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Oligomer/polymer mixtures as model adhesives:  
Impact of compatibility on surface segregation behaviour 

Abstract - Elise Sabattié 

Molecular migration, segregation and self-organisation in polymers are phenomena that govern 

the processing, performance and life-time of many materials and formulations. Despite the 

widespread use of oligomer/polymer mixtures for industrial purposes, such as in paints, coating, 

packaging and adhesives, relatively little can be found in literature regarding the characterisation 

of such asymmetric systems. Hence, the aim of this thesis is to determine the causes and 

consequences of the surface segregation of low molecular weight components in simplified 

adhesive formulations. In addition, it focuses on producing data for the validation of a new 

model that bridges the gap evidenced in the existing theories.  

First, the key-parameters impacting such surface segregation were hypothesised by 

extrapolating the conclusions from the research conducted on polymer blends. Then, model 

systems were defined in order to mimic the molecular migration in hot-melt adhesives. 

Experimental evidence was generated which showed that the glassy polystyrene domains can 

be neglected in the model formulations. Hence, binary mixtures of oligomer and rubbery 

polymer were chosen to evaluate the impact of the oligomer molecular weight and volume 

fraction, interaction parameter as well as temperature. A systematic evaluation of the 

compatibility was conducted and correlated with similarity in saturation and solubility 

parameter. The results were compared with the predictions of the Flory-Huggins theory, for 

polymer blends. A clear relationship between surface segregation and bulk compatibility was 

evidenced by comparing the compatibility study with results obtained by ion beam analysis and 

neutron reflectometry. In some systems, a nearly pure surface wetting layer of well-defined few 

nm thickness was observed, which was surprisingly independent of sample thickness. In others, 

lateral segregation on scale of few µm was characterised by atomic force microscopy. While 

surface segregation is driven by disparity in molecular weight in highly compatible systems, this 

trend reverses as the critical point is approached. Oligomers of higher molecular weight can 

phase-separate from the bulk and form a wetting layer at the surface. The impact of surface 

segregation on mechanical surface and bulk properties was also assessed by atomic force 

microscopy and oscillatory rheology. It was found that the mechanical bulk properties of the 

polymer were greatly affected by the presence of oligomer, due to plasticisation effects. 
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oligomer at the surface and interface. One dimensional concentration profiles were measured 

by ion beam analysis and neutron reflectometry. These profiles were compared to the 

compatibility results to evaluate the relationship between bulk compatibility and surface 

segregation. These measurements also allowed the quantification of the thickness of the 

segregated layer. In Chapter 6: Adhesive properties of oligomer/polymer mixtures, the link 

between surface segregation at the nanoscale and adhesion properties at the macroscale was 

investigated. Surface energies were evaluated by contact angle measurements and the 

organisation of the oligomer at the surface was also characterised by optical microscopy and 

atomic force microscopy. Oscillatory rheology helped determine the effect of oligomer content 

on the bulk mechanical properties, which also impacts adhesion.  The data obtained as part of 

this investigation are archived in the electronic archive DOI number 10.15128/r11544bp095. 

Finally, the Conclusions of the thesis are shared, followed by recommended areas of focus for 

future work. For example, this thesis is mainly focused on mixtures of amorphous polymers and 

apolar migrants but the results could be extended to polymers presenting low oligomer solubility 

regions such as glassy or crystalline domains.

https://collections.durham.ac.uk/files/r11544bp095#.WbgAe28rLIU
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Chapter 1: LITERATURE REVIEW 

1.1 MISCIBILITY OF POLYMER BLENDS 

1.1.1 THE FLORY-HUGGINS THEORY 

1.1.1.1 Description of the Flory-Huggins solution theory 

For many decades, polymers and their blends have been widely investigated in order to 

comprehend their structural and physical properties. In the early 40s, Kurt H. Meyer2 studied the 

polymers in solution via a statistical approach. His work inspired Maurice L. Huggins and Paul J. 

Flory to develop what is now known as the Flory-Huggins (FH) theory.3,4,5,6 This theory, originally 

designed to describe the statistical thermodynamics of a polymer / solvent mixture, uses a lattice 

model (Figure 1-1) and assumes random mixing.  

 

Figure 1-1: Illustration of the lattice model: molecules of solvent (orange) are mixed with polymer chains (blue). 

The model accounts for the difference in molecular weight between the solvent and polymer 

molecules by setting a reference lattice volume v0 (usually the molecular volume of one solvent 

molecule), and assuming that a polymer chain consists of connected segment of volume v0. In a 

first approximation the lattice volumes are equal for both repeat units. The repulsive interactions 

between the repeat units are described by the impossibility to have more than one polymer 

chain segment or solvent molecule per site and all the lattice sites are filled, implying that the 

materials and their mixtures are incompressible. 
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1.2.4.2 Concentration profiles in the two-phase regime 

In the two-phase regime, the SEL is not stable and a phase separation of the blend into two 

phases of different concentration is expected. 

Wang et al.68 investigated the early-stage surface compositional enrichment in a two-phase 

regime polymer blend, constituted of deuterated poly(methyl methacrylate) (PMMA) (Mw = 90 

kg.mol-1, PD = 1.06, Tg ~ 120 °C) and hydrogenated poly(styrene-ran-acrylonitrile) (SAN) (33 % 

(w.w) acrylonitryle, Mw = 124 kg.mol-1, PD = 2.24, Tg ~ 114 °C). Films of dPMMA-SAN 50-50 by 

mass were characterised by forward recoil spectrometry (FRES or also called ERDA) and atomic 

force microscopy (AFM).  

Three stages of phase evolution were identified. During the early stage, dPMMA rich wetting 

layers grow rapidly at the air/polymer and polymer/substrate interfaces. An increase in the 

surface roughness is observed as well as a layering. During the intermediate stage, the wetting 

layer spreads, thins and dPMMA rich domains grow in the SAN rich middle layer of the film. 

During the late stage, capillary fluctuation cause spontaneous rupturing of the middle layer 

resulting in an interconnected 2D network which eventually coarsens into isolated SAN rich 

droplets encapsulated by thick dPMMA rich wetting layer. From the interpretation of the AFM 

pictures they suggested a three-stage model for thin film phase separation and symmetric 

wetting (Figure 1-6).  

 

Figure 1-6: Three-stage model. The dark and light regions represent the dPMMA rich and SAN rich phases, 
respectively. Reprinted with permission from Wang et al., Journal of Chemical Physics, 113, 10386-10397. Copyright 

2000 AIP Publishing LLC. 
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2.7 ION BEAM ANALYSIS 

2.7.1 EQUIPMENT AND MEASUREMENT PRINCIPLE 

Ion beam analysis (IBA) is a family of techniques that enables rapid quantitative analysis of 

elemental composition versus depth profiles of a labelled component within a material. Its use 

in polymer physics dramatically increased in the early 1990s to understand the behaviour of 

polymer blends and their surfaces. The techniques and their applications were discussed in 

details by Composto et al.116 and Thompson.117  

Briefly, a beam of positive ions is created from a plasma, induced by feeding Helium-3 or Helium-

4 gas into a radio frequency (RF) source chamber. The positive ions are forced out of the RF 

source by applying a 6 kV potential and are injected into a rubidium charge exchange cell (alkali 

vapour) to yield negative ions (Figure 2-2).  

  

Figure 2-2: Schematic of a RF charge exchange ion source. 

The negative ions go through a velocity selector and are focused, by means of a magnet, into the 

accelerator (Figure 2-3). The 1.7 MeV 5SDH pelletron accelerator tube (National Electrostatics 

Corp., Wisconsin, USA) is protected with x-ray shielding to ensure low radiation levels. It is worth 

mentioning that the radiation was monitored and well below 2 µSv/h and that the exposure was 

within the dose limit for a classified worker (20 mSv/year).  
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while controlling beam damage, multiple measurements can be taken at different points on the 

sample and data added together.  

The elastic recoil detection analysis (ERDA) was mainly used in this project. Nuclear reaction 

analysis (NRA) has been used to confirm and reinforce ERDA data when necessary. 

2.7.1.1 Elastic Recoil Detection Analysis (ERDA) 

ERDA has had the greater impact on fundamental polymer science as it can quantify hydrogen 

isotopes depth distribution and does not require the use of costly 3He.117 Combined with 

deuterium labelling, it enables the differentiation between labelled and non-labelled 

components.  

Most commonly, 1 to 3 MeV Helium-4 ion beam is directed at the sample of interest116. For this 

project the samples consist in thin polymer films of about 150 nm thickness containing variable 

amounts of deuterated model additives. Some of the incident beam is forward scattered towards 

the detector. A suitable range foil thickness needs to be chosen so bigger 4He ions are stopped 

by the foil while hydrogen H+ and deuterium D+ can pass through and be detected as shown in 

Figure 2-4. Deuterium ions are heavier than the hydrogen ions and therefore closer in mass to 

the incident 4He ion beam. The kinematics of elastic scattering dictate that the maximum energy 

transfer between incident and scattered ions occurs when they are of similar mass. Hence, 

deuterium ions are detected at a higher energy range since they take a greater proportion of the 

kinetic energy in the collision. By choosing the right incident angle, it is possible to obtain H+ and 

D+ signals resolved from each other.  

 

Figure 2-4: Schematic representation of ERDA. 
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In general, the beam was hitting the sample at an angle of 66 ° and the charge per sample spot 

was 1 µC. Up to 5 spots per spin coated sample could be measured. The data recorded at a 

specific angle was added for better statistics. The detector solid angle for ERDA is 1.43 msr. ERDA 

is considered as an accurate technique with an error of less than 10 % in counts per channel is 

usually achieved with a depth resolution of approximately 15 nm.116  

2.7.1.2 Nuclear Reaction Analysis (NRA) 

Unlike in ERDA, where the sample is submitted to elastic scattering (billiard ball-like collision 

where the total kinetic energy of the system is conserved, the atoms remain chemically the same 

and only the direction of propagation is changed), in the NRA experiments the incident ion 

penetrates into the target nucleus to excite a nuclear cascade. The most common reaction for 

detecting deuterium in the sample uses a Helium-3 incident ion. The probability of this reaction 

occurring being maximum around 0.65-0.7 MeV, a beam of 700 keV is generally used. This 

reaction is exothermic (Q = 18.352 MeV) and can be written in the form 2H(3He,1H)4He, where 2H 

is the targeted nucleus, 3He+ is the beam ion, 1H+ is the detected element, and 4He  is a by-

product.116 

The high energy proton can be detected in backscattering geometry which eliminates the need 

of a range foil and improves the depth resolution. Moreover, the protons suffer less from energy 

loss as they exit the sample: a wider depth range can thus be profiled.117 The energy of the 

detected proton gives information on the depth of the reaction that has occurred and the 

quantity of atoms reacted. Deuterium concentration profiles can thus be obtained.  

An incident beam angle of 80 or 83 ° was preferred for these experiments. The beam charge per 

spot was 1 µC. Generally, up to 5 beam spots could be recorded per spin-coated film. Data 

collected at one particular incident beam angle could be added to obtain more accurate results. 

The detector solid angle for NRA experiments was 2 msr. With an error of measurement of less 

than 10 % in counts per channel and a depth resolution of 8 nm this technique is considered 

more accurate than ERDA.116 However, using the isotope 3He as an incident ion increases 

significantly the cost of the analysis. Hence, NRA was used in this project only to validate and 

precise ERDA concentration profiles. 
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2.11 TACK TESTS 

For the tack tests, the sample preparation was performed by Henkel in Düsseldorf. 10 vol% 

solutions of PBcis in toluene were prepared. Squalane was added in the necessary proportions 

to obtain new solutions containing 0, 10, 20, 40 and 60 % (w.w) squalane in PBcis. The solution 

was spread at 3 m/min onto a PET film using a surgical blade. The coating was left to dry at room 

temperature for 30 min, then at 120 °C for 5 min in order to obtain a 20 gsm thick film (about 20 

µm).   

2.11.1 LOOP TACK TESTS 

The loop tack test was performed following the ASTM D6195 test method description.135 A strip 

of coated PET of 175 mm long and 25 mm large was attached to the clamps of a tensile testing 

machine, forming a loop with the coating on the outside. The loop was brought into contact with 

the entire face of a clean steel plate of area 25 × 25 mm2 at a rate of 300 mm/s. The only force 

applied is the weight of the adhesive strip itself. It was then left in contact for 2 s and withdrawn 

at the same rate. The peak in normal force required to remove the loop from the steel plate was 

recorded. The procedure was repeated 3 times for each sample. 

2.11.2 TACK TESTS USING THE RHEOMETER 

The tack performance was alternatively evaluated using an AR2000ex rheometer from TA 

instruments Trios. The coated PET films were fixed onto the sample stage using double sided 

tape. A normal force of 5 N was applied with a 4 cm diameter parallel plate for 10 s, before 

pulling the geometry up at a rate of 500 µm/s. The peak in normal force was recorded following 

this procedure at 23 °C, for 3 sample repetitions on samples issued from the same solution cast 

film.  
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ranging from 30/70 to 70/30. Additionally, the impact of temperature on the surface segregation 

was studied by NR. The detailed list of components and their physical properties of interest for 

the study were given earlier in Chapter 2 (see 2.1). 

3.2 JUSTIFICATION OF THE FORMULATION 

SIMPLIFICATION 

3.2.1 DIFFUSION OF SQUALANE IN DEUTERATED PS 

Tackifiers, such as aliphatic C5 resins, have a high compatibility with the rubbery mid-block of 

SBCs and are considered insoluble in its PS glassy domains.136,101 Hence, in order to keep the 

model systems as simple as possible while obtaining a reliable first-level understanding of the 

phenomenon of additive surface segregation in polymer melts, binary model formulations were 

chosen, prepared as blends of oligomer with rubbery polymer but neglecting the presence of the 

glassy domains. To justify the elimination of the PS blocks from the model formulation, neutron 

reflectometry experiments were performed to quantify the interdiffusion of hydrogenated 

squalane in deuterated polystyrene (d-PS). As discussed in 1.2.5.2, similar NR investigations were 

performed, studying the interdiffusion of oligo-styrene (Mw = 1.11 kg.mol-1) in deuterated 

polystyrene films72 or phthalates additives in deuterated poly(methyl methacrylate) films.69,73,71 

Here, the focus was however on the equilibrium state of the samples and the affinity of the 

oligomer with the polymer rather than on the kinetic aspect of the oligomer diffusion. The 

equilibrium state was assumed to be reached within the 2-3 hours needed to measure the 

neutron reflectivity data at 3 incident angles as described in 2.8. 

A film of d-PS was spin coated onto a silicon block. After subtraction of the off-specular 

background, the reflectivity data was fitted to obtain a real-space profile of the scattering length 

density (s.l.d.) as a function of depth, using a 4-layer fit: an infinite backing media corresponding 

to the silicon block with a s.l.d. equal to 2.07 × 10-6 Å-2, a 2 nm thick silicon oxide layer of s.l.d. 

3.45 × 10-6 Å-2, a layer of d-PS of unknown thickness nor s.l.d. and an infinite fronting media of 

s.l.d. 0 Å-2 corresponding to air. The fitting parameters used are reported in Table 3-1 for this 

sample (for the next samples, the fitting parameters are reported in Annex 3). Assuming that the 

film was purely composed of d-PS, the related concentration profile was obtained using a simple 
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scaling of the s.l.d. profile, and suppressing the part of the profile describing the substrate. The 

stitched reflectivity data, fitting and resulting s.l.d. and concentration depth profiles are shown 

in Figure 3-1.  

Table 3-1: Fitting parameters related to the fit shown in Figure 3-1. 

Layer Thickness / Å s.l.d. / 10-6 Å-2 Roughness / Å 

fronting INF 0  

1 617.98 6.3001 5 

2 20 3.45 5 

backing INF 2.07 5 

 

 

Figure 3-1: (top) Neutron reflectivity data measured with OFFSPEC (open squares) and fit to the data (red line) as a 
function of the momentum transfer Q and (bottom left) s.l.d. and (bottom right) concentration depth profiles 

corresponding to the fit. 

The original thickness and s.l.d. of the d-PS film were obtained from the fit to the reflectivity data 

as being 61.7 nm and 6.30 × 10-6 Å-2 respectively (see Table 3-1). One can note that the s.l.d. is 

slightly lower than what can be commonly found in literature.137 This is not surprising since the 
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Figure 3-3: Squalane ingress into a d-PS film with increasing T.  
The raw data measured with OFFSPEC and corresponding fits are in the inset. 

Table 3-2: Main characteristics of the d-PS layer as the squalane is put in contact at various temperatures. 

Temperature  

/ °C 

s.l.d. d-PS layer  

/ 10-6 Å-2 

Thickness d-PS  

/ nm 

Interfacial width  

/ nm 

original 6.29 61.7  

25 6.19 61.7 1.3 

35 6.21 61.6 1.3 

45 6.39 61.5 1.2 

55 6.26 61.9 1.2 

65 6.02 62.8 1.1 

 

A second d-PS film in contact with squalane was produced. In this experiment, the sample was 

measured at room temperature, heated to 120 °C to overcome the glass transition and expose 

a rubbery d-PS, with more mobile chains, to the model additive. Then, it was cooled down to 

room temperature to evidence any irreversibility in the behaviour. Raw reflectivity data and their 

fits are given in the inset of Figure 3-4 with the composition profiles issued from the reflectivity 

fits presented in the main figure. The evolution of the s.l.d. and thickness of the d-PS layer as 

well as the roughness between the d-PS and squalane layer are given as a function of 
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temperature in Table 3-3. Drawing conclusions from the previous result, showing that the d-PS 

layer in contact with squalane remains pure at 25 °C, the fitted s.l.d. of the polymer layer at 25 

°C was chosen as the one representative of the pure d-PS spin coated film (6.17 × 10-6 Å-2). Due 

to the significant difference in temperature and to the change of state of the d-PS, the s.l.d.s at 

120 °C were recalculated according to modified densities:138,139 the s.l.d. for d-PS was adjusted 

to 6.13 × 10-6 Å-2 (instead of 6.17 × 10-6 Å-2 at 25 °C) and for squalane to -0.34 × 10-6 Å-2 (instead 

of -0.37 × 10-6 Å-2 at 25 °C). The concentration profile at 120 °C was scaled from these adjusted 

values. 

 

Figure 3-4: Squalane ingress into a d-PS film for T > Tg.  
The raw data measured with INTER and corresponding fits are presented in the inset. 

Table 3-3: Main characteristics of the d-PS layer as squalane is put in contact before,  
during and after heating to T > Tg. 

Temperature 

/ °C 

s.l.d. d-PS layer  

/ 10-6 Å-2 

Thickness d-PS  

/ nm 

Interfacial width 

/ nm 

25 6.17 71.0 0.8 

120  5.64 77.5 1.4 

25 5.90 73.9 1.3 
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Figure 3-5: Picco ingress into a d-PS film with T.  
The raw data measured with SURF and corresponding fits are presented in the inset. 

Table 3-5: Main characteristics of the d-PS layer as the Picco is put in contact at various temperatures. 

Temperature / °C s.l.d. d-PS layer/ 10-6 Å-2 Thickness d-PS / nm Roughness / nm 

Reference  5.89 90.2 / 

80 5.23 107.5 1.1 

90 5.17 109.3 1.3 

100 5.07 109.3 2.0 

110 5.03 109.4 0.5 

120 5.27 111.4 0.5 

25 5.28 106.7 0.5 

 

Again, similar experiments were performed with Regalite, a saturated hydrocarbon of low 

molecular weight (Figure 3-6). The reflectivity data seem here more reliable than the Picco data 

since the critical edge remains consistent at each temperature. The quality of the fits was 

improved at high Qs by adding a thin layer of Regalite at the interface with the substrate. It is 

difficult to determine if this interfacial Regalite layer truly exists or if it corresponds to an 

unusually thick silicon oxide layer (as it was treated in the case of squalane). It might be due to 
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some faults in the d-PS film, through which the Regalite could flow and then spread at the 

interface, or to density differences at the temperature considered here, since the s.l.d.s were 

not adjusted in this case. From the 80 °C data, showing no Regalite in the d-PS film, it seems 

difficult to believe that the Regalite, (hypothetically less polar than the d-PS, from the 

information available from the supplier) would migrate through the incompatible d-PS film and 

segregate at the interface. More generally, the results are comparable to what happened with 

squalane. The d-PS film remains unchanged at temperatures lower than 100 °C. At temperatures 

higher than 100 °C, it starts swelling with an uptake of Regalite up to ~ 20 % at 120 °C. Upon 

cooling, the film shrank but most of the Regalite remained trapped in the film. The behaviour of 

Regalite is very different from the behaviour of Picco, which seems more compatible with the d-

PS. It was expected from their molecular structure, since Picco is derived from aromatic resins 

and is therefore more alike with the PS repeating units. 

 

Figure 3-6: Regalite ingress into a d-PS film with temperature.  
The raw data measured with SURF and corresponding fits are presented in the inset. 
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3.3 CONCLUSIONS ON THE MODEL SYSTEMS 

In this short results chapter binary oligomer/polymer mixtures were defined to model middle-

block tackifiers, such as aliphatic C5 resins, used in SBC-based adhesive formulations. These 

tackifiers have a limited compatibility with the polystyrene end-blocks.136 Polybutadiene and 

polyisoprene of various structure and degree of saturations were selected to represent the 

middle-block of a SBC. Squalane was chosen as model aliphatic resin because it is a well-defined 

molecule and is commercially available in its hydrogenated and deuterated form. Other 

oligomers (of isobutylene and styrene) were also selected to assess the impact of the key-

parameters influencing surface segregation, identified in 3.1.  

Experimental evidence was generated to justify that, in the first instance, the glassy domains of 

the SBC-based formulation can be neglected. Squalane was proven to be immiscible with the 

glassy PS domains at room temperature and slightly compatible (up to 9 %) with the rubbery d-

PS at 120 °C. Upon cooling, some additive might remain kinetically trapped in the glassy d-PS but 

this state is likely metastable. A similar behaviour was found for the industrial saturated tackifier 

Regalite. This is an important element to know about, as the process of application of such 

adhesives requires heating the material to temperatures above the Tg of the PS blocks and a 

rapid cooling. Considering the small saturation value recorded for the solubility of squalane in d-

PS, even in the rubbery state, it is sensible to model the behaviour of squalane (and aliphatic 

tackifiers such as Regalite) in an SBC matrix by omitting the presence of the PS block. However, 

some tackifiers exist which are mainly end-block tackifiers, such as rosins and rosin esters.136 The 

industrial tackifier Picco also showed rather good compatibility with polystyrene at RT. Hence, 

one must keep in mind that the work presented in the next chapters was restricted to 

homopolymer matrices. The surface segregation behaviour of a molecule compatible with both 

microphase-separated domains might not be entirely captured here.  

 













Chapter 4: Compatibility of oligomer/polymer mixtures 

 
80 

 

Figure 4-2: Evolution of Tg and Tm as a function of squalane content in mixtures of sq/PBcis. 

As expected for a miscible blend, the Tg of the mixture increases with increasing squalane 

content, as shown in Figure 4-2. However, the trend is not statistically significant as the error on 

the measurements is relatively high in comparison with the span of Tg values (from -91.5 °C for 

pure squalane to -95.5 °C for pure PBcis). A plausible explanation is that the two Tgs overlap, 

forming only one resolvable shift in the heat capacity baseline.  

In the case of a miscible blend, one might expect an effect on the crystalline domains of the 

polymer. Within the given experimental error, Figure 4-2 illustrates that the Tm change with 

increasing oligomer content is inconclusive. The enthalpy of melting, normalised with respect to 

the content of PBcis in the sample, seems to increase when squalane is added into the sample 

(see Table 4-2). This result is not expected as a consequence of a miscible system: if squalane 

molecules disturb the packing of the chains, crystallisation of the polymer would be less 

favourable and therefore the melting peak would decrease in intensity. As the percentage of 

crystallinity is mainly dependent on the polymer molecular structure, this increase in enthalpy 

of melting does not only correspond to a thermodynamic effect. However, this result may be 

due to kinetic considerations. It has been shown that the number and size of many polymer 

crystallites tend to increase when a small quantity of plasticiser is added to the blend.149 Indeed, 

the plasticisation of the polymer is accompanied by a small increase in free volume, which allows 

a new redistribution of the chain configurations and induces a lower viscosity, as expressed in 

the empirical Doolittle equation.150 Hence, the presence of squalane, even if only partially 
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soluble, in the amorphous regions of the PBcis, eases the movement of the polymer chains and 

their rearrangement into crystals upon cooling. Considering the very rapid cooling rate used for 

these experiments (100 °C/min) the reduction in viscosity can increase the degree of 

crystallisation.  

As the presence of squalane does not seem to have a significant thermodynamic influence on 

the melting peak of the mixture, and the observed shift in Tg might simply come from the 

difficulty in resolving two very close Tgs, it not possible to confirm on the miscibility of the pair 

from this set of data. Nonetheless, at higher concentrations of squalane > 70 % (w.w), solution 

cast samples appeared slightly cloudy (visually) at room temperature, which is indicative of an 

incompatible mixture. This system was therefore expected to have a critical point close enough 

to room temperature to be measured experimentally. For this system, a phase diagram was 

constructed using the cloud point determination (see 4.1.2.1).  

4.1.1.2 Compatibility study using the cloud point determination 

If two pure compounds have similar Tgs, it may not be possible to resolve the two Tgs even in the 

case of an incompatible, phase-separated system. To overcome this issue, solution cast films of 

the mixtures were created to assess the film clarity as a function of temperature. Perfect 

miscibility would result in a completely transparent sample. In contrast, in an immiscible blend, 

phase-separated microdroplets are formed that scatter light and hence clouds the sample. 

Yet, this method is applicable only if the refractive indices of the pure compounds are different 

enough from each other. It would, for example, be difficult to apply it to a mixture of oligo-dIB 

(ni = ~ 1.51) and PB or PI (ni = ~ 1.52). It can also be hard to assess the turbidity of the film in the 

case of a semi crystalline polymer, whose crystallites would have a different refractive index 

from the amorphous regions and impact the turbidity of the sample (even in the case of a 

compatible mixture).17  

Phase diagrams were established using the cloud point method for mixtures of squalane with PB 

and PBcis. As seen in Table 4-1 the Tgs of these compounds were very similar (~ -90 °C) which 

made it difficult to distinguish the difference between miscible and immiscible mixtures by DSC. 

The lower refractive index of squalane (ni = 1.45) enables one to see clearly when a system was 

phase-separated. The cloud point for PBcis was also easy to determine, as the melting 
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Figure 4-3: Effect of squalane content on the Tg of the hPI (blue), PI (green) and PB (red) matrices. Solid lines show 
the predictions from the Fox equation for each mixture. 

The observed trend is quite similar in each matrix: a steady Tg shift with increasing squalane 

content. The predictions from the Fox equation, represented by solid lines, are different for each 

mixture since their shape depend on the Tg of the pure components. Comparing the 

experimental data to the Fox equation, it seems that these systems are compatible as the 

experimental results follow the prediction. In the case of squalane in PI and hPI, the Tg shift is 

even bigger than that predicted by the Fox equation. However, the shift measured for PB 

samples presents large error bars due to the fact that the Tg of squalane and PB are quite close 

(-95.5 and -87.9 °C, respectively). Considering the unclear DSC results obtained for squalane in 

PBcis (discussed in 4.1.1.1.3) and the fact that these two matrices are very similar, a phase 

diagram was also constructed for the sq/PB model system.  

Samples of squalane in PB and PBcis were prepared by solution casting. The samples were placed 

on a Peltier stage and their state (transparent or cloudy) assessed with the naked eye or with an 

optical microscope, as presented in Figure 4-4. This visual method is very efficient to determine 

phase separation in a polymer mixture. However, to determine the cloud point accurately, it is 

necessary to heat the sample at a very low rate to reach the equilibrium state. In this case, the 

characterisation was limited by the temperature range accessible with the stage (-2 to 200 °C).  
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Figure 4-4: Visual assessment of the cloud point of a sample of 70 % (w.w) sq/PB using an optical microscope, 100x 
magnification. Left: cloudy sample at 30 °C. Right: transparent sample at 36 °C. 

Cloud points of samples comprising of 30, 40, 50, 60, 70 and 80 % (w.w) sq/PB and sq/PBcis were 

determined. The cloud points of the 30 % (w.w) sq/PBcis sample and the 30 and 40 % (w.w) 

sq/PB samples were not accessible with this setup as temperatures lower than -2 °C could not 

be reached. The behaviour for concentrations above 80 % (w.w) could not be explored because 

the sample was too liquid to be measurable as a solid film on a Peltier stage. The two phase 

diagrams obtained with the cloud point method are presented in Figure 4-5. A guide to the eye 

for the binodal curve is also drawn.  

   

Figure 4-5: Measured cloud points of squalane in PB (black) and in PBcis (red). The solid lines are guides to the eye for 
the binodal curves. Experimentally unachievable measurements are represented by the dashed surfaces. 
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weight does not have an impact on the compatibility behaviour around the Tgs of the pure 

compounds. The fully saturated hPI matrix is fully compatible with the two saturated oligomers. 

  

Figure 4-6: Tg variation by blending hPI with squalane (red) and oligo-dIB 900 (black). Solid lines show the predictions 
from the Fox equation for each mixture. 

Blending PI with squalane alters the Tg consistently with increasing squalane amount, as 

expected from a compatible system (Figure 4-7, red). The shift in Tg is even bigger than the shift 

predicted by the Fox equation. When blending PI with oligo-dIB 900, shifts in Tg are still recorded, 

but to extents that are slightly lower than the predictions from the Fox equation (Figure 4-7, 

black). For the higher molecular weight oligomer, two Tg s were measured, which is characteristic 

of a clearly phase-separated system (Figure 4-7, green).  

From Figure 4-7, it seems that the increase in molecular weight from squalane to oligo-dIB 900 

and oligo-dIB 2200 is decreasing the compatibility of the oligomer with the PI matrix, going from 

fully compatible, to partially compatible and finally to highly incompatible.  
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Figure 4-8: Tg variation by blending PB with squalane (red), oligo-dIB 900 (black) and oligo-dIB 2200 (green). Solid 
lines show the predictions from the Fox equation for each mixture. 

From the behaviour of apolar, saturated oligomers of various molecular weight in hPI, PI and PB, 

it was shown that the effect of increasing the molecular weight of these oligomers on 

compatibility was not noticeable in the fully saturated matrix (hPI). When blended with an 

unsaturated matrix (PI and PB) an increase in oligomer size was decreasing the compatibility of 

the oligomer/polymer pair. Taking into account that squalane was more compatible with the less 

polarisable matrices (hPI and PI), one can conclude that the more favourable interactions 

between hPI and the saturated oligomers compensate the destabilisation coming from the 

increase in molecular weight (in the range of molecular weights studied).   

4.1.2.3 Effect of the migrant polarisability on compatibility 

In this section, the effect of modifying the migrant polarisability on the compatibility behaviour 

of the mixture is investigated. To do so, a deuterated styrene tetramer, oligo-dS, of 

approximately same molecular weight as squalane was mixed in several proportions with hPI, PI 

and PB. 

In hPI, the Tg shows no variation at all (Figure 4-9) with increasing oligo-dS content. This result 

suggests that the hPI is phase-separated from the oligo-dS. This conclusion was expected as 

oligo-dS and hPI are the components that are represented by a big polarisability difference. 
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Figure 4-9: Tg variation by blending hPI with squalane (red), oligo-dS (blue). Solid lines show the predictions from the 
Fox equation for each mixture. 

In contrast, as shown in Figure 4-10, the effect of blending PI with oligo-dS on the Tg shift is less 

than predicted by the Fox equation but is still significant compared to the experimental 

uncertainty, with regards to the low error bars on the data points. The system exhibits partial 

compatibility, with eventually a saturation at about 20 % (w.w) of oligo-dS.  
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Figure 4-10: Tg variation by blending PI with squalane (red) and oligo-dS (blue). Solid lines show the predictions from 
the Fox equation for each mixture. 

From Figure 4-9 and Figure 4-10, it is evident that the more polarisable oligo-dS is less compatible 

with hPI and PI compared with squalane. Squalane exhibited a compatible system behaviour, as 

already discussed above.  

It is more difficult to compare the data of squalane and oligo-dS in PB (Figure 4-11) because of 

the poorer signal to noise ratio on the squalane data (due to the close Tgs of the pure 

components). From the previous conclusions, squalane is only partially compatible with PB. The 

oligo-dS is consistently affecting the Tg of the PB matrix with increasing oligomer content. 

However the Tg variation is lower than expected from the Fox prediction. Therefore the system 

shows some evidence for compatibility. There is no conclusive data showing different 

compatibility behaviour when PB is blended with squalane or with oligo-dS.   
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Figure 4-11: Tg variation by blending PB with squalane (red), oligo-dS (blue). Solid lines show the predictions from the 
Fox equation for each mixture. 

Using oligo-dS in the model binary mixture instead of the saturated squalane shows a different 

effect, which also depends on the matrix. The hPI polymer, which was fully compatible with 

squalane, is highly incompatible with oligo-dS. When blending with PI, the reduction of 

compatibility is less pronounced but is still clearly measurable as a deviation from the Fox 

equation prediction. In the case of PB, it is more difficult to conclude: squalane is partially 

compatible with PB and the oligo-dS seems to also show some compatibility. Therefore, when 

comparing the effect in the three matrices, one can conclude that the more polarisable oligomer 

is more compatible with the more polarisable matrices. This result agrees and completes the 

conclusions drawn from the section 4.1.2.1, showing that the saturated squalane was more 

compatible with the saturated matrix.  
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5.1.1.2 Evidence for various oligomer depth distributions 

5.1.1.2.1 Absence of oligomer surface enrichment 

A first behaviour was observed, for the model mixture of oligo-dS/PB. From the DSC 

compatibility analysis, it was evident that this system showed some compatibility but the Tg shift 

was less than predicted by the Fox equation. The depth distribution of oligo-dS in a spin coated 

thin film composed of 15 % (w.w) of oligo-dS in PB was measured by fitting NR data. Due to the 

difference in scattering length density (s.l.d.) between oligo-dS (s.l.d. = 5.72 × 10-6 Å-2) and the 

hydrogenated PB matrix (s.l.d. = 0.416 × 10-6 Å-2), reflectivity fringes are detected corresponding 

to constructive and destructive interferences of neutrons reflected by the different interfaces 

(Figure 5-2, inset). One can note from the concentration profile resulting from the fit to the NR 

data (Figure 5-2, main figure) that a slight oligomer depletion occurs at the very surface, within 

the first nanometre. This apparent enrichment of non-deuterated material is implausible since 

the layer thickness is very small in comparison to the Rg of the polymer. Hence, it is more likely 

to be due to the surface roughness and will not be discussed further for the interpretation of the 

results.  

Interestingly, the oligo-dS/PB system did not present any measurable oligomer excess which 

would suggest a complete miscibility with the polymer at the temperature of the measurement 

(around room temperature). This result is surprising as one might expect the presence of a small 

excess, due to the difference in molecular weight between the oligomer and the polymer or to 

the disparity in their surface energies.  
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One can then fit the two signals to obtain concentration profiles. The ERDA results have high 

inherent accuracy because they are constrained by known factors such as scattering cross 

section and stopping power. However, the finite resolution of ERDA means that while the surface 

excess z*, defined in equation (2.4), is well defined by the area of the peak in the raw data, the 

absolute surface concentration is imprecisely measured because the technique cannot 

distinguish between a very thin, pure surface layer and a thicker, less pure one.  For this reason, 

the ERDA analysis was restricted to simple layer models.   

The inset of Figure 5-3 presents an example of raw ERDA data for 40 % (w.w) dsq. The main graph 

in Figure 5-3, corresponds to the concentration profile for the ERDA data presented in the inset. 

Some example of fitting parameters for the ERDA data are given in Annex 2.  

 

Figure 5-3: Raw ERDA data (inset): number of counts (detected particles) as a function of the energy range for 40 % 
(w.w) of dsq in PI (black, incident angle 63o, charge = 1 µC) and in PB (red, incident angle 66o, charge = 1 µC).  

The concentration profiles corresponding to the layer fit of the raw data are presented in the main figure. 

It is possible to infer by inspection of the ERDA data, even prior to fitting, that dsq shows very 

different behaviour in the two rubbery polymer matrices: the H and D peaks (400-600 keV and 

600-900 keV respectively) are similarly shaped for the PI film (black), whereas they are of very 
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concentration would be if the bulk concentration persisted all the way to the interface, seems 

smaller than the one detected by ERDA. A calculation of z* will be presented in section 5.1.2.1.2, 

as a function of the oligomer content. 

5.1.1.3 Effect of temperature on oligomer surface segregation 

The concentration profiles of a ~ 100 nm thick film of 40 % (w.w) dsq in PB were measured with 

increasing temperature. The raw NR data and corresponding concentration profiles issued from 

the fit to the raw data are presented in Figure 5-5. It was shown in 4.1.2.1, from the phase 

diagram, that dsq/PB is fully compatible at this concentration and temperatures above 0 °C. 

However, one might expect a diminution of the interaction parameter with increasing 

temperature for this UCST system. 

 

Figure 5-5: 40 % (w.w) dsq in thin PB film sample, with increasing temperature.  
Inset: NR data measured with SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 

From the inset of Figure 5-5 one can note that an increase of temperature has a direct impact 

on the reflectivity curves: at medium Q values (~ 0.02 Å-1), the fringes are slightly shifted towards 

lower Q and the bulge in the data at high Q values (~ 0.04-0.2 Å-1) becomes less pronounced. 

This reflectivity behaviour, fitted into concentration profiles, indicates that the surface 
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concentration and the thickness of the excess layer decrease slightly but consistently with 

increasing temperature and is accompanied by a 5 % increase in film thickness (from 97.8 nm at 

25 °C to 102.6 nm at 55 °C). The bulk concentration remains around 40 vol% and is not affected 

by the temperature since the mixture is in the one-phase regime.  

Similar conclusions were obtained from the temperature dependency of a 50 % (w.w) blend of 

dsq with PB, which is still in the one-phase part of the sq/PB phase diagram in this range of 

concentration and temperature. This sample being thicker, the reflectivity fringes cannot be 

resolved in the raw data (Figure 5-6, inset) and the total thickness of the film does not affect 

greatly the determination of the surface excess. This is because these samples are so thick that 

the fringes are too narrow to resolve with a dQ/Q of 3 % resolution, which corresponds to the 

nominal resolution defined by the slit settings for beam collimation. Additionally, thicker films 

have the tendency to exhibit larger variation in film thickness across the sample which renders 

the absolute thickness more difficult to determine on an absolute scale. However, the shape of 

the R vs Q curve and the position of the critical edge enable to determine accurately the 

concentration and thickness of the surface layer.  

 

Figure 5-6: 50 % (w.w) dsq in thin PB film sample, with increasing temperature, followed by cooling back to 25 °C.  
Inset: NR data measured with SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 
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Again, it is shown that an increase of temperature leads to a diminution of the surface 

segregation, without affecting the bulk concentration. Additionally, in this set of measurements, 

the sample was subsequently cooled down to room temperature, to determine whether this 

phenomenon was due to a simple evaporation of dsq at the surface. The concentration profile 

after cooling (Figure 5-6, main figure, pink curve) overlaps almost perfectly with the one of the 

sample before heating (Figure 5-6, main figure, black curve). Hence, this surface segregation 

behaviour is reversible and appears to be in equilibrium. 

5.1.2 WETTING LAYER FORMATION THROUGH THE PHASE BOUNDARY 

5.1.2.1 Effect of oligomer concentration on the wetting layer formation 

In 4.1.2.1, it was determined that the order of preferential compatibility for sq in the host 

polymers was: PI, PB and then PBcis. In this section, the effect of the oligomer concentration on 

the surface excess of these three model systems of various compatibilities is assessed.   

5.1.2.1.1 Deuterated squalane in polyisoprene 

When blending the PI films with dsq at concentrations from 30 to 70 % (w.w), the concentration 

profiles obtained by ERDA showed an even distribution of dsq in PI (Figure 5-7). One could also 

notice the reduction of the film thickness with increased dsq content, as the viscosity of the spin 

coated solution decreases with increasing dsq content. This result is consistent with preliminary 

work148 showing that for a given spinning speed, there is a linear trend between the spin-coated-

film thickness and oligomer content.  
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Figure 5-8: dsq in a thin PI films at various concentrations of dsq.  
Inset: NR data measured with SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 

As the ERDA experiment is performed at ~ -80 °C (vs NR at RT), and assuming an UCST type 

mixture, one would expect a higher incompatibility, and therefore, an accentuation of the 

surface excess in the ERDA experiment. Nonetheless, the surface excess was again not 

detectable by ERDA, suggesting that the amount of depleted / excess material is relatively low, 

even at lower temperature, or that the film is vitrified before interfacial segregation can occur. 

5.1.2.1.2 Deuterated squalane in polybutadiene 

In the case of dsq in PB (Figure 5-9), a surface excess was recorded by ERDA, increasing with the 

total oligomer content.  
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temperature and relative humidity conditions during the measurements as well as the presence 

of residue on the substrates might have affected the sample preparation and equilibration.  

 

Figure 5-14: 50 % (w.w) dsq in thin PB films of various thicknesses.  
Inset: NR data measured with INTER and SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 

5.1.2.3 Effect of polymer molecular weight and polydispersity on the wetting layer 

A fractionation of the PBcis was performed by dissolving PBcis at 4 % (w.w) in toluene and, with 

the use of a thermostated fractionation flask, adding slowly methanol to precipitate the low Mw 

end of the polydisperse polymer. The full method description is given in 2.2.4. After removal of 

the methanol phase, the toluene was evaporated and a GPC was run on the remaining PBcis 

indicating a Mw of 844 kg.mol-1 and a PDI of 3.51 (vs Mw of 567 kg.mol-1 and a PDI of 4.45 for the 

original PBcis). The raw GPC data is given in Figure 5-15. From this figure, one can see that, at 

longer retention times, the signals for the 3 detectors are weaker in the case of the fractionated 

PBcis in comparison with the original PBcis. This means that the smaller molecules, retained for 

longer times in the GPC column, have indeed been removed from the sample as a result of the 

fractionation.  
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Figure 5-16: 50 % (w.w) dsq in thin fractionated PBcis films of two thicknesses.  
Inset: NR data measured with SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 

Once again, it is shown from Figure 5-16 that the thickness of the wetting layer does not depend 

on the total thickness of the film. For both films, a ~ 50 nm thick pure wetting layer of dsq is 

recorded. This thickness is 5x bigger than what was recorded for the samples of dsq in the 

original PBcis at corresponding concentration and the layer is also more diffuse (Figure 5-11). 

Hence, it appears that the thickness of the interface with the polymer-rich layer is somehow 

governed by the molecular weight of the polymer.  

5.1.2.4 Effect of time and temperature on the wetting layer formation 

A sample containing 50 % (w.w) dsq in PBcis was prepared and measured by NR at RT at several 

times to investigate its stability. A first measurement was performed (Figure 5-17, black), 

followed by a second, 16 hours later (Figure 5-17, red) and a third, 23 h later (Figure 5-17, green). 

It was then decided to cool the sample down to ~ 15 °C (Figure 5-17, dark blue) and subsequently 

bring it back to 25 °C (Figure 5-17, light blue). From the NR data, it seems that very little 

modification of the sample occurred after 16 hours. After a day, the concentration in the whole 

sample seems to have dropped slightly, potentially due to dsq evaporation. Similar results were 
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mixture of bis(2,2-dinitropropyl)acetal and bis(2,2-dinitropropyl)formal) to the surface of an 

annealed polyester-polyurethane (Estane) film at RT is rapid compared to the experimental time 

and that the rate of plasticiser evaporation from the film is the driver of the plasticiser loss.108  

The cooling step (Figure 5-17, dark blue) increases the thickness and concentration of the surface 

excess layer. Indeed, as mentioned in 4.1.1.2, this mixture is very close to the phase boundary 

with a cloud point measured at ~ 20 °C. Hence, there is here phase separation of the dsq. 

Ultimately, when warming up the sample back to 25 °C (and back in the one-phase regime), the 

wetting layer that formed at 15 °C is reabsorbed and the concentration profile is again similar to 

the very initial state but with a slightly thicker excess layer and an increased roughness.  

  

Figure 5-17: 50 % (w.w) dsq in a thin PBcis film at various times and temperatures.  
Inset: NR data measured with SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 
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Figure 5-21: oligo-dIB 2200 in thin PBcis films at various concentrations of oligo-dIB.  
Inset: NR data measured with SURF and fits. Main figure: Profiles corresponding to the fits in the inset. 

5.1.3.2 Excess directed to the interface with the substrate 

In mixtures of oligo-dS with hPI, the oligomer is found to segregate at the buried interface 

between the film and the substrate. This system was assessed as highly incompatible by DSC and 

presents a large surface energy difference, due to the difference in polarisability of the pure 

components. Figure 5-22 (left) presents the raw ERDA data and the fits for 30 to 70 % (w.w) 

oligomer content in the matrix. The spectra show that over a broad range of concentrations 

there is an excess of the D signal at the lower energy range (600- 720 keV) which corresponds to 

an excess of oligo-dS at the substrate interface. The width of the D and H signals decreases with 

the migrant content, showing that the total thickness of the film produced decreases. Again, a 

layer fit has been performed with Datafurnace to obtain the oligomer concentration profiles 

(Figure 5-22, right). Complementary data for samples from 5 to 20 % (w.w), generated as part of 

a preliminary work by Mr. Chris James147 and refitted as part of this work, was added in this 

figure to show the extended consistency of the results. It was chosen to plot the concentration 

profiles against a normalised thickness (by the total thickness of the film z0) for better clarity, 

since the films spin coated by Mr. James were in general thicker. 
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Figure 5-22: Top: Examples of raw ERDA data of oligo-dS in hPI. 
Bottom: Concentration profiles corresponding to the layer fit of the raw data, with a normalised thickness. 
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exhibit a simple surface excess. Thus, for the 60 and 70 % (w.w) oligomer samples a simple 

bilayer fit was used.  

The excess of oligo-dIB 900 at both interfaces increases with the overall oligomer content while, 

again, the total thickness of the films decreases. The surface excess is higher than the excess at 

the interface with the substrate, which seems to plateau at around 35 at% oligomer. The bulk 

concentration of the films (middle layer) seems to be very low for the 30 and 40 % (w.w) 

concentrations. The shape of these profiles is reminiscent of the results from Krausch et al. for 

hPEP/dPEP films coated on treated Silica, presented in Figure 1-3.57 However, it is surprising to 

obtain such a result here since the substrate was not treated before spin coating the PB film. It 

is not obvious why oligo-dIB 900 should be attracted to the silica interface. 

  

Figure 5-24: Raw ERDA data (inset) of oligo-dIB 900 in PB. 
The concentration profiles corresponding to the layer fit of the raw data are presented in the main figure. 

Because of the rather atypical shape of the profiles, the surface excess z* was not calculated, 

but the excess relative to the medium layer for the samples containing 30, 40 and 50 % (w.w) 

oligomer seems large enough to suggest a wetting layer. Again, it seems that the overall oligomer 

content is underestimated in those profiles, probably coming from the oligomer synthesis 

initiator (consistently with what was observed in 5.1.3.1).  
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solutions that presented no buried interface excess for the high concentrations. One can also 

notice that the surface is not 100 at% saturated with oligomer, even though this system is rather 

incompatible.  

From the NRA data, analytical fitting was performed on 50, 60 and 70 % (w.w) oligomer samples, 

using the fitting equation based on the error function erf(x), as expressed in 2.7.2. The results of 

the analytical fit are compared to those of the layer fit in Figure 5-26 (dashed and solid lines 

respectively) for samples of 30, 50 and 70 % (w.w). It seems that this equation, corresponding to 

the description of a simple surface excess, describes well the 70 % (w.w) sample. However, for 

the 30 and 50 % (w.w) oligomer content, some data points are present in excess at high energies 

(from 12.9 to 13.0 MeV) which suggests that an excess of oligomer is present at the buried 

interface with the substrate. This was also observed for the 60 % (w.w) sample (not presented 

here but available in electronic archive). Therefore, it appears that the double excess is present 

in the 30, 40, 50 and 60 % (w.w) samples and a single excess is measured in the 70 % (w.w) 

sample. 

  

Figure 5-26: NRA data (diamonds), layer fit (solid lines) and functional fit (dashed line) of 30 (left), 50 (middle) and 70 
(right) % (w.w) samples of oligo-dIB 900 in PB.  

Angle: 80o, charge: 0.7 µC for 30 % (w.w), 3.5 µC for 50 % (w.w) and 2.8 µC for 70 % (w.w). 
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more surface active in PB than in PI (Figure 5-4) suggests that the PB matrix has a greater surface 

energy than PI. This result is consistent with some literature values for the surface energy of PI 

and PB (31-34 and, again, 43.1-48.6 mN.m-1 respectively).17  

In contrast, for oligo-dS/hPI mixtures, the oligomer is positioned at the interface with the 

substrate and an enriched hPI layer is exposed at the surface. From the above discussion, one 

can conclude that such a substrate segregation occurs because oligo-dS presents aromatic 

groups and is therefore a component with higher surface energy.  

The presence of oligo-dIB at the surface of PB and PI films is consistent with the surface energy 

arguments since this saturated low molecular weight oligomer has a significantly lower surface 

energy than the polymer matrices. However, it is not expected to see an accumulation of oligo-

dIB at the interface with the substrate when blended with PB; on the contrary, it is the 

polarisable, high surface energy components that usually show the tendency to segregate to 

buried interfaces of films.155 Given the higher surface energy of PB than PI, it is not obvious why 

PB would have more unfavourable interactions with the substrate. The composition profiles seen 

are in fact more consistent with the oscillating profiles seen for surface-directed spinodal 

decomposition (Figure 5-28),57,68 and may in this case simply arise in PB but not PI because of the 

timescale of equilibration during spin coating (solvent evaporation within a few seconds) and 

the very low compatibility of oligo-dIB with PB.57, 165 Although beyond the scope of this present 

work, one can note that the timescale of development of such spinodal interference waves could 

provide valuable insights into the stability and rate of toughening of adhesive formulations.  
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still enable good NR data acquisition, a high concentration of dsq on the surface and agree with 

the energy minimisation of the system by the creation of a unique interface. This unusual wetting 

behaviour would be due to a subtle competition between short-range repulsive and long-range 

attractive (van der Waals) intermolecular forces.167 

5.2.2.2 Impact of film thickness on interfacial roughness  

For thin films, the value of the interfacial roughness between two immiscible polymers is 

expected to increase with the total film thickness. Sferrazza et al. reported that the interfacial 

width between two incompatible polymers would exhibit a logarithmic dependence with the 

film thickness, which can persist up to excess layer thicknesses of 100 nm.168 Alternatively, for a 

confined interface, Kerle et al. proposed that it is proportional to the square root of the total 

film thickness.169 The span of roughness measured experimentally for the 50 % (w.w) dsq/PBcis 

is effectively increasing with the total film thickness (between 45 and ~ 500 nm), from 2.8 to 3.7 

nm, and is of the same order of magnitude as literature data.168 Hence, the behaviour is 

consistent with what was observed for 2-phase bilayer films. 

5.2.2.3 Extremely thin films and bulk depletion 

One can suggest that for very thin films (thinner than 10x the size of the excess layer), the 

thickness of the excess and the width of the interface between surface and bulk compositions 

might be affected by the total thickness of the film. A low total film thickness may also affect the 

oligomer bulk concentration due to a low amount of oligomer available in the sample, as 

observed in the thinnest 50 % (w.w) film (45 nm) where the bulk concentration is depleted from 

49 to ~ 39 %. This aspect must be considered when discussing the true thermodynamic 

equilibrium state of the samples. 

5.2.3 IMPACT OF POLYMER MOLECULAR WEIGHT ON SURFACE PARTITIONING 

It has been shown in 4.2.2.1 that, considering the large difference in molecular weights between 

the oligomer and the polymer, the influence of the polymer molecular weight and polydispersity 

on the compatibility behaviour predicted from FH theory is very limited. However, in 5.2.2.1, it 

was highlighted that the thickness of the wetting layer for a phase separating system had a 

characteristic length of the order of tens of nms that is independent from the total film thickness. 

In 5.1.2.3, it was shown that by increasing the polymer molecular weight (and decreasing its 

polydispersity) while maintaining all other parameters constant, the thickness of the surface 
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Figure 5-30: Evolution of the concentration profiles characteristics in PB with the dsq volume fraction. 

A certain number of conclusions can be drawn from Figure 5-30. Firstly, considering a 

measurement temperature of 20 °C, one can observe on the sq/PB phase diagram presented in 

4.1.2.1, that the phase separation of the mixture happens around 60 vol%. The phases present 

in the two-phase regime at this temperature are a polymer-rich phase (~ 60 vol% dsq) and a 

quasi-pure oligomer phase. This is indeed what is observed from the concentration profiles: for 

concentrations above 60 vol%, the bulk concentration (red) deviates from linearity and plateaus 

around 55 at% of dsq while the surface concentration (black) is reaching 90 at%. Therefore, the 

results obtained by NR are in agreement with the phase diagram.  

Secondly, the roughness of the surface layer (green) varies from 0.5 to 3.7 nm and is not greatly 

affected by the dsq content (note that a sensible minimum value for any interface roughness 

would be 0.5 nm, which would be expected for the root mean square roughness arising from 

thermal fluctuation and surface tension).155 Roughness considerations are important in the 

frame of this project as interface widths can be critical in terms of adhesive mechanical 

properties. According to the self-consistent field calculation of Helfand et al. in the early 70s, the 

interfacial width w for completely immiscible polymers can be calculated as:174  
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increases while the gradient at the interface is kept almost constant, which leads to a sharp slope 

increase in Figure 5-31 for dsq contents more than 50 vol%.  

  

Figure 5-31: Evolution of the thickness of the excess layer with the interfacial width w (roughness). The size of the 
circles is proportional to the content of d-squalane. 

A similar data interpretation was developed from the NR measurements on the dsq/PBcis 

mixtures (Figure 5-11). The same general observations as for the case of dsq in PB can be 

extracted from Figure 5-32. 
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Chapter 6: ADHESION 

PROPERTIES OF 

OLIGOMER/POLYMER MIXTURES 

In Chapter 5, a rich range of surface excess behaviour was observed for oligomer/polymer thin 

film mixtures. These results were linked to various compatibilities and surface energies of the 

model systems which are themselves arising from subtle variations in chemical structure or 

oligomer molecular weight. In this chapter, attempts to link the compatibility and surface 

partitioning behaviour with adhesive properties were undertaken, especially in the case of 

wetting layer formation, which can be the root-cause of poor adhesion performance. 

Investigations were undertaken to understand the effects of oligomer segregation on the surface 

and bulk properties of the model systems at the nano and macroscale. Atomic force microscopy 

and rheology were the main tools used to carry out the experiments but techniques more 

specific to industrial adhesive characterisation, such as tack tests, were also considered.  

6.1 EXPERIMENTAL RESULTS 

6.1.1 SURFACE INVESTIGATION OF OLIGOMER/POLYMER MIXTURES 

6.1.1.1 Adhesion mapping by atomic force microscopy  

6.1.1.1.1 Oligo-dIB 900 in PI  

The vertical composition profiles obtained by ERDA for the mixtures of oligo-dIB 900 with PI and 

presented in 5.1.3.1 suggested that the composition of the films might not be homogeneous 

laterally. This is because the size of the surface excess was large enough to indicate phase 

separation, but the average composition of each layer was highly mixed and there was a high 

level of polymer in the oligomer-rich phase. Hence, even though the NR characterisation of the 
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Figure 6-4: 30 % (w.w) oligo-dIB in PI: 10 × 10 µm scan of a solution cast film. Zones of higher adhesion are lighter. 

 

Figure 6-5: Cross sectional plot of a thick film of oligo-dIB in PI. 

6.1.1.1.2 Oligo-dIB in PB 

 The same approach was applied to the oligo-dIB 900/PB mixtures, for which the relatively 

diffuse profiles obtained by ERDA and NRA, showing surface and interface excess, also suggest 

that the surface layer is not pure oligomer. The more adhesive zones are represented in yellow 

on the AFM scans. Samples of 30, 50 and 70 % (w.w) oligomer were investigated (Figure 6-6) and 

exhibit two distinct phases of different adhesion properties. Corresponding cross sectional plots 

are displayed in Figure 6-7.  

High adhesion 

Low adhesion 
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(a)      

(b)     

(c)     

Figure 6-6: 50 × 30 µm scan of (a) 30 (b) 50 and (c) 70 % (w.w) oligo-dIB 900 in PB thin films.  
Zones of higher adhesion are lighter. On the right side of (b) and (c) are presented 10 × 10 µm 2D images of height 

scans for the corresponding samples. 
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Low adhesion 
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(a)  

 

(b)  

(c)  

Figure 6-7: Cross sectional plots of (a) 30 (b) 50 (c) and 70 % (w.w) oligo-dIB 900 in PB thin films.  

Interestingly, large differences in characteristic length scale between the samples were 

recorded. The surface features are of larger dimensions at low oligomer contents, while patterns 

of smaller size are formed for samples of higher oligomer concentrations. Comparing the 30 % 

(w.w) sample (Figure 6-6, (a)) with the corresponding oligomer concentration in PI (Figure 6-1), 

it appears that the surface is more covered in the case of PB, suggesting more segregation of the 

oligomer in the PB matrix than in PI. Again, as shown in Figure 6-8, little evolution of the patterns 

with time (1.5 hours) was observed, which suggests that a very slow coarsening of the most 

adhesive domains happens, leading to more surface coverage.  
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Figure 6-8: Initial 50 × 50 µm 2D images of AFM height scans for a 30 % (w.w) oligo-dIB in PB sample (left) and after 
1.5 hours (right). 

A comparison with thick films prepared by solution casting was carried out. 3-D image plots of a 

10 × 10 µm scan of a 30 % (w.w) oligo-dIB in PB is shown in Figure 6-9. The corresponding cross 

sectional plot is given in Figure 6-10. 

    

           

Figure 6-9: 10 × 10 µm scan of a 30 % (w.w) oligo-dIB in PB solution cast film. Zones of higher adhesion are lighter. 
On the right side is presented the corresponding 2D height image.  
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Figure 6-11: Loop tack tests results for sq/PBcis samples of various concentrations. 

Tack tests were also performed with a rotational rheometer with a 4 cm diameter parallel plate, 

according to the method described in 2.11.2. An example of results is given in Figure 6-12, top. 

Again the results generated present a large error and the data did not resolve any effect of 

squalane content on the tack properties (Figure 6-12, bottom). No fibril formation was observed 

which indicates poor tack properties of the model adhesive. Additionally, no trend was measured 

in terms of normal force peak or maximum displacement. It is suggested that the error is due to 

the sample preparation (coating and fixation onto the sample stage) and to the low test 

response, also evidenced in the loop tack test.  
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simple group contribution method were about 5 × 10-20 J,186  which is the same order of 

magnitude as the reported value for the PMMA/d-PS system. Sensible values for interfacial 

tension between incompatible homopolymers may be in the range of 1 to 10 mN.m-1.187,188 

Indeed, for a mixture of two polymers, the interfacial tensions are typically an order of 

magnitude smaller than the polymer surface tensions.184 Hence, for a film thickness of about 100 

nm, the capillary length should be of the order of 5 × 10-6 to 2 × 10-5 m, namely 5-20 µm. This 

order of magnitude corresponds very well to the distance in between the centres of the 

oligomer-rich islands shown in Figure 6-1 and Figure 6-2. This may suggest that the formation of 

these patterns is linked to spinodal decomposition. However, for the 50 % (w.w) oligo-dIB 

900/PB spin coated sample, the distance in between the features is smaller. Some of the 

observed patterns are overlapping which suggests that they might have grown from an initial 

spot and extended by lateral migration on the surface. These features are more characteristic of 

a nucleation and growth process (hence going through a metastable state) rather than a spinodal 

decomposition.189 It is therefore difficult to conclude with certainty on the early-stage process 

of features formation at the surface of these samples. 

Remarkably, given that the film components are at least 75 °C above their respective Tg values 

at the measurement temperature, the structures appear to be relatively stable, and very little 

coarsening was observed over 1-2 hours (see Figure 6-3 and Figure 6-8). One can therefore 

assume that a metastable state was reached after spin coating of the film, but that the real 

equilibrium state may need several days to be achieved, which might indicate a slow nucleation 

and growth process. The observation of slowly coarsening domains contradicts the assumption 

that the films measured by NR were at equilibrium. The assumption was valid in the case of 

mixtures with dsq, as demonstrated in 5.1.1.3, likely due to the liquid nature of the oligomer. 

Since oligo-dIB 900 has wax-like behaviour, it is suggested that the diffusion of the oligomer to 

the surface is slower. Moreover, the observed lateral phase-separated features in Figure 6-1 and 

Figure 6-6 are 2 orders of magnitude bigger than the film thickness. Hence, when phase 

separation occurs, equilibration may be slow because it is limited by the lateral diffusion speed. 

One may note that, in homogeneous films, the timescale of equilibration is expected to be much 

faster since the vertical diffusion distances are shorter. This result also agrees with the particular 

profiles obtained for the mixtures of oligo-dIB 2200 and PB, which showed a segregation of 

oligomer rich-phase at the surface and at the interface with the substrate, whereas it is not 

expected from surface energy arguments (see 5.2.1) and therefore must come from kinetic 
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Figure 6-19: Evolution of the shift factors corresponding to the master curves in Figure 6-14.  
Red dots: bT, black dots: aT, red solid line: fit to aT using the WLF equation (2.12). 

Table 6-8: Fitting parameters of the WLF equation. 

Sample sq content / 

% (w.w) 

A  B / K Adjusted R2 

0 3.98 ± 0.34 278 ± 24 0.99943 

30 7.44 ± 2.16 530 ± 157 0.99849 

50 1.68 ± 0.12 63 ± 4 0.99850 

70 91.26 ± 5124 2002 ± 113000 0.99937 

 

For the pure PBcis sample, the parameters agree (B being a bit high) with the suggested values 

from literature that are 4.17 and 196.8 K respectively.197, 198 In another source, A varies between 

2.66 and 3.48 and B between 147 K and 168 K, depending on the ratio of cis and trans addition 

in the chain structure.199 However, the fitting parameters obtained at higher sq concentrations 

diverge from the recommended values. Correlating this result with the determined cloud point 

at 25 °C for this system, one can conclude that the TTS principle fails for the 50 and 70 % (w.w) 

samples because of phase separation. The 30 % (w.w) sample is not expected to phase separate 
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relaxation time is also lowered. It is hence observed that the tack properties are linked to 

viscoelastic properties of the formulation, as suggested by De Gennes.192 The Dahlquist criterion, 

still widely used today in industry, is a good indicator for tack but is too simple to take into 

account all of the complex parameters affecting the tack properties of a formulation.
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ANNEX 1: FITTING ERROR ANALYSIS 

FITTING ERROR WITH ERDA 

In this section the calculation of the error on the ERDA fits is detailed, using as an example the 

30 % (w.w) dsq/PB sample. A fitting of the ERDA data using DataFurnace122 was performed using 

the Bayesian inference output, which calculates the standard deviation on the resulting 

concentration profile. The outcome of the fitting procedure is presented in Figure A1-1 with the 

red area representing the 95 % confidence interval around the determined concentration profile. 

 

Figure A1-1: Result of the error analysis on the concentration profile of a 30 % (w.w) dsq in PB sample. The ERDA 
data was fitted using the software DataFurnace. The concentration profile is represented by a black solid line while 

the red area represents the 95 % confidence interval (twice the standard deviation on each side). 

From this type of analysis, one can therefore calculate an error on the surface excess z*. Since 

with ERDA one cannot easily make the difference between a thin, highly concentrated layer and 
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Figure A1-2: Top: Plot of the MC fitting iterations corresponding to the results in Table A1-2. 

Unfortunately, widening these limits did not improve the convergence of the iterations, but it 

did worsen the quality of the fit to the NR data (Figure A1-3, bottom). Hence, it appears that the 

Genetic + MC analysis struggles to determine the concentration of the 2nd layer and that the 

error on this layer might be unreliable. This problem is not encountered with a simple Genetic 

fit: a good repeatability of the results was generally obtained with a good correlation between 

the area under the curve of the concentration profiles obtained and the total oligomer amount 

in the sample. The fitting using Genetic + MC analysis remains quite subjective for obtaining the 

error on this parameter since it involves assessing manually the quality of the fit to the raw data.  
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ANNEX 2: IBA FITTING 

PARAMETERS 

In this annex are reported a few example of the parameters used in DataFurnace to fit the IBA 

data, shown in the thesis. The complete fitting details for the other datasets can be found in the 

archive folder of DOI number 10.15128/r11544bp095.   

NDF v9.6a 30Oct13 rev 17Jan14 run 25/02/2015 12:09:44 Filename: dsq01.res     
Richard Thompson (1.7MV 5SDH NEC Tandem), Dept.Chemistry, University of Durham 
Any public outcome using these results must cite 
  N.P. Barradas, C. Jeynes, NIMB 266 (2008) 1875. 
Used ZBL stopping powers. Should cite SRIM The Stopping and Range of Ions in Matter, J.F. Ziegler, J.P. 
Biersack and M.D. Ziegler (2008) 
 

ERDA 

30 % (w.w) dsq in PB   
Batch dsqPB.spc structure dsqPB.str. The data switches were: 
  Isotopic distribution was used. 
  Data was not smoothed. 
  Roughness model 1.  Forced fast Gaussian model 
  x2 is normalised and not standard 
   
File: dsqPB3066.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dsq66.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 2H    ROI=   90+  9: 180 
IBM geometry: angle of incidence =  -66.00, scattering angle =   30.00, exit angle =   84.00 
E =0.44556E+01 ch +0.19372E+01 keV, Charge =0.35700E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
LLD channel 101 for pileup calculation 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 2H    created: file xd0101.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.1350E+03 
 
File: dsqPB3066.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file hsq66.geo 

https://collections.durham.ac.uk/files/r11544bp095#.WbgAe28rLIU
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Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 1H    ROI=   60+ 10: 120 
IBM geometry: angle of incidence =  -66.00, scattering angle =   30.00, exit angle =   84.00 
E =0.44688E+01 ch +-.11296E+02 keV, Charge =0.33252E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
LLD channel 101 for pileup calculation 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 1H    created: file xh0102.dat 
"Resonance" resolution convolution done on 1H    
All stopping powers are ZBL2000 
Partial chisquared 0.9431E+01 
 
Custom local search optimisation, from ndf.prf and NDF.TCN 
Fine constraints on fit imposed with file NDFPRF.ORD 
Logical elements present in calculation: 
 
  Molecule  1: c41h610.16476                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  has fixed stoichiometry: 
    C    :  40.000000 at.% 
    1H   :  60.000004 at.% 
  Density (1e22at/cm3):10.16476 
 
  Molecule  2: c302h629.249093                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  has fixed stoichiometry: 
    C    :  32.608696 at.% 
    2H   :  67.391304 at.% 
  Density (1e22at/cm3): 9.24909 
 
  Element  3: si4.977                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  Density (1e22at/cm3): 4.97700 
 
The fit assigned  3 layers. The composition was: 
 
                 density (1e22at/cm3):    10.16476  9.24909  4.97700 
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)  c41h610.  c302h629  si4.977   roughnes 
   1      310.000       32.087  9.661      45.0000   55.0000    0.0000 0.150000E+01 
   2     2689.961      269.894  9.967      78.3752   21.6248    0.0000 0.458243E+01 
   3   631085.000   126800.273  4.977       0.0000    0.0000  100.0000 0.100000E+00 
     Total amount (1e15at/cm2):          .2248E+04 .7522E+03 .6311E+06 
     Not considering last layer:         .2248E+04 .7522E+03 .0000E+00 
   
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)     C         1H        2H        Si    
   1      310.000       32.087  9.661      35.9348   27.0000   37.0652    0.0000 
   2     2689.961      269.894  9.967      38.4016   47.0251   14.5733    0.0000 
   3   631085.000   126800.273  4.977       0.0000    0.0000    0.0000  100.0000 
     Total amount (1e15at/cm2):          .1144E+04 .1349E+04 .5069E+03 .6311E+06 
     Not considering last layer:         .1144E+04 .1349E+04 .5069E+03 .0000E+00 
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30 % (w.w) oligo d-IB in PB   
Batch dIBPB.spc structure dIBPB.str. The data switches were: 
  Isotopic distribution was used. 
  Data was not smoothed. 
  Roughness model 1.  Forced fast Gaussian model 
  x2 is normalised and not standard 
   
File: dIBPB3066.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dIB66.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 2H    ROI=  100+  8: 160 
IBM geometry: angle of incidence =  -66.00, scattering angle =   29.00, exit angle =   85.00 
E =0.48515E+01 ch +0.52913E+02 keV, Charge =0.14927E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
LLD channel 141 for pileup calculation 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 2H    created: file xd0401.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.1332E+01 
 
File: dIBPB3066.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file hIB66.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 1H    ROI=   20+  8: 105 
IBM geometry: angle of incidence =  -66.00, scattering angle =   29.00, exit angle =   85.00 
E =0.48541E+01 ch +0.44199E+02 keV, Charge =0.13500E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
LLD channel 141 for pileup calculation 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 1H    created: file xh0402.dat 
"Resonance" resolution convolution done on 1H    
All stopping powers are ZBL2000 
Partial chisquared 0.4107E+01 
 
Custom local search optimisation, from dIB04.prf and NDF.TCN 
Fine constraints on fit imposed with file NDFPRF.ORD 
Error from data. 
Logical elements present in calculation: 
 
  Molecule  1: c41h610.16476                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  has fixed stoichiometry: 
    C    :  40.000000 at.% 
    1H   :  60.000004 at.% 
  Density (1e22at/cm3):10.16476 
 
  Molecule  2: c321h92h569.35                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  has fixed stoichiometry: 
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    C    :  32.989689 at.% 
    1H   :   9.278350 at.% 
    2H   :  57.731956 at.% 
  Density (1e22at/cm3): 9.35000 
 
  Element  3: si4.977                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  Density (1e22at/cm3): 4.97700 
 
The fit assigned  4 layers. The composition was: 
 
                 density (1e22at/cm3):    10.16476  9.35000  4.97700 
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)  c41h610.  c321h92h  si4.977   roughnes 
   1      400.000       40.655  9.839      60.0000   40.0000    0.0000 0.000000E+00 
   2      580.592       57.347 10.124      95.0209    4.9791    0.0000 0.000000E+00 
   3      561.615       55.938 10.040      84.6837   15.3163    0.0000 0.000000E+00 
   4     7721.959     1551.529  4.977       0.0000    0.0000  100.0000 0.140625E-01 
     Total amount (1e15at/cm2):          .1267E+04 .2749E+03 .7722E+04 
     Not considering last layer:         .1267E+04 .2749E+03 .0000E+00 
   
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)     C         1H        2H        Si    
   1      400.000       40.655  9.839      37.1959   39.7113   23.0928    0.0000 
   2      580.592       57.347 10.124      39.6510   57.4745    2.8745    0.0000 
   3      561.615       55.938 10.040      38.9263   52.2313    8.8424    0.0000 
   4     7721.959     1551.529  4.977       0.0000    0.0000    0.0000  100.0000 
     Total amount (1e15at/cm2):          .5976E+03 .7859E+03 .1587E+03 .7722E+04 
     Not considering last layer:         .5976E+03 .7859E+03 .1587E+03 .0000E+00 
 
Signal areas (in counts) - Data, with the calculated partial spectra from other elements and background 
subtracted 
Geometry     C         1H        2H        Si    
       1      .0000E+00 .0000E+00 .0000E+00 .0000E+00 
       2      .0000E+00 .0000E+00 .0000E+00 .0000E+00 
 
Signal areas (in counts) - same as before, but background not subtracted 
Geometry     C         1H        2H        Si    
       1      .0000E+00 .0000E+00 .0000E+00 .0000E+00 
       2      .0000E+00 .0000E+00 .0000E+00 .0000E+00 
 
40 % (w.w) oligo d-S in hPI 
Batch dShPI.spc structure dShPI.str. The data switches were: 
  Isotopic distribution was used. 
  Data was not smoothed. 
  Roughness model 1.  Forced fast Gaussian model 
  x2 is normalised and not standard 
   
File: dS4063.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dS63.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 2H    ROI=  100+ 10: 150 
IBM geometry: angle of incidence =  -63.00, scattering angle =   29.00, exit angle =   88.00 
E =0.48823E+01 ch +0.44567E+02 keV, Charge =0.15138E+01 puC,  Omega =0.14300E+01 msr 
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Andersen screening 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 2H    created: file xd0201.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.1368E+01 
 
File: dS4063.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file hS63.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 1H    ROI=   20+ 10: 105 
IBM geometry: angle of incidence =  -63.00, scattering angle =   29.00, exit angle =   88.00 
E =0.48550E+01 ch +0.38020E+02 keV, Charge =0.14797E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 1H    created: file xh0202.dat 
"Resonance" resolution convolution done on 1H    
All stopping powers are ZBL2000 
Partial chisquared 0.2716E+01 
 
File: dS4063b.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dS63.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 2H    ROI=  100+ 10: 150 
IBM geometry: angle of incidence =  -63.00, scattering angle =   29.00, exit angle =   88.00 
E =0.48821E+01 ch +0.44678E+02 keV, Charge =0.14640E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 2H    created: file xd0203.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.1439E+01 
 
File: dS4063b.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file hS63.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 1H    ROI=   20+ 10: 105 
IBM geometry: angle of incidence =  -63.00, scattering angle =   29.00, exit angle =   88.00 
E =0.48529E+01 ch +0.38859E+02 keV, Charge =0.14748E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 1H    created: file xh0204.dat 
"Resonance" resolution convolution done on 1H    
All stopping powers are ZBL2000 
Partial chisquared 0.3100E+01 
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File: dS4063c.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dS63.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 2H    ROI=  100+ 10: 150 
IBM geometry: angle of incidence =  -63.00, scattering angle =   29.00, exit angle =   88.00 
E =0.48825E+01 ch +0.44133E+02 keV, Charge =0.14979E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 2H    created: file xd0205.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.1707E+01 
 
File: dS4063c.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file hS63.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.18000E+02 keV, Chu straggling Gauss.  
ERDA:   1516.0 keV 4He   on 1H    ROI=   20+ 10: 105 
IBM geometry: angle of incidence =  -63.00, scattering angle =   29.00, exit angle =   88.00 
E =0.48530E+01 ch +0.38395E+02 keV, Charge =0.14687E+01 puC,  Omega =0.14300E+01 msr 
Andersen screening 
Foil with  1 layers: 
  thick:0.465E+05 1e15at/cm2, comp: C   45.5 H   36.4 O   18.2 
Non-Rutherford cross section for 1H    created: file xh0206.dat 
"Resonance" resolution convolution done on 1H    
All stopping powers are ZBL2000 
Partial chisquared 0.2804E+01 
 
Custom local search optimisation, from dSh02.prf and NDF.TCN 
Fine constraints on fit imposed with file NDFPRF.ORD 
Logical elements present in calculation: 
 
  Molecule  1: c82h87.728896                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  has fixed stoichiometry: 
    C    :  50.000000 at.% 
    2H   :  50.000000 at.% 
  Density (1e22at/cm3): 7.72890 
 
  Molecule  2: c51h1013.52374                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  has fixed stoichiometry: 
    C    :  33.333336 at.% 
    1H   :  66.666672 at.% 
  Density (1e22at/cm3):13.52374 
 
  Element  3: si                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  Density (1e22at/cm3): 4.97700 
The fit assigned  3 layers. The composition was: 
 
                 density (1e22at/cm3):     7.72890 13.52374  4.97700 
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Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)  c82h87.7  c51h1013  si        roughnes 
   1      510.000       38.203 13.350       3.0000   97.0000    0.0000 0.255000E+01 
   2      207.464       23.022  9.012      77.8625   22.1375    0.0000 0.854519E+02 
   3    25000.000     5023.106  4.977       0.0000    0.0000  100.0000 0.100000E+00 
     Total amount (1e15at/cm2):          .1768E+03 .5406E+03 .2500E+05 
     Not considering last layer:         .1768E+03 .5406E+03 .0000E+00 
   
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)     C         2H        1H        Si    
   1      510.000       38.203 13.350      33.8333    1.5000   64.6667    0.0000 
   2      207.464       23.022  9.012      46.3104   38.9313   14.7583    0.0000 
   3    25000.000     5023.106  4.977       0.0000    0.0000    0.0000  100.0000 
     Total amount (1e15at/cm2):          .2686E+03 .8842E+02 .3604E+03 .2500E+05 
     Not considering last layer:         .2686E+03 .8842E+02 .3604E+03 .0000E+00 

 

NRA 

50 % (w.w) oligo d-IB in PB   
Batch dIBPBnra.spc structure dIBPB.str. The data switches were: 
  Isotopic distribution was used. 
  Data was not smoothed. 
  x2 is normalised and not standard 
   
File: dIBPB5080.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dIB80.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.17000E+02 keV, Chu straggling Gauss.  
NRA: 2H   (3He      700.0 keV,1H   )4He   Q= 18351 keV Detect:1H    ROI= 1290+  6:1340 
Cornell geometry: angle of incidence =   80.00, scattering angle =  170.00, exit angle =   80.15 
E =0.97000E+01 ch +0.62258E+02 keV, Charge =0.32200E+01 puC,  Omega =0.20000E+01 msr 
Andersen screening 
Non-Rutherford cross section for 2H    created: file xn0301.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.4471E+02 
 
File: dIBPB5083.ASC: 2048 ch, 512 are read, 2 cols: 2nd is used. Geometry file dIB83.geo 
Compressed to  2048 channels, no pileup correction 
Autolayer option was used. 
Detector FWHM 0.17000E+02 keV, Chu straggling Gauss.  
NRA: 2H   (3He      700.0 keV,1H   )4He   Q= 18351 keV Detect:1H    ROI= 1290+  6:1350 
Cornell geometry: angle of incidence =   83.00, scattering angle =  170.00, exit angle =   83.11 
E =0.97000E+01 ch +0.53555E+02 keV, Charge =0.22680E+01 puC,  Omega =0.20000E+01 msr 
Andersen screening 
LLD channel 166 for pileup calculation 
Non-Rutherford cross section for 2H    created: file xn0302.dat 
"Resonance" resolution convolution done on 2H    
All stopping powers are ZBL2000 
Partial chisquared 0.1728E+02 



Annex 2: IBA fitting parameters  

 

 
220 

 
Custom local search optimisation, from dIB03.prf and NDF.TCN 
 
Logical elements present in calculation: 
 
  Molecule  1: c41h610.16476                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  has fixed stoichiometry: 
    C    :  40.000000 at.% 
    1H   :  60.000004 at.% 
  Density (1e22at/cm3):10.16476 
 
  Molecule  2: c42h8                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  has fixed stoichiometry: 
    C    :  33.333336 at.% 
    2H   :  66.666672 at.% 
  Density (1e22at/cm3): 6.63533 
 
The fit assigned  5 layers. The composition was: 
 
Equation for molecule c42h8 in file erf.txt 
  .5+.5*erf((a0-t)/a1)+a2+a2*erf((t-a3)/a4) 
  a 0=-.23218E+02 
  a 1=0.10015E+03 
  a 2=0.36183E-01 
  a 3=0.84836E+02 
  a 4=0.21000E+02 
 
Matrix composition: 
 
                 density (1e22at/cm3):    10.16476  6.63533 
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)  c41h610.  c42h8    
   1     1475.656      145.174  9.881      91.9497    8.0503 
   2      384.068       37.784 10.165     100.0000    0.0000 
   3      807.473       79.438 10.165     100.0000    0.0000 
   4      255.288       25.115 10.165     100.0000    0.0000 
   5   231306.000    22755.678 10.165     100.0000    0.0000 
     Total amount (1e15at/cm2):          .2341E+06 .1188E+03 
     Not considering last layer:         .2804E+04 .1188E+03 
   
Layer  t (1e15at/cm2) t (nm) r(1e22at/cm3)     C         1H        C         2H    
   1     1475.656      145.174  9.881      36.7799   55.1699    2.6834    5.3668 
   2      384.068       37.784 10.165      40.0000   60.0000    0.0000    0.0000 
   3      807.473       79.438 10.165      40.0000   60.0000    0.0000    0.0000 
   4      255.288       25.115 10.165      40.0000   60.0000    0.0000    0.0000 
   5   231306.000    22755.678 10.165      40.0000   60.0000    0.0000    0.0000 
     Total amount (1e15at/cm2):          .9364E+05 .1405E+06 .3960E+02 .7920E+02 
     Not considering last layer:         .1121E+04 .1682E+04 .3960E+02 .7920E+02 

 

 


























