± 0.02 0.0±0.0 

Bulk - 6.35 ± 0.005 27.2 t 4.0 

1 14.8±2.7 3.83± 1.3 1.2±0 

2 19.4 ± 2.7 4.85 ± 0.04 4.3 ±0 
f6 0.94 

3 73.5 ± 0.6 6.0 ± 0.1 0.5 ±0 

Bulk -- 6.35 ± 0.005 18.6 ±0 

1 12.5 ± 1.2 1.4 ± 0.02 0.0 ± 0.0 

2 22.0 t 0.7 4.99 ± 0.3 0.4 ± 0.1 
f10 1.11 

3 71.0±0.6 6.0±0.07 12.5±0 

Bulk - 6.35 10.005 20.0 10 

In fraction 10 the thickness of the top layer is less thick than the top layer for fraction 3, but 

slightly thicker than the top layer for fraction 6. Additionally, the scattering length density is 

that of pure resin, and as mentioned before it seems that the resin has migrated from the 

polymer blend to the surface. 

Similarly to the samples with 3 wt-% R3, the changes in the thickness are believed to be due 

not only to the particle size and shape but also its hydrophobic character. However, for this 

case the thickness of all three top layers is comparable with the particle size. Nevertheless, it 

seems that in fraction 3 some aggregation occurs. 

Fraction 10 shows almost the same thickness for the top layer than in the 3 wt-%, only the 

scattering length density has slightly changed, indicating that some more resin has been 

located in the air/ polymer interface, this means that it has packed more efficiently on the 

surface therefore incrementing its concentration on it. 
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Figure 8.44. Effect of the particle size on the reflectivity profiles for 10 wt-% R3 
(fractions 3 and 6) blends on D20. 

The adsorbed amount of R3 on the surface for the different samples is very different and 

could also be associated to the particle size. For fraction 3, F=0.65 mg m-2; for fraction 6, F 

= 0.85 mg m-2 and I' = 1.6 mg m-2, fraction 10. Interestingly, fraction 10 shows almost the 

same adsorbed amount on the surface for both concentrations. Another striking observation 

was that when these results were compared to the 10 wt-% R3/ DPDMS blend used in 

section 8.2. The adsorbed amount of R3 on the surface was lower (F = 0.82 mg m-2), it is 

attributed to the quality of the samples, the commercial sample used in the firsts experiments 
is very polydisperse ( Mw/ Mn = 4). This means that the particles will be almost of any size 

and shape in the same sample, but at the same time this would have meant that the packing 

of the particles on the surface could be even more efficient since the smaller particles could 
fill the gaps left between the bigger particles. Perhaps the average size in the commercial 

sample is comparable with fraction 6, since the adsorbed amounts are similar at the same 

concentration. 
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Table 8.15. Comparison of the fitting parameters for the 10 wt-. 6/6 R3 (fractions 3,6 and 
10)1 DPDMS blends. Particle size effect 

10 wt-% R3 Layer d! A p 110.4 A" aIA x2 

1 17.6 ± 0.5 3.28: t 0.2 1.0±0.2 

f3 
2 16.5±0.9 

3 81.8±1.1 

5.12: t 0.04 9.2: t 0.5 

5.99±0.06 1.0±0.0 
0.94 

Bulk - 6.35 f 0.005 23.1 t 3.4 

1 10.6 ± 0.3 2.6±0.2 1.2±0 

f6 
2 35.1 ±0.9 4.40±0.01 0.0±0 

3 65.5 ± 1.0 6.0 ± 0.04 0.0 ±0 
1,22 

Bulk -- 6.35 ± 0.005 19.5 30 

1 12.6 ± 0.7 1.1 ± 0.02 0.0 ±0 

fI0 
2 23.5 ± 0.6 4.7 ± 0.4 0.4 ±0 

3 71.0±0.6 6.0±0.07 12.5±0 
1.25 

Bulk -- 6.35 ± 0,005 20.0 10 

8.4 PAF as bulk phase 

This experiment consisted in spreading a layer of approximately 50 A thick of 10 wt"% R3/ 

DPDMS blend on a PAF surface. The experiments and data collection was performed in the 

same way as for the experiments reported in section 8.2. Figure 8.45 shows the reflectivity 

profile for the averaged file for all the runs. The solid line represents the fit to a three layer 

model. There is a clear critical edge, which was not expected, since the bulk phase, PAF, 

has a scattering length density lower than the resin/ DPDMS blend. The critical edge Is at 

approximately 0.015 A 1, which corresponds to a scattering length density of 4.48 x 106 A'2. 

This value seems to correspond to a mixture of the two polymers at the Interface. In our 

previous experiments it was found that the PAF and PDMS are miscible in each other and 

that the particles seemed to stabilise this blend. 

It is believed that the chloroform used to spread the 10 wt-% R3/ DPDMS blend, has aided 
the formation of a diffuse layer, since both polymers are soluble In CHCI3 and also miscible 

in each other; the diffuse layer may be of several nanometres thick. It was very difficult to 
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obtain an acceptable fit for this sample, the parameters when left to float would reach 

unreasonable values. Even though, the experiment was run for 12 hours the data are very 

noisy and the only way to improve it was to create an averaged file for all the runs. In Figure 

8.46 shows the R* Q4 reflectivity profile for the 10 wt-% R3/ DPDMS blend on PAF as a 

function of time, as can be seen the profiles do not show a defined structure. A maxima may 

be seen at Q= 0.08A-'. 
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Figure 8.45. Reflectivity profile of 10 wt-% R3/ DPDMS blend on PAF at 25 °C. Solid 
line represents the fit using Parratt 32. 

The best fitting parameters obtained for the first run and for the averaged file for all the runs 

using Parratt32, are shown in Table 8.16. It can be seen that the thickness and roughness of 
the layer are very large. This can be attributed to the diffuse layer which would not have 

defined borders. The scattering length density in the two layers are similar in both cases; but 

in this case is difficult to differentiate between the PAF and the resin, because they both 

have a low scattering length density. The roughness of the layers in these fits is somehow 

very large, but these are the most sensible values that were possible to obtain. 

Figure 8.47 shows the scattering length density profile for the 10 wt-% R3/ DPDMS blend on 
PAF. It can be seen how that the large roughness changes the profile. Even though it is 

194 



possible to distinguish the bottom layer and bulk phase Again it iti vt, iy dif1i( ý111 
there is any accumulation of the resin in any of the layers. 
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Figure 8.46. Spreading dynamics of 10 wt-% R31 DPDMS blend on PAF at 25 "C. 

Table 8.16. Fitting parameters for 10 wt-% R31 DPDMS blend on PAF as a function of 
time. Three layers model. 

Time Layer d/ Ap/ 10-6 A-2 o/Ax2 

1 294.0±9.0 4.2+0.3 245+ 11 

2 7.4 ± 2.0 2.4 ± 0.2 12 t4 
0-3h 139 

3 60.0 ± 5.2 5.4 ± 0.5 21 9 

Bulk -- 0.6 + 0.05 573 

1 510±10 4.2+0.5 244! 15 

Averaged file 2 5.4 ± 0.8 2.7 + 0.9 15 6 
136 

3 63.1±3.2 5.30.4 30 8 

Bulk -- 0.6 + 0.05 62 

19 



6 

N 

5 w 0 

Z' 4 
</) 
C 
Q) 
0 

3 
rn 
a) 

J 
C) 

2 

C 

w_ 

U1 

-200 

" 10 wt-% R3/ DPDMS blend on PAF 

0 200 400 

Distance /A 

r 

. 

0 

ftmý 

600 800 

Figure 8.47. Scattering Length density profile for 10 wt -% R3l DPDMS on PAF. 
Obtained using Parratt32. Data shown correspond to the averaged file for all the runs. 

8.5 Conclusion 

The spreading of the DPDMS film on water from chloroform took several hours. The 

reflectivity profiles for the runs taken at 3 and 6 hours, showed significant changes. The 

fitting parameters for the DPDMS film were obtained using a two layer model after a one 

layer model failed to fit the data. The two layers are believed to be due to a part of the 

DPDMS film forming lenses on the D20 surface; this causes a diffuse layer of DPDMS and 
D20 with a different density and therefore different scattering length density. The distribution 

of the DPDMS on the surface is believed to change because the spreading was still reaching 

equilibrium even after 9 hours. The scattering length density for the pure DPDMS melt was 
found to be on average 5.3 x 10-6 Ä-2 compared with the theoretical 5.05 x 10-6 A-2, which are 
in good agreement taking into account that the scattering length density varies with the 

physical density of the materials. 

The addition of nanoparticulate resin, R3, to the DPDMS has been shown to cause dramatic 

changes, in the reflectivity profile and hence the scattering length density profiles. The three 

layer model used to fit these data was modified until the fitting parameters of all the samples 

were self consistent. 
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The nanopolysilicate resin hydrophobic character was highlighted by the fitting results, which 

showed that the resin does effectively pack itself at the air/ polymer Interface. These results 

were more distinguishable for larger particles and high concentration of resin. 

The monodisperse nanopolysilicate resin, i. e., all the particles are more or less of the same 

size; it seems that the bigger the particle the more hydrophobic It Is, This is clearly shown by 

the samples which have 10 wt-% R3 but different particle size. These samples all showed 
that the resin accumulated on the two top layers, forming an enriched resin region. 
Additionally, the scattering length densities decreased as the particle size Increased. The 

sample with commercial quality R3, showed a low scattering length density, although It did 

not match the one of the pure resin. 

The thickness of the layer was found to be comparable to the radius of the particles at all 

concentrations, but the smaller size at low concentration, i. e., e3 wt-% R3 (f3). It was found 

to be significantly larger than the radius; this may be due to some aggregation of the 

particles. Also the adsorbed amount on the surface was found to depend on the 

concentration and particle size. It was seen that the resin Is closely packed on the surface for 

all the cases, but the small particle size (f3) at low concentration, which showed that the 

particles are less packed than estimated for the particle size. 

The spreading dynamics could not be measured accurately by the data obtained In this 

study. However, it seems that the addition of the nanopolysilicate resin eases the spreading 

process. 
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9 Conclusions and Further work 

9.1 Conclusions 

PDMS molecular weight was seen to influence all the properties studied. High molecular 

weight polymers have shown reduced chain mobility in good agreement with the literature 
11.21 and therefore short spin-spin relaxation time, T2. The activation energy for this process, 

as expected, was also found to be dependent on the molecular weight. 

The addition of 30 wt-% nanopolysilicate, R2, was seen to reinforce the PDMS melts at low 

molecular weights; however, at high molecular weight a solvation effect was seen (174 k 

PDMS melt). Evidence of this behaviour was observed In the T2 relaxation data. These 

observations were supported by the activation energy results which showed that a higher 

energy was required for the relaxation processes to occur at low molecular weights, whilst 
for the high molecular weight much lower activation energy was needed. In contrast, the 

addition of hydroxyl nanopolysilicate resin, R2-OH, was found to reinforce the PDMS melts 

over the range of molecular weights studied. Shorter T2 than those of R2 alone indicated 

stronger interactions between the nanopolysilicate particles and PDMS, due to the hydroxyl 

groups which are more hydrogen bonding. However, It required lower activation energy to 

relax than that for the pure melt. 

Studies on the T1 relaxation time for all the samples, showed an Increase with Increasing 

molecular weight, but became independent of the molecular weight at high molecular 

weights. As well as being independent of the addition of the different nanopolysilicate resins. 

Langmuir films for PDMS showed similar results to those found by Bernett and Zisman 131. 

And for the PAF which besides being a siloxane family member does not have the same 

molecular structure, a very different isotherm was found. 

The R3/ PDMS blends did not show large effect In the surface tension, although the surface 

pressure was reduced below that of PDMS melt. Interestingly, the RIO/ PDMS blend 
behaved completely different showing a critical concentration at 5 wt-% RIO; above this 

concentration some changes could be observed but they did not depended on concentration. 

Similarly, the R3/ PAF and R10/ PAF blends showed a critical concentration at 5 wt-% R3 at 

which large changes were seen and again, above this concentration some of the blends 

showed some changes and even similar curves than for 5 wt-%, but their behaviour did not 

appear to depend on concentration. These results are comparable with those obtained for 

the surface tension analyses. 

The adsorbed amount on the surface at the critical concentration was found to be 1.86 mg 

M-2, which represents an area per molecule of 10.7 nm2; above this concentration the 

adsorbed amount is constant which indicates that the particles are closely packed. 
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The addition of RIO seems to show similar effects in the different polymer melts studied, 
PDMS and PAF. Also, the PAF behaved similarly with both the resins; showing some 
flexibility in its future uses. 

The study of the addition of different nanopolysilicate particle sizes in other polysiloxane fluid 
(PAF) showed similar behaviour to the PDMS. Shorter spin-spin relaxation times were 
observed in all instances. However, the particle size of the nanopolysilicate seems to have a 
different effect than expected. The smaller size used but polydisperse, R3, caused a more 
dramatic reduction on the relaxation times, T2; whilst the RIO, larger particle size showed 
weaker interactions 

Neutron reflectivity experiments showed that the spreading of a DPDMS film has slow 
dynamics taking several hours. The fit result showed that a two layer model was more 
appropriate to describe the data. The two layers are thought to be due to part of the DPDMS 
film forming lenses on the D20 surface. The scattering length density for the pure DPDMS 

melt was found to be in good agreement with the values reported in the literature, 5.3 x 10-6 
/ 21°j. 

The addition of nanopolysilicate resin, R3, to the DPDMS was seen to cause dramatic 

changes, as expected, on the reflectivity profile and scattering length density profiles. A three 
layer model was used to fit the data. The spreading of the blend on the D20 surface was 
assumed to occur in a similarly to the DPDMS melt. This is confirmed by the scattering 
length density of each layer. 

The monodisperse nanopolysilicate resin, i. e., all the particles are about the same size; it 
seems that the larger particles are more hydrophobic. This is clearly shown by the samples 
with 10 wt-% R3 (f10), larger particle size. These samples all showed that the resin was 
accumulated on the two top layers, forming an enriched resin region. The nanopolysilicate 
resin hydrophobic character has been confirmed by these results, it was seen that the resin 
is packed at the air/ polymer interface. These results were more distinguishable at higher 
concentration and larger particle size of nanopolysilicate resin. 

The spreading dynamics could not be measured accurately by the data obtained in this 
study. However, it seems that the addition of the nanopolysilicate resin eases the spreading 
process. 

9.2 Further work 

9.2.1 NUCLEAR MAGNETIC RESONANCE 

Further studies using NMR technique for high molecular weight PDMS/ nanopolysilicate 
resin blend in a range of resin concentrations would be useful. This would enable us to 
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determine the concentration at which the resin starts to show the solvation effect In the high 

molecular weight PDMS. Similarly, the study of the resin/ PDMS blend with a range of 
different particle sizes of nanopolysilicate resins would allow looking up at the particle size 

effect on the chain mobility. 

9.2.2 SMALL-ANGLE NEUTRON SCATTERING 

The study of R2/ DPDMS blends similar to those studied In nuclear magnetic resonance 

section 7.2.2.1. Small-angle neutron scattering measurements can be used to determine the 

size of polymer chains in multicomponent mixtures. Where in the case of high molecular 

weigh that showed solvation effect with addition of nanopolysilicate resin, the resin could be 

used as a solvent. 

9.2.3 NEUTRON REFLECTION 

Experiments in neutron reflection are envisaged for the dynamics of the spreading of 
DPDMS on aqueous surface; which would allow us to determine accurately the time required 
for complete spreading or until equilibrium state is attained; and similarly for the resin/ 
DPDMS blends. These experiments would require a high neutrons flux, which would allow 
checking the kinetics at shorter intervals of time. 

Ideally, the availability of deuterated nanopolysilicate resin/ PDMS blends, would allow using 
a range of contrast match that would shoe the exact location of the particles. A good Insight 
has been obtained for the hydrogenous form In this study but more precisely if any 
aggregation is occurring. 
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