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Abstract 
Oral health is an integrated part of the public wellbeing, and does not only affect the quality 

of life, but also the healthcare system through related economic costs. Despite great global progress 
in oral health related issues, dental caries is still a major problem that affects both children and 
adults. Indeed, dental restorative work in industrialized countries is very costly, thus developing and 
improving restorative materials can beneficially impact the public health system. Among dental 
restorative materials glass ionomer cements (GIC) are of great interest, since they have the ability to 
bond to the tooth structure without the need for preconditioning the surface with an acid or 
unnecessary removal of tooth substance. Furthermore, fluoride is slowly released during setting 
adding to the anticariogenic benefits of the material. GIC’s poor mechanical strength is however a 
disadvantage, and improved knowledge on this subject can bring potential development. One 
possibility is to advance our understanding of the dynamics of the aqueous solution used to prepare 
the GIC.   

Under these lines, in this work I have combined neutron spectroscopy and calorimetric 
analysis to understand the nanoscale mobility of the hydrogen atoms, mostly from water, present in 
conventional GIC. Water plays a big part in the setting process in GIC. It is the reaction medium in 
which the cations leach to crosslink. Furthermore, water also hydrates the siliceous hydrogel and the 
metal polyacrylate salts. In matured GIC, water occupies coordination sites around cations in a 
hydration shell of the cation-polyacrylate, hydration regions around the polymer chain or still 
remains unbound in its bulk state. Neutron spectroscopy was chosen since the high incoherent 
scattering cross section of the hydrogen atom makes this technique ideal for assessing the dynamics 
of water in the material. Water is furthermore also easily detected by thermogravimetric analysis 
coupled to Fourier transform infrared spectroscopy and differential scanning calorimetric methods, 
which were also employed in this thesis. However understanding water dynamics in such complex 
hierarchical structure, where different motions occur in a broad range of time scales and 
simultaneously, can be difficult. So in this Ph.D. thesis, the experimental data was combined with 
preliminary classical molecular dynamics simulations (MD), aiming to investigate the different 
nanoscale water dynamics in the GIC. This unique approach opens new possibilities to better 
explore all the information contained in the neutron spectroscopy data. 

Selected materials were investigated by first understanding the molecular motions of the 
different aqueous polyacrylic acid solutions (PAA) that are used in preparing the cements. These 
results are reported in Paper 1 and Paper 2. These findings were afterwards superimposed to the 
GICs themselves, in order to separate distinct molecular motions. This approach shows that the 
structure of the PAA solutions influences the overall properties of the GIC. The investigation of the 
dynamics of the confined liquid, the main body of this thesis, is reported in Paper 2. The results 
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show that water is confined differently in the polymer chain depending on the GIC. Two sub 
projects involving GIC that are not yet in a manuscript form are also briefly described in Chapter 3. 
These results further confirm that how the water is confined in the polymer chain determines its 
behavior in the GIC and to a certain extent controls hydrogen binding to the GIC structure. 
Therefore, the knowledge acquired during this Ph.D. thesis contributes to the understanding of the 
nature of the hydration in the GIC and can be applied towards the development and improvement of 
dental restorative materials. 

Furthermore, two manuscripts regarding water and protein dynamics in confinement probed 
by quasi-elastic neutron scattering are also included in the thesis, Paper 3 and Paper 4. In Paper 3 
we investigated why two chalk samples display vastly different water uptake, despite the fact that 
they are known to have similar pore volumes. In Paper 4 we investigated the dynamics of 
encapsulated Hepatitis B surface antigen in mesoporous silica SBA-15. My knowledge of liquids in 
confinement was extended by the analysis of the neutron data on these new and challenging 
systems.  
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Resume  
Odontologi er en integreret del af den almene velvære, og påvirker både livskvaliteten hos 

befolkningen såvel som sundhedsvæsenet via relaterede omkostninger. På trods af de globale 
fremskridt inden for tandsundhed, er caries stadigvæk et stort problem, der påvirker børn så vel som 
voksne. Derfor er forskning i tandfyldnings materialer stadigvæk vigtig, hvor i særdeleshed 
materialet glasionomercementer (GIC) er interessant, da de binder til tandstrukturen og frigiver 
anticariogenisk fluor imens det herder. GIC har dog den ulempe at materialet har dårlig mekaniske 
styrke, hvilket mere viden potentielt kan afklare. En mulighed for at udvikle materialet er, at 
fremme forståelsen af dynamikken i den vandige opløsning, der anvendes i præparationen of GIC. 
Jeg vil ligeledes forstå hvordan denne dynamik ændres, når den vandige opløsning inkorporeres i 
materialet. 

Med henblik på forståelse af dynamik i GIC, har jeg kombineret neutronspektroskopi og 
kalorimetrisk analyse. Mere specifikt vil jeg forstå hydrogenatomernes mobilitet på nanoskala, der 
hovedsagelig kommer fra vand. Neutronspektroskopi blev anvendt i dette studie, på grund af  
hydrogenatomets høje inkohærente spredningstværsnit, der gør teknikken ideel til at måle dynamik i 
vandholdige materialer. I GICs komplekse hierarkiske struktur kan forståelsen af vanddynamikken 
dog være vanskelig. Derfor har jeg i denne Ph.D. afhandling kombineret de eksperimentelle data fra 
neutronspektroskopi med indledende klassiske molekylær dynamik simuleringer (MD). Denne 
unikke tilgang til neutronspektroskopi, giver nye muligheder for bedre forståelse og udforskning af 
data. Den tilegnet viden under denne Ph.D. afhandling bidrager til forståelsen af hydrering i GIC, 
og kan anvendes til at udvikle og forbedre tandfyldnings materialet.  
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  Introduction Chapter 1
1.1 Motivation 

Oral health does not only affect the quality of life for both children and adults, but also the 
healthcare system through related economic costs. Despite great global progress in oral health 
related issues, dental caries is still a major problem and one of the most costly. Thus developing and 
improving restorative materials is urgent. Controlling the hydration process during the preparation 
of dental cements would be of great interest in developing a better material. A sensible choice is the 
Glass Ionomer Cements (GIC) as it possesses very interesting biocompatible properties1–4. The 
properties of GIC are largely determind by liquid mobility, and thus we must have a better 
understanding of how the liquid mobility evolves during the cement setting process under 
confinement in the material’s pore structure.  

Similar to all GIC are the content of glass-silicate-aluminum base powder, which is mixed 
with an aqueous polyacrylic acid solution (PAA), so that the cement hardens through an acid base 
reaction. The GIC used for dental restorations can either be mixed by hand or mechanically, the 
latter being done by packing pre-dosed powder and liquid in capsules. One of the positive aspects of 
GIC, is the release of fluoride while setting in the tooth2,4–7. However the strength of these GIC 
could be improved2,6. Under these lines, this study focused on the hydration process and how this 
knowledge can be used for further material development. This was achieved by a better 
understanding of how the hydrogen bond network develops during setting and maturation, as well 
as how the dynamics of different solutions used in preparing GIC behaves under confinement. 

 In this thesis, different restorative GIC were investigated. These materials were chosen 
based on their physical and mechanical properties that are to a certain extent controlled by the glass 
particle size and the aqueous PAA composition1–3,5,6,8. Here the aim was to correlate the different 
setting processes of the materials with the diffusivity of the liquid used to mix the GIC. By 
combining quasi-elastic neutron scattering (QENS) with inelastic neutron scattering (INS), we 
achieved insight on the dynamics of the free and confined liquids and how their dynamics is 
modified as the density of the material changes with setting. Furthermore, from the thermo analysis 
invaluable information on the different hydrogen bond networks were obtained. As the hydrogen 
mobility in PAA occurs over a broad time range, to cover full dynamical range of these processes 
the neutron spectroscopy data was collected on several different spectrometers. These results form 
the main body of this thesis and help in further understanding how the overall dynamical properties 
of the confined liquid in the GIC influence the material properties. These results also give insight on 
how chemical modifications to the liquid, and consequently to the GIC, can influence the properties 
of dental restorative cements. Understanding the hydration process in these materials certainly 
provides unique information for future development. 
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Defining the proton dynamics in such complex hierarchical structures, where important 
motions related to the different states of the hydrogen atoms evolve in a confined porous structure, 
can be difficult only by the means of experimental techniques. So in this study, the QENS data was 
also combined with preliminary molecular dynamics simulations, aiming to investigate the structure 
factor, S(Q ,ω), of the free and confined aqueous PAA solution. Future studies centered on the 
confinement of the aqueous solution of PAA in the GIC are now envisaged. This unique approach 
opens new possibilities to better explore all the information contained in INS and QENS data. This 
idea is discussed as perspectives for this Ph.D. work. 

1.2 Glass ionomer cements: History and Materials Properties 
Dental restorative glass ionomer cements (GIC) were first introduced and patented in the 

late 1960s, and then further developed by Wilson and Kent in the early 1970s9. Developments of 
GIC were mostly based on the modification of pre-existing silicate cements4, which back then had 
been the best available restorative material for anterior teeth10. The most important alteration was 
the introduction of the polyacrylic acid aqueous solution (PAA). By adding PAA, the cement now 
consisted of a powder-liquid system consisting of aluminum-silicate-glass and polycarboxylic acid.    

GIC have since then been of great interest, as they have the ability to bond to the tooth 
structure without the need for preconditioning the surface with an acid. Additionally, they do not 
require unnecessary removal of tooth substance and have a thermal expansion coefficient similar to 
the hard dental tissues. Furthermore, the incorporation of fluoride11, which is slowly released over 
weeks during setting, added a new depth to its anticariogenic benefits. The potential for GIC was 
recognized and the material was industrialized for commercial use either as a luting agent and liner 
or for dental restoration in the early 1970s4,12.  

In the 1990s, the mechanical properties and strength of the conventional GIC was improved 
with the incorporation of a light polymerizable resin component. The new resin-modified glass 
ionomer cements (RMGIC) have a longer working time and an improved aesthetics. Furthermore, 
they also have a quicker initial setting and enhanced initial strength when compared to conventional 
GIC13–15. However, the presence of the resin component makes the setting reaction more complex, 
since not only the acid-base reaction between the glass particles and the polyacid solution occurs, 
but also a photo initiated polymerization reaction of the resin monomers takes place. The initial 
setting in the RMGIC is caused by the polymer chain propagation resulting from the polymerization 
reaction13 and, therefore a significant improvement in the strength during the critical first hours of 
setting can be achieved14. During the initial setting process of the RMGIC, the acid-base and 
polymerization reactions compete, inhibiting each other16–18. Consequently a suitable 
polymerization of the resin component is fundamental to avoid a weaker material.  

Both conventional GIC and RMGIC continue to be of great interest to the dental 
community; however further improvement in material strength is desirable if the GIC are to be used 
as long-term dental fillings in high load bearing areas. In contrast to the dynamical characteristics of 
the confined liquid within the material, other subjects such as structure, mechanical properties and 
setting have been widely studied2,4,7,19–22. To elaborate on this missing knowledge, this thesis 
focuses on the proton dynamics of the GIC. This means the study of the liquid in several forms of 
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confinement, for which the combination of neutron spectroscopy and thermal analysis, supported by 
molecular dynamics calculations, was deemed the best approach. 

In contrast to other silica glasses, the glass used in GIC is soluble in acid, which makes the 
setting reaction possible. The glass powders’ ability to be dissolved in the acid comes from the 
structure of the glass, which has fused silica with incorporated negatively charged regions from the 
aluminum, that partially have replaced the silica (see Figure 1:1). 

The main components in the powder are silicon dioxide (SiO2), alumina (Al2O3) and 
calcium (or strontium) fluoride (Ca/SrF2), fused by heating up to 1100-1500 °C and then cooled 
abruptly. The glass is subsequently ground into particles ranging from nm to 15-50 µm in size. The 
composition of the glass powder controls the setting rate of the cement, largely determined by the 
silicate-aluminum ratio (Al2O3:SiO2)23,24. The negatively charged regions are attacked by the acid’s 
positive hydrogen ions, and therefore the ratio of Al2O3:SiO2 controls both the solubility and the 
time it takes to dissolve the glass. Furthermore, an increase in Al2O3 concentration results in 
increased strength10. On the other hand, the particle size plays an important role in the setting time, 
where the smaller the particle (i.e. bigger the specific surface area) the shorter the setting time10.  

 

 

Figure 1:1 (a) Structure of the aluminium silica glass with an electrical charged grid. The glass has 
incorporated negatively charged regions from the aluminium that partially replace the silica, 

allowing the glass to react with the acidic aqueous solution. The negatively charged regions in the 
glass are attacked by the positive hydrogen ions in the polyacrylic acid solution. (b) Structure of the 
most common carboxylic acids (left) and its corresponding co-polymeric structures (right) used in 

GIC preparation. Adapted from [10]. 
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The liquid consists of a high molecular link between polymers (typically an unsaturated 
carboxylic acid) and electrolytes in an aqueous solution10. Over time, in a pure single type polymer 
PAA aqueous solution, the liquid becomes gel-like as a result of the formation of hydrogen bonds. 
This can be upheld by adding a co-polymer of acrylic, itaconic and maleic acid to the solution (see 
Figure 1:1), for example. However, adding the co-polymer makes the GIC more vulnerable to acid 
attacks and inhibits the binding to the enamel and dentin10,14,20. Nevertheless, a greater number of 
carboxylic acid groups in the copolymer produce a matrix with more crosslinking, which makes the 
GIC stronger. Furthermore, the molecular weight and the polymer concentration also influence the 
properties of the GIC5 . Increasing the molecular weight in the polymer concentration causes a 
faster reaction and increase in strength. However, it also makes the liquid more viscous and the 
cement more difficult to mix. 

 

The setting reaction starts as soon as the powder comes in contact with the liquid, and goes 
through the following five stages10: 

i) Degradation of the glass powder and the release of the metal ions. 

ii) Migration of the released metal ions into the aqueous segment in the GIC.   

iii) Formation of the silica gel. 

iv) Hardening of the cement.   

v) Maturation of the cement  

In the first two stages, the relatively weak aqueous PAA dissolves the finely powdered 
glass. The acid attacks the surface layer of the glass resulting in the release of cations into the 
aqueous segment (see Figure 1:2). As the reaction progresses, the PAA converts into polysalts, and 
as a result of the increased concentration of ions, the viscosity and the pH increase.    

In stages (iii) and (iv), the cement paste reaches a specific pH value and the precipitation of 
the polysalt begins. The released cations form salt bridges between the polyacid chains, resulting in 
the formation of silica hydrogel at the interface between the glass particle and the cement matrix 
(see Figure 1:2). The subsequent hardening process is dominated by a much slower formation of 
aluminum polysalts (see Figure 1:3), which is the governing phase of the GIC matrix. The glass 
powder core remains intact, acting as filler in the cement network2.  
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Figure 1:2 Degradation of the base aluminum (-cation) silicate glass powder caused by the acid-
base reaction. (a) The hydrogen ions attack the interstitially embedded calcium and sodium ions. (b) 

The hydrogen ions attack the charged aluminum silicate glass, thereafter the crystalline structure 
decomposes and the aluminum ions are released. (c) The created silica acid condensates and forms 

the silica gel. The figure describes the first 3 stages in the setting process. Adapted from [10]. 

In the last stage of the setting process, the cement matures. This stage can last up to a year, 
where the cement is still liable to change, i.e. forming hydrogen bond and crosslinking. Therefore, 
the strength may increase and the cement may become harder, see Figure 1:4. In this study the 
investigated GIC were within the last stage of the setting, and the studied cement samples were 
between 5 and 28 days old. 
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Figure 1:3 Formation of the polysalts, also called polyelectrolytes. The top figure depicts the 
formation of calcium (cation) polysalts mostly present in stage ii of the setting, while the bottom 

figure shows the slower formation of aluminum salt mostly present in stages iii and iv of the setting. 
Adapted from [10]. 

 

 

 

Figure 1:4 (left) Scanning electron microscopy (SEM) picture of one of the studied GIC after 28 
days. (right) Schematic of the GIC in the mature cement, the filler are bound together by a hydrogel 
of cations and aluminum polyacrylates, containing fluoride. The filler particles contain a glass core 

surrounded by the siliceous hydrogel. 
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1.3 Probing Water in Glass Ionomer Cements  
Water is essential to the setting process of the cement. In the first steps of the setting, water 

acts as the reaction medium in which the leached cations crosslink with the liquid, forming the 
polyacrylate matrix. The conformation of the polyelectrolyte chain and its flexibility will in turn 
govern the degree of crosslinking in the polyacrylate matrix, thus influencing the cement properties. 
Furthermore, water also hydrates the siliceous hydrogel and the metal polyacrylate salts, becoming 
an essential part of the cement and being found in various forms within the cement structure23. 

 If water is lost from the cement by desiccation in the beginning of the setting, the reaction 
will stop or be retarded. On the other hand, in the first 3 to 6 minutes of the cement’s hydration, the 
early contact with water can be damaging, thus the surface of the restoration must be protected5,25. 
During maturation and in the completely set cement, water can then occupy coordination sites 
around cations in a hydration shell of the cation-polyacrylate26 or hydration regions around the 
polymer chain, generally classified as tightly bound water. Tightly bound water cannot be easily 
removed. Water can also remain unbound, commonly referred to as loosely bound water, which is 
liable to change, unless the cement is at about 80% relative humidity. The unbound water is 
believed to cause the GIC to crack over time27, as it will easily diffuse through the material. With 
ageing, it is also observed that in some GIC the ratio of tightly bound to loosely bound water 
increases, as the loosely bound water forms new chemical bonds and becomes part of the cement 
matrix. In addition, with ageing, it is observed in some cement samples, that the pore structure 
changes28 and that the compressive strength of the GIC increases.  

In this investigation, neutron spectroscopy was appropriate since the neutron is not only able 
to penetrate deeply into the material without perturbing its composition, but also the high incoherent 
scattering cross section of the hydrogen atom makes the technique ideal for assessing the dynamics 
of hydrogenous materials29–34. Water is furthermore also easily detected by the thermogravimetric 
analysis coupled to Fourier transform infrared spectroscopy (TGA/FTIR)35,36 and differential 
scanning calorimetry (DSC)17,37,38 methods employed in this thesis.!
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   Methods and Theory Chapter 2
2.1 Sample preparation 

In this study 6 different GIC were investigated from 3 different companies. From “Voco 
GmbH, Germany” we investigated: Encapsuled Poly Ionofil Molar AC (hereafter named Poly), 
Aqua Ionofil Plus (hereafter named Aqua), and Ionloux (hereafter named Hema).  From “GC 
America Inc.”: Encapsulated Equia Forte Fil (hereafter named Equia) and encapsuled Fuji IX GP 
(hereafter named Fuji). From “3M, United States” we investigated encapsuled Ketac Molar Aplicap 
(hereafter named Ketac). The composition of the GIC used in this study as stated by the 
manufacturers is given in Table 2:1 

Poly, Fuji, Ketac and Equia cements were prepared by mixing the powders with their 
respective liquids in accordance with the manufacturer's recommendation, using a mechanical 
agitator (CapMix Capsule Mixing Device, 3M ESPE AG, Germany) for 10 seconds, or for 10 
seconds mixing and 5 seconds centrifugation (RotoMix Capsule Mixing Device, 3M ESPE AG, 
Germany). Aqua and Hema cements were hand mixed by using a powder-to-liquid ratio of 5.6:1 
and 3.2:1 by weight, respectively. Furthermore, Hema was light activated according to the 
manufacture’s recommendation using a lamp (bluephase, Ivoclar Vivadent) emitting 950 mW/cm2. 

The GIC samples were prepared for two purposes: firstly, for the analysis of the proton 
dynamics using neutron spectroscopy, and secondly, for calorimetric examination and 
characterization. Preparation was carried out at room temperature (approximately 20 ºC). For the 
neutron experiments, approximately 1 g (equivalent of 3 capsules) of sample was mixed and 
uniformly distributed as a thin film inside a flat sample holder, while for the calorimetric 
examination, although the amount of sample was the same, the samples were distributed in separate 
rows (see Figure 2:1) to be used in triplicates. Subsequently, immediately after mixing, the samples 
were wrapped in aluminum foil and placed inside a flat aluminum sample holder sealed with indium 
wire (see Figure 2:1). All samples were stored for 7 or 28 days at 37 ºC, corresponding to body 
temperature. In the case of the hydration measurements of the cements, the sample holders were 
placed in the beam approximately 15 minutes after the start of the mixture and measured for 24 
hours. Both the liquid and powder samples were not in contact with air before the measurements.  

Poly, Aqua and Hema and their respective liquids and powders were studied in Paper 1 and 
Paper 2. The Fuji, Ketac and Equia samples and their respective liquids and powders were 
investigated, but not yet fully analyzed, although mentioned in Chapter 3. Therefore the main body 
of this thesis consists of a discussion on the GIC Aqua and Poly samples and the RMGIC Hema. 
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Table 2:1 Composition and contribution in percentage from the investigated samples for the liquid 
and powder components, as reported by the manufacturers MSDS. All GIC contain aluminum 

silicate glass powder and a  polyacrylic acid (PAA) in an aqueous solution. The composition of the 
glass powder and the polyacid to glass-powder ratio varies among the samples. The samples Poly, 
Aqua and Hema constitute the main body of the thesis and are discussed in Paper 1 and Paper 2. 

The samples Fuji, Ketac and Equia are not yet fully analyzed but mentioned in Chapter 3. 

GIC Powder Composition % by weight Liquid composition % by weight 

Poly 

(Ionofil Molar AC) 

Fluoroaluminosilicate 
glass 

50 - 100% Polyacrylic acid 25 - 50% 

Polyacrylic acid 5 - 10% 
Water 50-75% 

(+)- Tartaric acid 2.5 - 5 % 

Aqua 

(Aqua Ionofil Plus) 

Fluoroaluminosilicate 
glass 50 - 100% 

Water 100% 
Polyacrylic acid 10 - 25% 

(+)- Tartaric acid 2.5 - 5 % 

Hema 

(Ionolux) 

Fluoroaluminosilicate 
glass 

50 - 100% 2-hydroxyethyl 
methacrylate 

25-50% 

Polyacrylic acid 5 - 10% 

Polyacrylic acid 
solution 

10-25% 

Glycerin dimethacrylate 10-25% 

Urethane 
dimethacrylate 10-25% 

Fuji 

(Fuji IX GP) 

Fluoroaluminosilicate 
glass 

95% Polyacrylic acid 40-30% 

Polyacrylic acid 5% 

Tartaric acid 5 - 10% 

Polybasic carboxylic 
acid 

5-10% 

Water 50% 

Equia 

(Equia Forte Fil) 

Fluoroaluminosilicate 
glass 

<99.5% Polyacrylic acid 5-10% 

Iron(III) oxide < 0.5% 

Polybasic carboxylic 
acid 

5-10% 

Tartaric acid 12% 

Water 78% 

Ketac 

(Ketac Molar Aplicap) 

Nuc-oxide glass 
chemicals (non-fibrous) 

85 - 95% Copolymer of acrylic 
acid-maleic 35 - 55% 

Copolymer of acrylic 
acid-maleic acid 

1 - 6 % Water 40 - 55% 
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Figure 2:1 Pictures of GIC samples after ageing. (a) The sample as a thin film for the neutron 
scattering experiments, placed next to a sample holder. (b) Three rows of the same GIC as prepared 

for colorimetric studies. 

!

2.2 Thermogravimetric analysis and Fourier transform infrared 
spectroscopy: Decomposition analysis  

In thermogravimetric analysis (TGA) we measure the changes in mass of materials as a 
function of increasing temperature. When coupled to a Fourier transformed infrared (FTIR) 
spectrometer, which measures the infrared absorption spectrum of the heated sample, the 
decomposing components of the material can be identified. 

In Paper 2 this approach was used to, not only identify the composition of the GIC (Poly and 
Aqua), but also to characterize the different states or populations of the proton in the matured 
cements. By comparing the decomposition temperatures with the absorption spectrum, we 
differentiate water in its bulk-like state from water confined in the polymeric network. By 
measuring GIC at different maturation periods (7 or 28 days), we can obtain how progressive the 
water binding is over time for the different samples. This information is crucial for the neutron 
spectroscopy analysis, as it helps to separate the proton populations in the QENS spectrum and to 
identify vibrations in the IINS data. Moreover, by combining TGA-FTIR with neutron 
spectroscopy, we can investigate if and how the progressive water binding is influencing the liquid 
dynamics of the GIC. 

All samples were measured using a TG 209 F1 Libra from Netzsch coupled to a Fourier 
transform infrared spectrometer PERSEUS from Brucker. The experimental conditions were: N2-

atmosphere (20 ml/min), heating rate of 10 K/min. The measurements were performed between 20 
°C (293 K) and 900 °C (1173 K) in a standard Al2O3 crucible. An empty crucible was also 

7 cm

(a) (b)

1 cm

5 cm
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measured for instrument correction. The data was processed using the software provided by 
Netzsch. A new FTIR spectrum of the evolved gases is recorded for every 3 degrees of data 
collection, thus allowing for selecting spectrum at temperatures of interest based on the TGA data.  

On the day of the measurement, the flat aluminium sample holder sealed with Indium wire 
was opened; one of the triplicates was gently ground using a mortar and pestle, while the 2 other 
samples were resealed. All triplicates were measured on the same day. Due to the reproducibility of 
the measurements in the 5 day-old samples, the 28 day-old samples were only measured once. All 
samples weighted approx. 40 mg.  

  

2.3  Differential scanning calorimetry: Transition temperature analysis  
Differential scanning calorimetric (DSC) is a thermoanalytical technique that measures the 

difference in amount of heat required to increase or decrease the temperature of a sample, compared 
to a reference, as a function of temperature. When a sample undergoes a physical transformation 
such as structural phase transitions or glass transitions, more heat (endotherm) or less heat 
(exotherm) will be needed to maintain the same temperature. By monitoring the difference in heat 
flow between the sample and the reference during such transitions, we measure the amount of heat 
absorbed or released. 

In this study the technique was used to identify the water populations in the PAA liquids 
(Paper 1). By measuring the phase transitions in the liquids, we can identify transitions caused by 
different populations such as bulk-water and water within the polymer network. This understanding 
facilitates the QENS analysis. Secondly, DSC was also used to investigate the heat capacity and 
phase transitions of the different component in the matured GIC (data not shown in this thesis, but 
mentioned in Chapter 3). By measuring under the same physical conditions as in the TGA, we can 
pinpoint the phase transition of the specific component.!

All samples were measured using a DSC 214 Polyma from Netzsch. The experimental 
conditions were: N2-atmosphere (40 mL/min), heating/cooling rates of 2, 5 and 10 K/min. The 
samples weights were approximately 20 mg. The measurements on the liquids were performed on 
cooling between 40 ºC (313 K) and −180 ºC (93 K). After the first cooling at 10 K/min, the sample 
was kept at the lowest temperature for 5 minutes and then heated up to 40 ºC. Reproducibility of the 
process was verified after having kept the sample at 40 ºC for 5 minutes and then cooling it again 
using the same rate. For each different heating/cooling rate, the same procedure was followed. The 
measurements where performed in an aluminum-closed crucible. The measurements on the matured 
GIC were performed on heating between 20 ºC (293 K) and 600 ºC (873 K) in an aluminum-pierced 
crucible, for direct comparison with the TGA measurements. An empty crucible was also measured 
and used for instrument correction. The data was processed using the software provided by Netzsch. 
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2.4 Neutron spectroscopy: Dynamics of the different states of the 
proton 

Neutron scattering is ideal for studying the structure and dynamics of materials, since the 
characteristic wavelength of thermal neutrons is of the order of the interatomic spacing in a crystal, 
and the energy matches that of elementary excitations at molecular levels39. Additionally, the 
scattering from neutrons is from the nucleus, rather than from the electron cloud in an atom, which 
means that there is no correlation between the neutron scattering cross-section and the atomic 
number of the scatterer. In contrast with X-rays, neutron scattering makes the study of lighter 
elements possible. Furthermore, as the neutron scattering cross section is different for different 
isotopes, isotopic contributions can be distinguished experimentally. These unique properties make 
neutrons ideal for probing the structure and dynamics in hydrogenous solids and liquids and make 
this technique extremely useful for analyzing the dynamics of liquids in confinement. 

Depending on the finite energy transfer between the neutrons and the sample, the neutron 
scattering response can be inelastic, quasi-elastic or elastic Figure 2:2. The inelastic signal probes 
the periodic motions of the molecules in the sample with a finite energy transfer. Quasi-elastic 
neutron scattering (QENS) is well suited to gather quantitative information about the correlation 
times and length scales of the diffuse motion occurring in hydrogenous materials in confined 
geometries.  In the particular case of broadening of the elastic scattering line we can probe the 
random diffusive motions of the molecules on a time scale of nanoseconds to picoseconds, and 
acquire qualitative information relating to the geometrical mechanism of the motion as well.  

 

 

Figure 2:2 Schematic of the neutron scattering spectrum from samples dominated by hydrogen 
atoms. The spectrum can be separated in elastic, quasi-elastic and inelastic responses.  

 

(meV)
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2.4.1 Basic Neutron Spectroscopy Theory 
This chapter briefly describes molecular motion probed using neutron spectroscopy. During 

a neutron scattering experiment, the measured quantity is called the double differential cross 
section, !!!

!!!!!. It is defined as the number of neutrons that are scattered per second into a small solid 
angle, dΩ, around a given direction, having the final energy between E’*and E’+dE’ divided by the 
incoming neutron flux39.  

Under the assumption that the system contains a large number of nuclei, the double 
differential cross-section, averaged over a large number of scattering systems, takes the following 
form39: 

!!!!!!!! !
!!

!Ω!!! =
!!
!!

1
2!ℏ !!!!

!,!
!!!!∙!! ! !!!!∙!! !

!

!!
∙ !!!"#!" (1) 

where !! and !! are the final and initial wave vectors and ! the scattering vector. !! is the scattering 
length of a nucleus, j, and !! t  is the position of that nuclei"at"the"time"t."The"equation"above"can"
be"separated"into two parts,"one"governing"the"time"correlations"between"N"different"scatters"
(i*≠*j),"and"the"other"describing the self;correlations"(i*=*j)."If"separated,"the"equation"takes"the"
following"form:"

!!!!!! !
!!

!!!!! =
!!
!!

!
!!ℏ ! !!!! !!!!∙!! ! !!!!∙!! !!

!! ∙ !!!"#!"!! +
!!!!!!!

!
!!ℏ !!! !!!!∙!! ! !!!!∙!! !!

!! ∙ !!!"#!".!!!!!!!!!!!  

(2) 

With the coherent (!!"!) and incoherent cross-sections (!!"#)!defined as follows: 

!!!!!!!!!!!!!!!!!!!!!"! = 4! ! ! = 4!!!"!!  (3) 

and 

!!!!"# = 4! !! − ! ! = 4!!!"#!  (4) 

where!  represents am average value. Using the definition above we can then define the double 
differential cross section (for purely nuclear scattering) as: 

!!!
!Ω!!! = !!

1
4!!!!

!!
!!

!!"!!!"! !,! + !!"#!!"# !,!  
(5) 

where ! !,!  is the dynamic scattering function. In equation 5, it is important to note that we can 
mathematically separate the coherent part from the incoherent one. Consequently, we can define the 
coherent and incoherent dynamic scattering functions,"Scoh(Q ,ω)"and"Sinc(Q ,*ω),"as: 

!!"! !,! = 1
!

1
2!ℏ !!!!∙!! ! !!!!∙!! !

!

!!
∙ !!!"#!"

!,!
 (6) 
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!!"# !,! = 1
!

1
2!ℏ !!!!∙!! ! !!!!∙!! !

!

!!
∙ !!!"#!"

!
 (7) 

Incoherent scattering occurs from the deviation of the mean value of the scattering length 
from the random distribution. Since, as mentioned earlier, different elements have different isotopes 
and spin-states, the scattering length will also vary. The incoherent scattering is the part of the 
neutron wave that interacts independently with each nucleus in the sample. This means that the 
scattering wave from different nuclei has random relative phases and therefore cannot interfere 
constructively with each other. Thus, incoherent scattering only depends on the time evolution of 
the position of the same nuclei without giving information on the static structure. 

The coherent scattering, on the other hand, corresponds to the scattering of a system 
containing the same nuclei. This means that all nuclei have the same average scattering length, 
<b>, so the incident wave interacts with all the nuclei in the sample in a coordinated way. This 
means that the scattered wave has a definite relative phase, and therefore can interfere with each 
other. Consequently, the coherent scattering holds information on the correlation of the positions of 
different nuclei at different times. Hence the coherent scattering reflects interference effects and 
contains the time dependent structural information about the sample. 

In practice, when performing a neutron scattering experiment, one always measures a 
combination of both coherent and incoherent scattering. However the weight of both contributions 
is sample dependent. If the interest of the investigation is structural information, it is necessary to 
try to minimize the incoherent contribution to the differential cross section. If, on the other hand, 
the interest is to measure the dynamics of protons, the dominating weight from the mobile protons 
should be incoherent scattering.  

The scattering functions can also be represented in momentum and time by Fourier 
transforming ! !,! , which gives the intermediate scattering functions: 

!!"! !, ! = 1
! !!!!∙!! ! !!!!∙!! !

!,!
, (8) 

!!"# !, ! = 1
! !!!!∙!! ! !!!!∙!! !

!
. (9) 

We can furthermore Fourier transform the intermediate scattering functions,!! !, ! , to 
space, which provides the real space self-correlation functions, ! !, ! !!and !! !, !  

! !, ! = 1
2! ! !!"! !, ! !!!!∙!!!, (10) 

!! !, ! = 1
2! ! !!"# !, ! !!!!∙!!!. (11) 

Given that a particle is at the origin at t=0 the probability that any particle (including the origin 
particle) is in the volume dr  at position r  at time t*is*! !, ! . Whereas !! !, !  gives the probability 
that, given that a particle is at the origin at t=0 , the same particle is in a volume dr  at position r  at 
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time t39. It is worth noting that ! !, !  has the dimension [volume]-1 whereas ! !,!  has the 
dimension [energy]-1. The relation between the S(Q,ω)" and G(r,*t) is illustrated in Figure 2:3 

 

Figure 2:3 Schematic of the relation between S(Q,ω)  and G(r,*t), where a static motion will 
correspond to the probability of finding the particle at a position r at time t constant, which would 
result in a static energy transfer around 0. On the other hand, a dynamical motion will increase the 

probability of finding the particle at a position r  at t>0 , giving rise to a broadening around 0 
energy transfer. 

!

As mentioned above, the measured quantity in neutron spectroscopy is the double 
differential cross section, however for all intents and purposes the observed quantity is the 
scattering function, S(Q ,ω), where Q  is the magnitude of the scattering wave vector and ω is the 
energy transfer. In this study, the scattering function will be dominated by the incoherent scattering 
due to the high amount of water and hydrogen in the samples. In turn, S(Q,ω)"can be divided in 
three main components: the elastic scattering function, SE(Q,ω=0), the quasi-elastic signal, 
SQE(Q,ω≈0) and the inelastic signal,  SIN(Q,ω>0).  

The first component, the elastic scattering function, SE(Q,ω=0),  is related to the thermal 
fluctuations of the atoms around their equilibrium position. Since the scattering from the samples 
studied in this thesis is mostly incoherent, the evolution of SE(Q,ω=0) as a function of energy, time 
and temperature allows probing immobility, and indirectly mobility of the hydrogen atoms. This 
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will be further discussed in the upcoming section reserved for the elastic fixed window (EFW) 
approach, section 2.4.2.  

The second component of the scattering function is called the quasi-elastic signal (QE), 
where SQE(Q,ω≈0) is the dynamical scattering function that describes molecular diffusion, such as 
translational and rotational motions. The analysis of this component allows distinguishing free, 
confined or chemically bound hydrogen dynamics within the observation time of the selected 
spectrometer. The analysis of the QE signal is the main the focus of this thesis. This part of the 
scattering function will be further described in section 2.4.3. 

The final component of the scattering function is the inelastic signal, SIN(Q,ω>0),"where we 
probe phonon and molecular vibrations and material phonon densities. This will be further 
elaborated in section 2.4.2.  

2.4.2 Elastic fixed window approach 
The elastic fixed window (EFW) approach provides an overview of the molecular mobility 

in the sample as a function of temperature or time, and is usually a good starting point of every 
experiment28. Here we assess the evolution of only those neutrons scattered elastically by the 
sample within the resolution. Since there is conservation of energy, when the width of the dynamic 
scattering function, SQE(Q,ω≈0), changes with increasing temperature or time, the elastic intensity 
will also change. In other words, the elastic intensity decreases if the dynamic scattering increases, 
as is the case when increasing temperature. This is because the characteristic relaxation time 
becomes of the order of, or larger than, the instrument resolution. Thus it is possible to determine 
the onset of the proton mobility by noting points of inflexions in the elastic scattering response. In 
contrast, by evaluating the elastic intensity as a function of time, it is possible to follow the 
hydration process in the samples, and thus access the hydrogen bond formation rate. A schematic 
overview of an EFW scan is depicted in Figure 2:4 where we observe the relation between the 
normalized intensity and the related broadening of the signal.  

In this study, EFW scans were performed using IN10 and IRIS (both instruments are 
described in section 2.4.6) in two distinct ways that were determined by the specific instrumental 
setup. On IN10, the measurements were performed by keeping the Doppler still, so that Δω*=*0, 
which results in fixed initial and final wave vectors, ki*=*kf. On IRIS, on the other hand, the EFW 
was obtained by integrating over the elastic signal within the instrument resolution. In both cases, 
we count the elastically scattered neutrons defined as IE(Q)*=*SE(Q,*ω=*0).*

!
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Figure 2:4 Concept of the elastic fixed window (EFW) approach. Each star corresponds to a specific 
temperature, with the respective scattering from the selected temperatures illustrated at the bottom 

of the figure. As the amount of scatter is constant, the intensity corresponding to static particles will 
decrease as the system becomes dynamic. This analysis allows probing the onset mobility of the 

system. 

A typical EFW scan for the Poly and the PAA solution using these two instruments is shown 
in Figure 2:5. By using two different backscattering spectrometers with different instrument 
resolutions, we can probe different relaxation times originating from different proton populations in 
the same sample. In this figure, the EFW is analyzed from the data obtained using IN10, with the 
instrument resolution of 1.0 µev, corresponding to a time resolution of 4.1 ns, and IRIS, with the 
instrument resolution of 17.5 µev, corresponding to a time resolution of 240 ps (see section 2.4.5 
for details on energy and observation time relations). By monitoring the onset of the proton 
mobility!using the EFW approach from the same sample but using different instruments, we verified 
that different populations of protons were present. The different proton populations will correspond 
to different broadenings (see Figure 2:4 ), which can provide information on the specific diffusion, 
see 2.4.3. It furthermore gives an indication at which temperature a longer scan should be measured.  
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Figure 2:5 EFW scans for Liquid PAA (black) and Poly matured for 28 days (red) using different 
time windows. Each sample was measured on both IN10 (instrument resolution of 1.0 µev, time 
resolution of 4.1 ns) and IRIS (instrument resolution of 17.5 µev, time resolution of 240 ps). By 

monitoring the onset of the proton mobility with different instrument resolutions, we probed 
different relaxation times originating from different proton populations in the same sample. We note 
that what might appear less mobile on one resolution is more dynamic on another, as illustrated by 

the horizontal dotted lines. 

 

In Paper 1, the EFW approach was also used to study the hydration of Poly and Hema, by 
measuring the first 24 hours of setting for two freshly mixed cements. In this approach, the 
dynamical scattering function decreases with time as the cement hardens. Since the signal is 
dominated by the hydrogen, the time evolution of immobile protons that forms during the cements’ 
hydration process was probed using the following equation: 

IHI = elastic!intensity!of!the!hydrating!cement
total!intensity!of!the!liquid!at!2!K  

(12) 

Since the protons from the GIC and the RMGIC come mainly from the liquid, we can account for 
the incoherent response from the hydrogen atoms by normalizing the signal to the total intensity at 
the lowest temperature. 

!

2.4.3 Quasi-elastic scattering 

In contrast to the EFW method, we now consider not only the SE(Q,* ω=* 0) part of the 
scattering function, but also the surrounding dynamical signal SQE(Q,* ω≈0). SQE(Q,* ω≈0) from 
hydrogenous samples results from three types of motion: rotational, translational and vibrational, 
which can occur at the same time. However, during data analysis this is simplified by assuming that 
these three types of motions are independent. In the case of the translational and rotational motions 
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for both confined and bulk molecules, the behavior can be extracted by fitting the QENS signal 
using a sum of Lorentzian functions!L! Γ,ω  using the"following expression:  

S Q,ω !="DWF"[(A0 Q δ ω !+" 1BA0 Q ! L! Γ,ω )"⨂!R Q,ω!
!!! !+"B(Q)  (13) 

In this equation DWF represents the Debye Waller factor describing the attenuation caused by 
thermal motion.  !! ! ,!defined as the elastic incoherent structure factor (EISF), describes the time 
averaged spatial distribution of all scatters. The term L! Γ,ω !!

!!! indicates the sum of Lorentzians 
representing the broadened energy distribution that results from neutron-nucleus collisions, 
corresponding to the motions describing the distinct relaxation processes.!Γ is the Lorentzian width. 
The extracted molecular diffusion can be modelled based on the obtained half width at half 
maximum (HWHM) of each Lorentzian as a function of its Q-dependence. ! !,!  denotes the 
resolution function of the instrument, which will be further elaborated in section 2.4.5. !(!)!
represents a background term including the dynamics that are too fast for the instrument 
resolution.!! ! !is a delta function describing the particles seen as immobile in the time window 
probed by the instrument.  

In the simplest case, Brownian motion, the distance travelled by a proton (or any type of atom) 
between any two successive collisions is smaller than any other distance of relevance, and thus the 
motion will appear continuous. However, if we probe smaller distances, the distance between successive 
collisions becomes comparable, and the motion starts to look more discrete. This means that in Q-space 
the motion starts to “plateau” at higher Q;value, thus deviating from the simple DQ2. In this case, the 
dynamics take the form of jump diffusion. In this study two jump diffusion models were used. The 
first, commonly used to describe water in confinement (Paper 2, Paper 3 and Paper 4), is the 
Singwi-Sjölander model29, which uses a random distribution of jump lengths: 

!!!!!!!!!!!!!!!!!!!!!!!!!!! ! = !!!
1 + !!!!!

 
(14) 

where τ0" corresponds to the residence time and D is the translational diffusion constant given in 
terms of the mean jump length <l>AV given as: 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!! = < ! >!"
6!!

 (15) 

However, for describing the variation of the half width at half maximum (HWHM) as a function of 
Q for the PAA (Paper 2), the Singwi-Sjölander diffusion model could not be satisfactorily applied, 
instead the Chudley-Elliott40 model showed good agreement. This model assumes that the 
molecular motion takes the form of discrete jumps, in which the molecule remains at a given site for 
a specific time (residence time), before jumping instantly to another site separated from the first by 
a jump length: 

! = ! ! = 1
!!

1 − !"# !" !"# !
!" !"# !  

(16) 
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where !!!is the residence time and l the jump length. This model is commonly used to describe the 
HWHM vs. Q obtained for caged moleules41, i.e. an atom or molecule enclosed in cage formed by 
other atoms or molecules from time to time perform a jump into a neighboring cage. 

Further information can be obtained from the QENS response by looking at the EISF, 
defined as the ratio between the elastic and the total intensity from both the elastic and quasi-elastic 
signal: 

A! Q = EISF = !!(!,! = !0)
!!"(!,! ≈ 0) + !!(!,! = !0) 

(17) 

The EISF can be interpreted as the probability to find a particle in the same volume after a 
time interval has passed. This is a unique tool to determine the geometry of the molecular motion. 
Considering that the type of confinement influences the local geometry of the molecule, the 
evolution of the EISF can shed light on the specific type of geometrical restrictions. In this study, 
since most scattering is from water, the evolution of the EISF fits very well with the modified 
model for confined water, namely diffusion of a point particle inside an sphere42, given by:  

!! ! = ! + 1 − !
3 !"#!"
!"! − 3 !"#!"!"

!"

!

 

(18) 

where d is the radius of the idealized spherical confinement, and p accounts for the immobile 
fraction of the protons seen within the instrument resolution. This approach was used in Paper 2 to 
separate and study the type of confinement seen on different time windows. 

 

2.4.4 Neutron Vibrational Spectroscopy 
The inelastic response, SIN(Q,ω>0),"covers the energy range corresponding to internal modes 

and molecular vibrations, which probes the neutron that scatters inelastically from the sample with 
an exchange of energy equal to the vibrational transition energy. 

Neutron vibrational spectroscopy is ideal to study the structure and dynamics of water in 
confinement, since the translational frequencies will change with the local structure of the water43–

45. This approach was used in Paper 3. Additionally, we can acquire information on the strength of 
the H-bond interaction, since the interatomic forces determine a particular phonon mode. Because 
selection rules are not involved, incoherent inelastic neutron scattering (IINS) measures all the 
modes simultaneously. By comparing the IINS spectrum obtained for each sample at a different 
maturation period, it is possible to probe changes on the vibrational response as the sample ages. 
Such information gives insight on the molecular properties and development of the hydrogen bond 
network. Furthermore, the inelastic incoherent neutron scattering (IINS) spectrum is directly 
proportional to the density of states and the scattering lengths of the related atoms, thus in Paper 2 
we also used this to identify a density change due to increased crosslinking.  
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2.4.5 Time and Energy Resolution 
Energy resolution, ! !,! , is a measure of the precision of the obtained signal. The energy 

resolution, usually given in terms of full width at half maximum (FWHM), describes the range at 
which the signal can be distinguished between two closely lying energies. In the idealized case, the 
instrument energy resolution would only measure in the frequency domain of the quantity 
proportional to the double differential cross section,! !

!!
!!!!!. However, in an experimental setup, the 

resolution is a peaked function, usually a Gaussian, whose width,!! ! , depends on how well the 
specific instrumental setup can select ω. Not all molecular motions happen in the same timescale 
and therefore matching the variation in energy to the specific motion, i.e. vibration, libration, fast 
diffusion, slow diffusion, etc. is essential. This means that in an experimental setup, a glassy liquid, 
for example, may show no elastic scattering using one resolution, but give rise to elastic scattering 
on another. This is depicted in Figure 2:6, where we see the QENS signal from one sample (Poly) at 
specific Q value obtained using three different spectrometers with different resolutions. The figure 
shows how the resolution of the instrument can change the measured signal, and how a dynamical 
signal on one resolution can be seen as static on another. The variation in ω,*Δ!, defines the upper 
time limit of G(r,*t). This upper time limit gives information about the type of motion that can be 
probed in the experimental setup. 

 

Figure 2:6 Illustration of the effect of the instrument resolution and observed quasi-elastic 
broadening. On the left side of the figure we see an example of the same sample measured using 3 

different spectrometers, namely PELICAN, IRIS and IN16B at Q=0.6 Å-1.  If the selected resolution 
matches particular molecular motions, quasi-elastic signal is detected. Note that the intensity is 

normalized to better compare the broadening. On the right, we show how the decoupled HWHM 
can be extracted by combining the different observation times covered by these spectrometers. 
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Moreover, from the spectrometer energy resolution, we can estimate the time resolution 
(observation time): 

! = ℎ
!"#$ (19) 

where T is the observation time, h is Planck constant h"="2πħ="6.626"×"10;34"Js and FWHM is the 
instrument resolution at full width half maximum. This corresponds to a relaxation time of: 

τ = !"#$
2!  

(20) 

In conclusion, when designing an experiment choosing an instrument corresponding to the 
desired “time window” or energy resolution is key for studying dynamics in hierarchical porous 
structures, se Figure 2:7. This is especially important when identifying distinct states of the proton 
in bulk state or in confinement. It is worth remembering that a relation between energy range and 
energy resolution also exists, i.e. a high-resolution instrument does not cover the same energy range 
as the one accessible using low-resolution instruments. 

 

Figure 2:7 Relations between resolution and the observed Quasi-elastic scattering function.!If the 
relaxation time of the motion does not match the energy resolution, the observed signal will appear 

in the background or as static. Adapted from [46] 

2.4.6 Instrumental setup 

2.4.6.1 Vibrational spectroscopy 
VISION is a vibrational spectrometer located at the Spallation Neutron Source in Oak 

Ridge, USA. The instrument follows the scattered neutrons with energy loss (Stokes side) by 
exciting the vibrational modes of the sample. VISION is optimized to characterize molecular 
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vibrations in a wide range of crystalline and disordered materials over a broad energy range (> 5 to 
< 600 meV). As the intensity of an Inelastic Neutron Scattering (INS) band is proportional to the 
Debye–Waller factor, which magnitude is in part determined by the thermal motion of the molecule, 
measuring the INS spectra at 10 K can reduce this factor. This spectrometer was used in Paper 2 
aiming to clarify the ambiguity related to the density change during maturation in the Aqua and 
Poly cements as well as to better understand the effects of maturation.   

2.4.6.2 Direct time of flight spectrometers 

Time-of-flight spectrometers can be grouped into two; direct and indirect geometry. In this 
thesis we have used two direct geometry instruments, which means that the energy of the incoming 
neutrons is constant. The basic principle is to send a pulsed monochromatic beam on the sample, 
and then measure the time of arrival. Hence, the measured velocity of the scattered neutrons 
determines the energy transfer between sample and neutrons. In PELICAN and FOCUS, the 
monochromatization of the beam is realized with a crystal followed by Fermi-choppers. The beam 
is divided into short neutron pulses so that the desired wavelength, !, can be selected by additional 
Fermi-choppers. The desired wavelength, !, is selected by the condition ! = !!!

!!!
 with t1 being the 

time between the opening and L1 the distance between the choppers. After the monochromatization, 
the neutrons have a very strong correlation of wavelength and angle. The desired wavelength is 
selected by a rotating Fermi-chopper, which speed defines the resolution. An additional Fermi-
chopper ensures that the slower neutrons first catch up with the faster ones at the detector, so there 
is no overlap between the pulsed monochromatic beam. The additional chopper sets a time-stamp 
for the departure time of the neutron pulse to the sample, so that the distance between them, L2, is 
precisely known.  This means that the scattered neutrons arrive at the detector after a time, t, 
corresponding to their velocity, and hence their energy. The energy after the scattering is analyzed 
by measuring the time it takes for the neutron to travel the known distance, L, from the sample to 
the detector. In this way, we obtain a spectrum of intensity I(t) with energy given by: 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!! =
!
2
!!
!! 

(21) 

for every detector pixel47. The energy resolution is determined by the precision of the measuring 
flight time and flight path. The width in time Δt of a pulsed beam when arriving at the detector can 
be derived directly by using geometric arguments. The measured Q-dependence in this setup is 
related to the difference in magnitude between the initial and final wave vectors, ! = !! − !!, 
which consequently means that the energy range will vary for the Q-values.    

PELICAN is a direct time-of-flight cold neutron spectrometer located at the Australian Nuclear 
Science and Technology Organisation (ANSTO)48. The spectrometer provides an elastic energy 
resolution corresponding to an upper experimental observation time of ~ 600 ps covering an angular 
scattering range of 22° < 2θ < 119°. In the study of dental cements, the wavelength λ = 6.0 Å, 
corresponding to ΔE = 63 µeV at FWHM, was selected in order to probe the fast dynamics, mostly 
due to the loosely bound water, either in the PAA or confined in the cement structure. In this 
configuration, the scattering vector, Q, varied from 0.4 Å-1 to 1.8 Å-1. This spectrometer was used in 
Paper 2 on the Aqua and Poly samples and their respective liquids, as well as to study Fuji, Ketac 
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and Equia and their respective liquids. The latter results are briefly mentioned in Chapter 3. The 
experiments were performed at 310 K corresponding to body temperature. The instrument was used 
to understand how the free bulk water and the water trapped in the polymer would behave under 
confinement. With this instrument resolution, it was possible to gain insight on the dynamics of the 
water confined in hydration shells around the cation in the GIC and the confined water in the PAA. 

FOCUS is a cold time-of-flight spectrometer instrument installed at the Swiss spallation neutron source 
SINQ, which also combines a crystal monochromator with a Fermi Chopper. The instrument uses two 
interchangeable monochromators (pyrolitic graphite or MICA49) and covers a wide incident energy 
range of 20 meV to 0.25 meV. This spectrometer was used in Paper 3 to understand why two porous 
materials of similar structure take up different amounts of water. In the study of these chalk samples, 
the measurement was done using an incident neutron wavelength of 5 Å, resulting in an elastic energy 
resolution of ∼110 µeV, covering relaxation phenomena from 80 ps to 130 fs. The accessible 
momentum transfer in this setting ranges from 0.4 to 2 Å−1, with the corresponding energy transfer 
ranging from  +1.7 to −30 meV. Spectra were collected at six temperatures, ranging between 100 and 
300 K.  

2.4.6.3 Backscattering spectrometers 
Backscattering spectrometers are inverse geometry instruments. This means that the energy 

transfer between the neutron and the sample are observed by varying the incident neutron energy Ei, 
while keeping the final energy Ef fixed. The variation in incident neutron energy, Ei, in reactor type 
instruments (IN10 and IN16B) comes by Doppler shifting the neutron wavelength. In spallation 
sources (IRIS and BASIS), the backscattering is used only for the energy filtering after the sample. 
As an energy resolution close to that of the backscattering analyzers is required, it is necessary to 
use a short pulse in conjunction with a long flight path47. 

If we consider the equation below, we have that a crystal monochromator has its highest resolution 
for Bragg angles of 90º, that is, in perfect backscattering: 

!!!!!!!!!!!!!!!!!!!!!!!!!!∆!! = cot!Δ! +Δ!!  
(22) 

where Δ! corresponds to the beam divergence and the angular deviation from backscattering, while 
d is the crystal analyzer lattice spacing. The term !!!  depends on the crystal in use. With this 
technique we can achieve an energy resolution as high as FWHM ≈ 0.1 µeV – 3.5 µeV for IN10, 
IN16B, and BASIS by using a Si(111) crystal as analyzer. In the case of IRIS, a FWHM ≈ 17.5 µeV 
can be reached by using the (002) reflection of pyrolytic graphite crystal analyzer.  

The main idea of backscattering spectrometers is based on the fact that the wavelength does 
not depend on the scattering angle to first order. This means that a Bragg-reflection under an angle 
of ~ 90 º leads to the decoupling of resolution and divergence to the first order. The backscattering 
spectrometers measure a quantity proportional to the dynamic scattering function S(Q,* ω) as 
introduced in section 2.4.1. The 3 different backscattering spectrometers used in this thesis, are 
described below. 
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IN10 was located at the cold neutron guide the Institut Laue-Langevin (ILL, France). In this 
spectrometer Si(111) crystals was used for monochromatizing and analyzing of the neutron beam of  
λi = 6.271 Å corresponding to an incident energy of Ei = 2.08 meV. The scattered neutrons were 
detected over a Q-range of 0.2 Å-1 to 2 Å-1. The energy transfer, ΔE, between the sample and the 
neutron covered the range from -15 µeV to 15 µeV with a resolution (FWHM) of ΔE = 1 µeV 
corresponding to an upper experimental time of ~ 4 ns. This spectrometer was used in Paper 1 for 
EFW measurements performed between 2 and 310 K on matured Poly and Hema, and as well as to 
follow the hydration on freshly mixed samples. 

IN16B: is a high-energy resolution backscattering spectrometer also located at the ILL50. It 
provides ΔE = 0.75 µeV at FWHM with λ = 6.3 Å, thus allowing an upper experimental observation 
time similar to IN10. This time window corresponds mostly to the slower polymer-related motion. 
The instrument resolution is constant over the entire Q-range of 0.190 Å−1 to 1.895 Å−1, which 
corresponds to an angular scattering range of 11° < 2θ < 142°. IN16B was used with its standard 
Si(111) monochromator and analyzer crystal setup50. This spectrometer was used in Paper 2 to 
perform experiments at 310 K on the matured GIC Poly and Aqua. Additionally, measurements 
were performed on the Liquid PAA, used in preparing the Poly cement, upon temperatures ranging 
from 260 K to 310 K. This instrument allowed understanding of the proton motions associated with 
the polymer and the polysalts. 

IRIS: located at the ISIS Facility in the UK, provides an elastic energy resolution of 17.5 µeV at 
FWHM, corresponding to an upper experimental observation time of ~200 ps achieved by neutrons 
scattered with λ = 6.7 Å. Its resolution is also constant over the entire Q-range of 0.501 to 1.960 Å−1 

(angular scattering range of 25° < 2θ < 160°). IRIS probes the intermediate dynamics of the loosely 
and tightly bound water. This spectrometer was used in Paper 2 to carry out measurements at 310 K 
on matured Poly and Aqua as well as the Liquid PAA used in preparing the Poly cement.!This 
instrument allowed probing water trapped in the polymer chain. 

BASIS: is a near-backscattering spectrometer at the neutron spallation source SNS in Oak Ridge, 
USA51. The spectrometer uses Si(111) crystals for analyzing the neutron beam with incident λi 
centered at  6.4 Å. The energy transfer, ΔE, ranges from -150 µeV to +150 µeV with an energy 
resolution of ΔE = 3.5 µeV at FWHM. The detectors cover an elastic Q-range of 0.1 Å -1 to 2 Å-1. 
The results obtained with this instrument are reported in Paper 4, where we show that the water 
diffusion in Hepatitis B vaccine in a PBS solution is slowed down when introduced to the 
mesoporous silica SBA-15. 
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 Additional Results Chapter 3
In this chapter, I will touch upon two projects, which are important to the understanding of 

proton dynamics in GIC, which are still ongoing.   

The first project (3.1.1) is a preliminary study regarding proton dynamics of the aqueous 
PAA solutions used to prepare the Ketac, Fuji and Equia GIC cements. The aim of this study is to 
investigate the dynamics of the liquids and their behavior confined in the GIC by combining DSC, 
TGA-FTIR and neutron spectroscopy (QENS data collected using PELICAN). Only the DSC data 
for the different liquids are presented in this section.  

The second project (3.1.2) is a preliminary classical molecular dynamics simulation study of 
the aqueous PAA solution used in the Poly cement, developed during my change of scientific 
environment. The overall aim is to assess and separate molecular motions of this aqueous PAA 
solution, specifically the motions of hydrogen, under different conditions and compare the 
simulated results with data collected at IN16B and IRIS. In this section, only the hydrogen motion 
related to the water bound to the polymer chain is shown. 

3.1.1 Proton dynamics in aqueous PAA solutions 
All PAA liquids were investigated using DSC upon cooling, while the matured GIC were 

studied upon heating. The GIC were also studied using TGA-FTIR and all samples were 
investigated using QENS. The calorimetric experiments (DSC and TGA-FTIR) were performed as 
described in sections 2.2 and 2.3, while the QENS technique is described in section 2.4.3 and the 
instrument setup in 2.4.6 

DSC data of the aqueous PAA solutions are shown in Figure 3:1. For all samples, we 
observe an asymmetric endothermic peak at around 275 K on heating, corresponding to the melting 
of bulk water. Moreover, we also observe a glass transition at around 250 K for the PAA-Fuji and 
PAA-Equia, marked by an (*). No glass transition is clearly observed in the PAA-Ketac under these 
experimental conditions. However, in the latter we observe a double crystallization peak on cooling, 
indicated by (**) and around 210 K, that occurs at much lower temperature when compared to the 
other two PAA solutions."This can be attributed to a different water population bound to the PAA. 
From Paper 1, we know that distinct water populations are present in aqueous PAA solutions, while 
from Paper 2 we see that these same water populations are accessible using the time-of-flight 
spectrometer PELICAN. In Paper 2, furthermore, we observe that the water bound to the polymer 
also remains bound to the polymer in the matured GIC, and that progressive water binding to the 
polymer chain also occurs. Consequently, from this previous knowledge, the following assumptions 
can be made to describe this ongoing study: 

1. From the DSC data, we observe that the liquids have very distinct water populations. 
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2. The distinct dynamics of the liquids used in preparing the GIC influence the water 
binding to the polymer chain in the GIC structure. 

3. From literature52 we know that the selected GIC have different mechanical 
properties, which might be affected by the nature of the aqueous PAA solution used. 

 

 

Figure 3:1 Aqueous PAA solutions used in the GIC Fuji (a), Equia (b) and Ketac (c). For all 
samples the melting temperature upon heating, marked by the vertical line, coincides with that of 

bulk-like water. In (a) and (b) we observe an asymmetric endothermic peak (glass transition) 
indicated by (*), which has a markedly different response from that of bulk water. This glass 

transition temperature shows the presence of a second water population, whose mobility is partially 
hindered by the interactions with the PAA. In (c) the double crystallization observed on cooling, 

indicated by (**),"can be attributed to a different water population. 
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!!

3.1.2 Molecular dynamics simulation of the PAA solution 
In classical molecular dynamics simulations, the equations of motion are numerically 

solved, with a given potential, to obtain the trajectories of the individual particles forming the 
system. Classical molecular dynamics simulations are helpful to gain deeper insight into the 
molecular processes identified in experimental data. Additionally, in such simulations we can 
specify many physical factors, which are not always possible in an experimental environment.  

To better understand the neutron spectroscopy data collected during this thesis, I used 
Materials Studio53 to create an initial conformation for the aqueous PAA solution using “sketch 
tool”. The accurate pH (1.3) was defined in the simulation box by random breaking of double bonds 
in the PAA molecule. In order to acquire the accurate ionization, the following formula was used: 

!"!!!
!""# = 10!"!!"# = 10!"!!.!". (23) 

The PAA polymer chain was built by repeating the PAA molecule 100 times. Then the water 
molecules were added, in a ratio of 25% PAA and 75% water by weight. 
The carboxylate anion COO− was neutralized by adding Na+ to the simulation box. The simulation 
box was then repeated to create a super cell of 20 polymer chains. The structure of the entire system 
was minimized using “Forcite” (PCFF force field) in Materials Studio. The resulting simulation box 
was saved as LAMMPS54 input files using a consistent valence force field (cvff)55.  

Prior to collecting data, the simulation box was further minimized before relaxation to room 
conditions in LAMMPS using constant number of atoms, pressure, and temperature referred to as a 
NPT integration. The system was then heated up to 600 K and cooled down to the desired 
temperatures selected based on the DSC experiments (from 260 K to 310 K in steps of 10 K) before 
running the final relaxations. This step was performed to ensure the correct conditions for the 
simulation, i.e. to avoid unnatural agglomerations, empty spaces and too low densities. Finally, the 
data was collected for relaxation times equal to 2 ns and 20 ns. 

From the simulations the intermediate incoherent structure factor, I(Q,t) (described in section 
2.4.1), of the hydrogen atoms were calculated. The hydrogen in the I(Q,t) calculations were further 
separated into the following components: 

1. Entire system, containing all the hydrogen in the simulation box; 
2. Bulk water; 
3. Water bound to the polymer chain (presented in Figure 3:2 in this section); 
4. Water transitioning from bulk state (2) to water bound to the polymer chain (3), defined as 

binding process; 
5. Water transitioning from water bound to the polymer chain (3) to bulk water (2), defined as 

unbinding process; 
6. Hydrogen in the polymer chain, which will further be separated in specific bonds i.e. COOH 

and OH2 to decouple localized motions within the same energy range. 
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From the simulated I(Q,t), obtained for Q-values selected based on the experimental data 
collected at IRIS (0), the structure factor, ! !,! , for the water bound to the polymer chain was 
calculated. This result is shown in Figure 3:2. IRIS was chosen for this comparison because it best 
probes the associated dynamics of water bound to the polymer chain.  

 

 

Figure 3:2 Simulated structure factor,!! !,! !"#, for the water bound to the polymer chain for 
selected Q-values corresponding to experimental data collected at IRIS simulated for 2 ns. We see a 

broadening of the signal as a function of Q. The intensities are normalized in the plot. 

The simulated structure factor can then be fitted using the same approach described in 
section 2.4.3 in the following manner: 

! !,! !"# = !! ! ! ! !+ 1− !! ! !! !,! !
!

!!!
⨂!R Q,ω !"# 

(24) 

where ! !,! !"# is the simulated structure factor and R Q,ω !"# is the experimental resolution 
function. 

 As the intermediate incoherent structure factor for each hydrogen component can be 
separated after the simulations, the expression for the structure factor simplifies to: 

! !,! !"# = !! ! ! ! !+ 1− !! ! !! !,! ⨂!R Q,ω !"#.   (25) 
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For future work, the combination of projects 1 and 2 will enable a complete study of water 
binding to the different aqueous PAA solutions. These results have great potential, as it will allow a 
systematic analysis of concentration and type of acid, and their interaction with water in the 
aqueous PAA solution. This can lead to better hydration control in the GIC and RMGIC and 
consequently improve these dental restorative materials.     
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  Conclusions and Final Chapter 4
Comments 

In this chapter, the main findings are addressed, while the detailed results can be found in each 
paper.  

• Paper 1: Water Dynamics in Glass Ionomer Cements 

The work presented in this paper highlighted the importance of understanding the dynamics 
of the liquids in order to better understand the properties of the GIC. This understanding was 
fundamental to the QENS analysis in Paper 2. 

I observed that the aqueous PAA solution has two very distinct water populations. While in 
Liquid Poly one population is bulk-like and the other is bound to the polymer, in Liquid 
Hema both populations are differently bound. This means that the liquids influence and, to a 
certain extent, control the hydrogen binding in the GIC.  

• Paper 2: Nanoscale Mobility of Aqueous Polyacrylic Acid in Dental Restorative 
Cements 

This paper was the most elaborated and comprehensive study in my Ph.D. thesis. During 
this study, I familiarized myself with calorimetric analysis and used neutron spectroscopy to 
disentangle superimposed motions in the free and confined aqueous PAA solution.  

I was able to follow how progressively water binds to the polymer in one sample (Aqua), 
while in another continuous crosslinking is noticed (Poly). I also identified different 
amounts of bulk water in the samples after maturation. Even if bulk water binds to the 
polymer chain, an increase in the amount of structural water is not necessarily observed. 
Additionally, while progressive water binding due to ageing occurred in the Aqua, clear 
changes in the material density were observed in the Poly cement. This change in density 
was interpreted as continuous crosslinking in the material over time. The QENS analysis 
revealed three distinguishable hydrogen populations in the PAA aqueous solution, which 
were also visible in both matured GIC. By varying the observation time, i.e. instrument 
resolution, it was not possible to detect changes in the self-diffusive motions of the GIC 
between samples aged for 7 or 28 days; only a change in the intensity of the elastic signal 
was observed. The most noticeable difference between the GIC samples was the dynamics 
associated to the confined glassy water; i.e. the water eventually just binding to the polymer.  
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• Paper 3: Water Mobility in Chalk: A Quasielastic Neutron Scattering Study 

Although this study was not directly related to the main focus of this thesis, learning how to 
analyze QENS data was extremely relevant. This should then be considered as an 
educational study where I familiarized myself with the data analysis and the effects of 
confinement in the water dynamics.  

In this paper, I analyzed two chalk samples known to have similar pore volumes, but vastly 
different water uptake. With neutron spectroscopy, I distinguished differences in the water 
population and changes of the water geometry attributable to the influence of distinct local 
environment in the samples. I observed that the water mobility is more restricted in the 
sample that absorbs less water. Furthermore, the hydrophobicity of the surface results in a 
translational diffusion (Dt), which is faster than bulk water. In conclusion, I was able to 
show that the hydration in chalk is influenced not only by the pore surface, but also by pore 
confinement.  

• Paper 4: Dynamics of encapsulated Hepatitis B surface Antigen: A combined neutron 
spectroscopy and thermo-analysis study 

This was the final data analysis during my Ph.D. period, where the knowledge I acquired 
from the previous studies was applied to a different system. 

In this study we verified how the dynamics of the Hepatitis B surface antigen is modified 
under confinement. I analyzed the QENS data and demonstrated that in the ns timescale the 
vaccine in salt solution is immobilized (or protected) by the inner structure of the 
mesoporous SBA-15.  

 

All in all, neutron spectroscopy unveiled dynamics of different systems under confinement 
and was proven a good technique to supplement and deepen the information acquired using 
calorimetric analysis. !

!
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Abstract. Glass ionomer cements (GIC) are an alternative for pre-
ventive dentistry. However, these dental cements are complex systems
where important motions related to the different states of the hydrogen
atoms evolve in a confined porous structure. In this paper, we studied
the water dynamics of two different liquids used to prepare either con-
ventional or resin-modified glass ionomer cement. By combining ther-
mal analysis with neutron scattering data we were able to relate the
water structure in the liquids to the materials properties.

1 Introduction

The incorporation of a resin component to conventional glass ionomer cements
(CGIC) is one strategy used to strengthen such material. Resin-modified glass ionomer
cements (RMGIC) have longer working time, improved aesthetics, a rapid initial set-
ting and enhanced initial strength when compared to CGIC [1–3]. However, in RMGIC
the inclusion of the resin component makes the setting reaction more complex. In this
material both (i) an acid-base reaction between the glass particles and the polyacid
solution and (ii) a polymerization reaction of the resin monomers (i.e. hydrophylic
methacrylates) induced by photo-initiation occur. Since a percentage of the water in
RMGIC is replaced by resin monomers (in variable amounts depending on the com-
mercial product), the initial setting is due to the rapidly occurring polymer chain
propagation as a result of the polymerization reaction [1]. Consequently, a significant
improvement in the strength of RMGIC during the critical first hours of setting is
observed when compared to CGIC [2]. It is generally accepted that during the early
RMGIC setting process, the acid-base and polymerization reactions compete and in-
hibit each other [4–6]. Thus, proper polymerization of the resin component is vital to
avoid RMGIC setting too slowly and consequently becoming weaker than a CGIC.

a e-mail: bordallo@nbi.ku.dk
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To fully understand these limitations, there is a clear need to understand proton
mobility within CGIC and RMGIC.
In this work we aimed to better understand the dynamics of the water contained

in the different liquids used to prepare the GIC. Neutron scattering was deemed de-
sirable since the neutron is not only supremely sensitive to proton mobility but also
is able to penetrate deeply into the cement material without perturbing its chemical
make up. In addition, the high incoherent scattering cross section of the hydrogen
atom makes incoherent inelastic neutron scattering ideal for measuring the dynam-
ics, and consequently hydrogen bond formation, of liquid mixtures. Indeed, when
combined with thermal analysis, proton dynamics can be directly linked to liquid
crystallisation [7].
We compared the thermal behaviour of two commercial liquids provided by Voco

GmbH (Germany). One contains an aqueous solution of polyacrylic acid (hereafter re-
ferred to as Liquid Poly) and the other a polyacrylic acid aqueous solution containing
different methacrylates, mainly 2-hydroxyethyl methacrylate (hereafter referred to as
Liquid Hema). In the later case the methacrylates partly replace the water. The first
solution is used to prepare a CGIC (Ionofil Molar AC, hereafter referred to as Poly),
while the second is used to prepare a RMGIC (Ionolux AC, hereafter referred to as
Hema). Both GIC powders contain irregular particles of fluoroaluminosilicate glass.
In the present study, we have also related the thermal behaviour of the liquids to the
formation of hydrogen bonds in both cements during the first 24 hours of setting.

2 Experimental details

2.1 Differential scanning calorimetry

The phase transitions of water in Liquid Poly and Liquid Hema were measured by
means of differential scanning calorimetry (DSC) using a DSC 214 Polyma from
Netzsch. The experimental conditions were: N2-atmosphere (40ml/min), heating
(cooling) rates of 10, 5 and 2K/min. The samples weights were approx. 20mg.
These measurements were performed between 40◦C (313K) and −180◦C (93K) in
an aluminium closed crucible. An empty crucible was also measured and used for
instrument correction.
After first cooling at 10K/min, the sample was kept at the lowest temperature

for 5 minutes and then heated up to 40◦C. Reproducibility of the process was verified
after having kept the sample at 40◦C for 5 minutes and then cooling it again using
the same rate. For each different temperature rate, the same procedure was followed.
The data was processed using the software provided by Netzsch.

2.2 Quasi-elastic neutron scattering

For all samples proton mobility was investigated using quasi-elastic neutron scattering
(QENS) by means of the elastic fixed window (EFW) method. Here we evaluate the
evolution of only those neutrons scattered elastically by the sample as a function
of time or temperature. Monitoring the elastic signal as a function of temperature
allows us to determine the onset of proton mobility by noting points of inflexion in
the elastic scattering response. In contrast, by evaluating the elastic intensity as a
function of time it is possible to follow the hydration process, and thus access the
rate of hydrogen bond formation [8].
In this paper the first 24 hours of setting for two freshly mixed cements, namely

Poly and Hema, were evaluated. The investigated cements were prepared by mixing
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GIC powders with their respective liquid according to the manufacture’s recommenda-
tion (Voco GmbH, Germany) using a mechanical agitator (CapMix Capsule Mixing
Device, 3M ESPE AG, Germany) for 10 seconds. The Hema was light activated
according to the manufacture’s recommendation using a lamp (bluephase, Ivoclar
Vivadent) emitting 950mW/cm2. Preparation of the cements was carried out at room
temperature. The final mass for the Poly material was 1.77 g and for the Hema 2.17 g.
The mobility of the hydrogen in both Liquid Poly and Liquid Hema was measured

between 2 and 310K with data collected upon heating. The data was normalised to
the response observed at the lowest temperature. The liquids used to prepare the
cements were also measured as provided by the manufacture without modification or
light activation.
The time evolution of immobile protons that developed during the cements

hydration process was obtained using the following equation:

IHI =
elastic intensity of the hydrating cement

total intensity of the liquid at 2K
· (1)

By noting the total intensity from each liquid at the lowest temperature, we account
for the incoherent signal from all hydrogen atoms that dominates the scattering signal.
All samples were wrapped in aluminium foil and mounted in a flat aluminium

sample holder sealed with Indium wire. In the case of the hydration measurements, the
mounted samples were placed in the instrument approximately 15 minutes after the
start of the mixture and were followed for 24 hours. The measurements were performed
at the Institut Laue-Langevin in Grenoble (France) using the IN10 spectrometer with
an elastic energy resolution of 1µ eV at full width half maximum. IN10 allows us to
observe length scales between 5 to 25 Å.

3 Results and discussion

It is well known that the calorimetric behaviour of water in the liquid-state in aqueous
solutions is different from that of bulk water below 273K. This is due to a disturbance
of the hydrogen bonds, which affects the structure of water molecules. In this sense
we define freezing water as the water that freezes between 190K and 273K, while
non-freezing water may never crystallise even at nitrogen temperature; the lowest
temperature detectable in DSC measurements [9].
Regarding our DSC data presented in Fig. 1, we observe an asymmetric endother-

mic peak and a markedly different response between the two liquids. For the Liquid
Poly, Fig. 1(a), the melting temperature for the water in a heating interval of 2K/min
is Tm = 273K, marked by an arrow, thus indicating the presence of bulk-like water.
Moreover, we also observe a glass transition around Tg = 250K, indicated by (*), im-
plying the presence of a second water population whose mobility is partially hindered
by the interactions with the polyacrylic acid. In contrast, using the same heating rate,
the water melting temperature for Liquid Hema, Fig. 1(b), is lower than that of bulk
water and equals to 267K. This is due to the formation of stronger hydrogen bonds
between the water and the methacrylate chains. In addition, a second crystallisation
is observed in this liquid around Tc = 210K on cooling at 10K/min as indicated
by (**). This can be attributed to a different population of bound water [7].
In general the strength of the interaction between water molecules in aqueous

solutions can be related to the water concentration [7,10]. In this study we have not
examined this effect. However, by comparing the EFW scans of the liquids, Fig. 1(c)
and (d), we observe that more mobile hydrogens are seen in the Liquid Poly, as
indicated by the horizontal line. Moreover, the higher onset temperature of proton
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c)

d)

a)

b)

Fig. 1. Comparison of the DSC curves for different rates of cooling and heating (a, b) and
EFW scans on heating (c, d) collected at IN10 at the ILL for Liquid Poly and Liquid Hema.
The melting temperature, Tm, is defined by the maximum on the peak of the endothermic
process (heating) in the DSC curves and indicated by an arrow in all plots. On heating, the
glass transition temperature, Tg, is indicated by the (*) in the Liquid Poly (a). The second
crystallisation temperature in the Liquid Hema, Tc, is indicated by (**) in the exothermic
process (cooling) in (b). Differences in water populations can be linked to the temperatures
at which the proton dynamics starts and to the amount of mobile proton in the EFW scans
(c, d). This is illustrated by the vertical and horizontal dashed lines, respectively. The EFW
data has been normalised to the scattering intensity measured at their respective lowest
temperatures.

mobility, determined by the inflexion point in the elastic scattering response and
indicated by the dashed vertical line, in this liquid agrees with the existence of a
bulk-like water population as indicated by the DSC data.
Examining the evolution of the immobile protons, over the first 4 hours of hydra-

tion in the cements (Fig. 2), we note that the IHI is higher for the Hema and remains
almost constant through the measured 24 hours. This can be explained by the fast
polymerisation and related to the improved early strength of RMGIC, as previously
reported [2,11].
We hereby conclude the following:

1) From our DSC data, we observe that both liquids have two very distinct water
populations. However, while in Liquid Poly one population is bulk-like and the
other is bound, in Liquid Hema both populations are differently bound.

2) The reduced amount of mobile water at room temperature in the Liquid Hema,
which is considered to limit the progression of the acid-base reaction [4,5,12]
and hinder the development of the microstructure [6] in RMGIC, is confirmed
by our EFW data.

3) The distinct dynamics of the liquids used to prepare the Poly and Hema, influ-
ence and to a certain extend control, hydrogen binding to the GIC structure.
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Fig. 2. Normalised time evolution of immobile protons (IHI) on the ns-time scale, deter-
mined using the equation given in the text. The data was collected using IN10 at the ILL.
The inset shows the same data on a not normalised scale. The results suggest that during
the first 24 h of setting the protons bind faster to the microstructure of the Hema material.

The authors acknowledge support from the Carlsbergfondets (grant number
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 2 

 

ABSTRACT: Hydrogen dynamics in a time range from hundreds of femtoseconds (fs) to nanoseconds (ns) can be 

directly analyzed using neutron spectroscopy, where information on the inelastic and quasi-elastic scattering, hereafter 

INS and QENS, can be obtained. In this study, we applied these techniques to understand how the nanoscale mobility 

of the aqueous solution of polyacrylic acid (PAA) used in conventional Glass Ionomer Cements (GIC) changes under 

confinement. Combining the spectroscopic analysis with calorimetric results we were able to separate distinct motions 

within the liquid and in the GIC’s. The QENS analysis revealed that the self diffusion translational motion identified 

in the liquid is also visible in the GIC. However, as a result of the formation of the cement matrix and its setting, both 

translational diffusion and residence time differed from the PAA solution. When comparing the local diffusion 

obtained for the selected GIC, the only noticeable difference was observed for the slow dynamics associated to the 

polymer chain. Additionally, over short-term ageing, progressive water binding to the polymer chain occurred in one 

of the investigated GIC. Finally, a considerable change in the density of the GIC without progressive water binding 

indicates an increased polymer crosslinking. Taken together, our results suggest that accurate and deep understanding 

of polymer-water binding, polymer crosslinking  as well as material density changes occurring during the maturation 

process GIC are necessary for development of advanced dental restorative materials. 

 

  

Page 2 of 31

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3 

INTRODUCTION 

 

Oral health is an integrated part of the general public health, and does not only affect the quality of life, but also the 

social healthcare systems through related economic costs. Despite great progress globally in oral health related issues, 

dental caries is still one of the major problems, affecting 60-90% of schoolchildren and the vast majority of adults. 

Therefore, dental restoration takes one of the most significant shares in the health care cost in industrialized 

countries1,2. Consequently, developing and improving dental restorative materials is an important matter. 

The dental restorative materials known as Glass ionomer cements (GIC) are acid-based and widely recognized as 

being biologically active 3–5. The base for GIC is a fluoroaluminosilicate glass powder, formed by different cations, 

such as calcium, strontium and aluminium, and the aqueous solution contains a polyacrylic acid (PAA). PAAs are 

weak polyelectrolytes with many carboxyl groups that partially dissociate in water, leaving the PAA main-chain with 

negative charges and ionized hydrogen ions in the bulk solution. PAA is an essential industrial polymer also used as 

emulsifying agents, in pharmaceuticals, in cosmetics and in paints and have a particularly important role in 

dispersants6. Previous studies on liquid PAA solutions used in preparation of GIC showed two distinct water 

populations, one unbound and in its native bulk water state (hereafter called ‘bulk water’) and the other more hindered 

by the PAA (hereafter called ‘glassy water’)7. It is well known that these distinct populations influence the properties 

of the GIC3. During the first steps of the GIC setting process, water will act as the reaction medium where the leached 

cations cross-link with the PAA, thus forming the polyacrylate matrix. The conformation and flexibility of the 

polyelectrolyte chain will in turn govern the degree of crosslinking in the polyacrylate matrix thus influencing the 

cement properties. Furthermore, the water also hydrates the siliceous hydrogel and the metal polyacrylate salt, which 

both become an essential part of the cement structure8. If water is lost from the cement by desiccation upon setting, the 

cement-forming reaction will either stop or be retarded. On the contrary, in the first 3 to 6 minutes of the cement’s 

hydration, initial contact with water can be damaging, and therefore the surface of the restoration is kept protected3,9. 

During maturation, bulk water can remain unbound, become bound or part of the cement structure. Loosely water 

associated with the hydration shell of the cation-polyacrylate10,11 or confined in the cement pores12 will hereafter be 

referred to as ‘confined bulk’. Water tightly bound in hydration regions around the polymer chain will be referred to as 
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 4 

‘confined glassy water’. Structural water are evidenced by the vibrational motions of those water molecules undulating 

about their equilibrium positions11. The loosely bound water is liable to change which can lead to cracks in the 

material13,14, unless the cement is in an 80% relative humidity11. In addition, with ageing, the pore structure changes12, 

and as such it is believed that the ratio of confined water to loosely bound water increases10,14–16.  

Previous work using Fourier Transform Infrared Spectroscopy 3,17 and neutron scattering4,12 have indeed confirmed 

the presence of distinct water populations in GIC. As in other systems, these populations are expected to demonstrate 

distinct dynamic behaviours due to the complex GIC pore structure.18,19 However, to date, information on how the 

water dynamics change under confinement and throughout GIC maturation is scarce20–24.  For example, information is 

still lacking regarding how much liquid remains in its original bulk-state and how the pore structure evolution changes 

the dynamics of the aqueous solution, in turn influencing the cement properties. To deepen this understanding, we 

used neutron spectroscopy to probe the dynamics of free and confined PAA solution in two selected GIC from the 

same manufacturer but at different ages of maturation. One cement, herein referred to as Poly, was mixed 

mechanically using an aqueous PAA solution21, and the other, where the glass powder contains vacuum dried PAA 

(referred to as Aqua cement), was hand-mixed with distilled water23. These particular GICs were selected for this 

study since each has a distinctive mechanical property, where based on flexural strength measurements the Aqua 

cement shows lower strength that is constant over the whole maturation period12. Furthermore, based on previous 

knowledge, the protons bind differently to the microstructure12; which to a certain extent is controlled by the aqueous 

PAA solution7.  

 By understanding the different types of confinement that both the water and the pure PAA undergo over time, our 

results give unique insight into the distribution of the aqueous populations in GIC cements. To this end, neutron 

spectroscopy was desirable, since the neutron is not only able to penetrate deep into matter without altering 

composition, but also the high incoherent scattering cross section of the hydrogen atom makes the technique ideal for 

extracting proton self correlations (dynamics) in hydrogenous materials. Consequently, insight into the hydrogen bond 

network (i.e. the hydrogen bond between the base glass-silicate and the aqueous PAA) and distinct states of water can 

be gleaned. In particular, incoherent neutron scattering provides geometrical information on the molecular 
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 5 

confinement of diffusive motions. Furthermore, by combining thermal analysis and neutron spectroscopy, a better 

understanding of the hydrogen-bond network formation was achieved, in addition to how density changes influence 

this unique type of cement.   

 

EXPERIMENTAL METHODS 

Cement sample preparation:  The two GICs described in the introduction were prepared following the manufacturer 

specification. The Poly cement (Ionofil Molar AC, Voco GmbH, Germany) in a encapsulated version was prepared by 

mixing the GIC powder with its respective liquid in a powder-to-liquid ratio of 3.7:1. Using a mechanical RotoMix 

Capsule Mixing Device (3M ESPE AG, Germany), the mixture was agitated for 10 seconds followed by 3 seconds 

centrifugation. The Aqua cement (Aqua Ionofil Plus, Voco GmbH, Germany) was hand-mixed using a powder-to-

liquid weight ratio of 5.6:1. Preparation was carried out at room temperature.  

For the neutron experiments, 1 g of material was used. After mixing, the samples were uniformly distributed in 

individual aluminium foil envelopes, and mounted in a flat aluminium sample holder. The sample holders were sealed 

securely using Indium wire and aged for either 7 or 28 days at body temperature (37 °C). For the thermal analysis, 

triplicates of each sample were prepared following the procedure described above. On the day of the thermal analysis 

measurement, the sample holders were opened; one of the aged triplicates gently ground using a pestle and mortar, 

with the 2 other samples resealed. This procedure was repeated before each thermogravimetric analysis and Fourier 

transform infrared spectroscopy (TGA-FTIR) experiment, the samples weights being approx. 40 mg. 

Thermogravimetric Analysis and Fourier Transform Infrared Spectroscopy (TGA-FTIR): TGA is a method by 

which changes in the mass of a material is followed as a function of temperature. When coupled to the FTIR device, a 

technique used to obtain an infrared spectrum of sample absorption, any decomposing components in the material can 

be identified. For this work, TGA-FTIR was used to characterize different proton states, i.e. bulk-like vs. bound water, 

and thus indirectly obtain an estimate of the amount of structural hydrogen; information crucial for the analysis of the 

neutron data.  
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 6 

All samples were measured using a TG 209 F1 Libra PERSEUS from Netzsch coupled to a Fourier Transform 

Infrared Spectrometer from Bruker Optics. The experimental conditions were: N2-atmosphere (20 mL/min), heating 

rate of 10 K/min. The measurements were performed on the ground cement samples (described above) between 20 °C 

(293 K) and 900 °C (1173 K) in a standard Al2O3 crucible. An empty crucible was also measured for instrument 

correction. The data was processed using the software provided by Netzsch. A FTIR spectrum of the developed gases 

was recorded for every 3 °C during the entire measurement.  From the collected FTIR data, a selection of spectrums at 

temperatures of interest, based on the TGA data, was further analyzed. All 7 day-old materials were measured on the 

same day. Due to the reproducibility of this triplicate data, only one 28 day-old sample was measured. The powder 

samples were studied as provided by the manufacturer.  

Neutron spectroscopy: Neutron spectroscopy is the ideal tool to study the structure and dynamics of water in 

confinement, since the translational frequencies will change with the local water structure. Furthermore, since the 

interatomic forces determine a particular phonon mode, the strength of the H-bond interaction can be obtained.  

In neutron spectroscopy the scattering function, !!!!!!, is the observable quantity of interest, where Q is the 

magnitude of the scattering wave vector and ! is the energy transfer. ! !!! !can be divided into three spectroscopic 

components: the elastic scattering function, !! !!! ! ! !!which is related to the thermal fluctuations of the atoms 

around their equilibrium position, the quasi-elastic signal, !!" !!! ! ! !!that describes molecular translation and 

rotational motions, and the inelastic signal,  !!"!!! ! !! !!, that probes phonon and molecular vibrations. In 

hierarchical porous structures such as in the cements studied here, proton nanoscale mobility occur over different 

timescales. Consequently, investigations using different neutron spectrometers, which probe different temporal ranges, 

are necessary. As a result, this study was carried out using, four neutron instruments: VISION (giving information on 

molecular vibrations occurring over a broad energy range from 1 to 1000 meV corresponding to the femtosecond (fs 

domain), PELICAN (covering the high picosecond range, ~ 600 ps, and allowing for observation of fast localized 

motions of the confined or chemically bound hydrogen atoms), IRIS (covering the low picosecond, ~ 200 ps, time 

scale thus allowing localized dynamics to be followed) and IN16B (covering slower dynamics in the nanosecond 

regime; i.e ~ 5 ns ). Each instrument is described in detail below. 
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 7 

The vibrational spectrometer VISION, located at Spallation Neutron Source, Oak Ridge, USA follows those neutrons 

that scatter inelastically from a sample with an exchange of energy, !!"!!!! ! !!, that is equal to vibrational states. 

The scattered neutrons lose energy by exciting the vibrational modes of the scatterer, consequently the spectrum is 

obtained in the neutron energy loss side (Stokes side). As the intensity of an Inelastic Neutron Scattering (INS) band is 

proportional to the Debye–Waller factor, whose magnitude is in part determined by the thermal motion of the 

molecule, this factor can be reduced by measuring INS spectra at 10 K. Furthermore, the INS spectrum is directly 

proportional to the phonon density of states and scattering lengths of the associated atoms. Because selection rules are 

not involved, INS measures all the modes simultaneously. Thurs, by comparing the INS spectrum obtained for each 

sample at different maturation periods, it is possible to probe changes in the vibrational response as a function of 

cement age. Such information gives insight into the molecular properties and development of the hydrogen bond 

network.   

In addition to the INS data, confined and chemically bound hydrogen dynamics in the dental cements studied in this 

work were probed via a comprehensive investigation of the QENS signal, !!" !!! ! ! . To obtain such information, 

QENS measurements were performed over a broad temporal range by combining data obtained using PELICAN, IRIS 

and IN16B. 

The time-of-flight cold neutron spectrometer, PELICAN, located at Australian Nuclear Science and Technology 

Organisation (ANSTO) in Australia, provides an elastic energy resolution, !E, corresponding to an upper 

experimental observation time of ~ 600 ps and covers an angular scattering range of 22° < 2! < 119°. In this study an 

incident wavelength of " = 6.0 Å was chosen, corresponding to !E = 63 #eV at full width at half maximum (FWHM), 

in order to probe the fast dynamics mostly due to the loosely bound water either in the PAA or confined in the cement 

structure.  

The backscattering spectrometer IRIS, located at the ISIS Facility in the UK, provides an elastic energy resolution of 

17.5 #eV at FWHM, corresponding to an upper experimental observation time of ~200 ps, achieved by neutrons 

scattered with " = 6.7 Å. This resolution is constant over the entire Q-range of 0.501 to 1.960 Å$1 (angular scattering 

range of 25° < 2! < 160°). IRIS probes the intermediate dynamics of the loosely and tightly bound water.  
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 8 

Finally, the high-energy-resolution analyser (!E = 0.75 #eV at FWHM, " = 6.3 Å) provided by the backscattering 

spectrometer IN16B, located at ILL in France Grenoble, allows an upper experimental observation time of ~ 5 ns. This 

time window corresponds mostly to the slower polymer-related motion. The instrument resolution is constant over the 

entire Q-range of 0.190 to 1.895 Å$1 which corresponds to an angular scattering range of 11° < 2! < 142°. IN16B was 

used here with its standard Si(111) monochromator and analyzer crystal setup25.  

 

For all experiments, the angle between the plane of the sample and the incident neutron beam was 135°. 

Consequently, the last detectors were self-shielded by the edge of the sample holder and thus discarded from analysis. 

The data was reduced using the software packages LAMP26 (PELICAN and IN16B) and MANTID27 (IRIS) and 

analysed using DAVE28. 

Insight into the diffusive behaviour of confined liquid in Aqua and Poly cements: Based on the analysis of the 

QENS response, the nanoscale diffusion of the confined water molecules was analyzed by fitting the quasielastic 

(QE) signal using a sum of Lorentzian functions,!!! !"# ! as follows:  

! !"! !!"#$%"&'!! ! ! ! !!" !!!! ! ! !! !"# !"!!! !"!!
!!! !!"#$%&"  (1) 

where DWF represents the Debye Waller factor. !!! ! , defined as the Elastic Incoherent Structure Factor (EISF), 

describes the time averaged spatial distribution of all scattering centers. The term! !! !"#!
!!!  indicates the sum of 

Lorentzians representing the broadened energy distribution that results from neutron-nucleus collisions, corresponding 

to the population statistics of distinct relaxation processes. ! !!!  denotes the resolution function of the instrument. 

!!!! represents a background term, including  those dynamics that are too fast for to be seen by the temporal range 

probed by the  instrument  Finally  ! ! , is a delta function describing those particles seen as immobile . 

Additional information can be extracted by looking at the ratio between the elastic intensity and the total intensity 

from both the elastic (E) and quasielastic (QE) signal, referred to as the EISF29.  

!!! ! ! !"#$ ! !
!"!!         (2) 
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 9 

The EISF expresses the probability that a particle can be found in the same volume of space after a time interval, t, 

(corresponding to the instrument resolution) has passed. It can therefore be used to determine the geometry of the 

motion of a molecule or molecular specie in a molecule. Since the type of confinement influences the local geometry 

of the molecule, the evolution of the EISF can shed light on the specific type of local restrictions on the molecule29–31. 

The behavior of the extracted half width at half maximum (", HWMH), of the QE signal, was modeled as a function 

of Q using  the expression for the random-jump-diffusion32: 

! ! ! !!!
!!!!!!!

 ,          (3) 

where %0 corresponds to the residence time and D is the translational diffusion constant given in terms of the mean 

jump length  ! ! !!" as: 

! ! !!!!"
!!!

            (4) 

 

RESULTS AND DISCUSSION 

Decomposition temperatures of the different proton states in GIC powders and cements through Thermal Gravimetric 

Analysis and Infrared Spectroscopy (TGA-FTIR)  

By examining the TGA curves from the cements and respective powders, we observe a mass loss at around 100 ºC 

in the cements that is absent in the powders, see Fig.1. Based on the equivalent FTIR data (Fig. 2a), where the 

spectrum at 110 ºC corresponds to the inflection point from the derivative of the TGA curves (see inset Fig. 1), we can 

conclude that this mass loss is due to water evaporation; peaks characteristic of O-H stretching being observed at 

1300-2200 cm-1 and 3400-3900 cm-1.  This finding agrees with previous results33,34. In addition, as the Aqua cement 

ages, and the amount of unbound water decreases, we can confirm the retarded maturation and development of 

porosity in the Aqua material compared to the Poly10,12. Furthermore, with ageing, the inflection point of the 

evaporation process, indicated by an arrow in Fig. 1, shifts to a higher temperature in the 28 day-old Aqua cement, 

when the mass losses for both materials becomes similar.  
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 10 

Now we turn to the analysis of the powders. On further heating two decomposition steps are observed. The first 

mass drop in the TGA, Fig. 1, emerges at around 225 ºC, which is related to the initial decarboxylation decomposition 

of  the PAA15,33,34. This is further inferred by observation of the C=O stretch, the typical and major ketone absorption 

peak at 1700 cm-1 and the C-H vibration at 1180 cm-1, as well as residual water and Si(Al)O-H stretching (3200-3600 

cm-1 and 3850 cm-1), indicated by (*) in Fig. 2 (b,c)35. The second mass drop, detected at about 425 ºC, can be related 

to further degradation of the polymer36.  This is confirmed by the FTIR data, where C-H stretching (2960 cm-1) is 

observed. The same absorption peaks are observed, but with a factor 10 smaller intensity in the Poly Powder, thus 

confirming the incorporation of lyophilized PAA in the powder.   

 

Figure 1:  The left side shows the TGA curves for the Aqua (a) and Poly (b) cements aged for 7 and 28 days and their 

respective powders. The right side of the figure shows the first derivative of the TGA curves revealing the largest mass 

losses. The arrows in the left side in (a) indicate the shift of the evaporation process in the Aqua cement. The (*) in the 

right side indicate the inflection point for the evaporation of the loosely bound and unbound water. In contrast,  (**) 

indicates the tightly bound water. Considering the ageing process of the Aqua cement (a) we observe a decrease in the 
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 11 

amount of the loosely bound and unbound water and a slight increase in the amount of the tightly bound water. In 

contrast for the Poly cement, only a slight decrease in the amount of loosely bound and unbound water is detected. 

Focusing again on the cements, a second mass loss, comparable across all samples is observed at around 450ºC  (see 

Table S1 in the supplementary information). Moreover, from the FTIR results we observe that the same vibrational 

modes described above for the powders were also detected in the cements. However, the decomposition of the PAA 

occurs at higher temperatures, indicating much stronger chemical bonds. Indeed, it is well known that complexed PAA 

salts, i.e aluminum polyacrylate and strontium polyacrylate, has increased stability and decomposes between 425 and 

520 ºC15. Interestingly, in the Aqua Cement we detect an increase in the amount of tightly bound water evaporating 

from the sample, highlighted by the (**) in Fig. 1. This observation suggests a more pronounced change in the 

hydrogen bond network over time, not necessarily caused by an increase in the amount of structural water. For further 

insight in the local structure of the GIC, a detailed analysis of the QENS spectra was performed.  
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Figure 2: FTIR spectra for the Aqua (left side in blue) and Poly (right side in red) cements aged for 7 days and their 

respective powders. The various temperatures correspond to the decomposition stages as observed in the TGA under 

controlled heating. Note that the strongest absorption peak, resulting from carbon dioxide stretching at 2500 cm-1, is 

mostly due to the decomposition of the carboxylic acids in the GIC.37 Spectra for the 28 day-old samples show similar 

behaviour. 

Finally, the mass loss around 825 ºC in all samples comes from the decomposition of the unreacted glass silicate, as 

confirmed by the observation of Si-O-Si stretching vibrations at around 1000 cm-1 as shown in the SI and indicated by 

(**). 

 

Dynamical behavior of bulk and glassy water in liquid PAA as analyzed by neutron spectroscopy  

In order to fully understand how the dynamics of the bulk water and the aqueous PAA solution is modified 

when confined in the Aqua and Poly cements, respectively, we first considered the dynamics of the bulk liquids. The 

results are shown in Figure 3 and listed in Table 1. 

Even though bulk water and its dynamics under confinement has been widely studied using neutron 

spectroscopy4,7,12,18,19,30,32,38–41, QENS spectra of water at body temperature were measured using the IRIS spectrometer 

to facilitate the analysis of our data. The data was fitted using Equation (1) to one single Lorentzian, and the extracted 

HWHM ("water) was modelled as a function of Q2 to the random jump-diffusion model given in Equation (3). Our 

analysis give a !!!"#$%!!"!!"#$ ! !!!! ! !"!!!!!!! and !! ! !!!"!!".  

In contrast, there is incomplete information about the dynamics of aqueous PAA solutions42,43. In the particular 

case of the PAA studied here, it is known that gel-like polymeric networks are formed34, and that, from a combination 

of neutron spectroscopy and calorimetric analysis7, two water populations were distinguished; one that resembles bulk 

water and the other suggesting glassy behavior originating from regions of hydration around the polymer chain. 

Therefore the QENS signal of PAA collected at PELICAN at body temperature was fitted to Equation 1 using two 

Lorentzians; one representing the dominating faster bulk water motion (hereafter referred to by its HWHM, "bulk) and 
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 13 

the second representing a population with a more hindered diffusion representative of glassy water behavior (hereafter 

referred to by its HWHM, "glassy). All parameters were unconstrained during the fitting procedure. The resulting 

HWHM was also analysed using Equation 3. From this analysis we observe that "bulk !!!!"#$ ! !!!! ! !"!!!!!!! and 

!! ! !!!"!!"! and "water are the same. We interpret this as mean that the faster bulk water motion and its residence 

time (reflected on the value of #0) are not modified in the aqueous PAA solution. However, the diffusion coefficient 

for "glassy (!!"#$$% ! !!!! ! !"!!!!!!! and !! ! !!!!!") is 30 times slower than "bulk. Further confirmation of the 

coexistence of bulk and constrained regions of polymer hydration in the PAA network is realized by looking at the 

EISF. Here we clearly see that the water states probed by PELICAN, Fig. 3(a), fit very well with the modified 

analytical EISF model for confined water; namely diffusion of a point particle inside a sphere44. This model is given 

by Equation 5 below:  

!! ! ! ! ! !! !
! !"#!"
!"! !! !"#!"!"

!"

!

       (5) 

where d is the radius of the idealised spherical confinement, and p accounts for the immobile fraction of the protons  

To better map the more hindered water population that gives rise to "glassy, as well as to verify the existence of 

possible slower dynamics in the PAA45, QENS measurements were performed using the backscattering spectrometers 

IRIS and IN16B. By analysing the IRIS signal using the approach described above, and using a fixed value of  "bulk, 

the two water populations detected during the PELICAN measurements were observed. However, on IRIS, with its 

narrower energy resolution, the slower "glassy motion was seen to be the dominating spectral component; "bulk 

contributing to a slightly higher offset in the ‘background’. From the evolution of the EISF, Fig. 3 (b), also fitted to 

Equation 5, we observe a lower immobile fraction of the protons, p (see Table 1). This corroborates the idea that 

distinct water states have different mobility. Furthermore, by imposing the linewidth of "glassy while fitting the IN16B 

data to Equation 1, a new, slower dynamic process, not discernible in the calorimetric analysis, was detected. 

Considering the diffusion value for this motion (!!!! ! !"!!"!!!!! , which is ~ 10 times slower than !!"#$$%, we 

attribute it to the PAA itself45, hereafter named by its HWHM as "PAA. Moreover, unlike IRIS and PELICAN, the 
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evolution of the EISF for "PAA cannot be fitted using the confined water model, Fig. 3(c), indicating changes in the 

structuring of the hydrogen network46. This point will be further discussed later. 

 

 

 

 

Figure 3: Left side: Evolution of the HWHM for "bulk, "glassy and "PAA as a function of Q2 obtained for the PAA sample 

and modelled using theory developed to describe random jump diffusion. Right side: The EISF plotted as a function of 

Q and obtained from the analysis of the quasielastic spectra. The solid lines were obtained by fitting the data to 

Equation 5, while the horizontal dotted line are representative of the amount of immobile protons (p) in the PAA as 
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 15 

seen using spectrometers with differing energy resolutions. The results were extracted from the data collected at 310 K 

using (a) PELICAN, (b) IRIS and (c) IN16B. Note that the simple diffusion of a point particle inside a sphere44 does 

not fit the IN16B data well. 
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Table 1: Parameters Dt and #0 obtained from fitting, as a function of Q2 , the HWHM’s describing the different water 

populations observed in PAA; namely "bulk, "glassy and "PAA. The data was modelled using an analytical function 

developed to describe random jump diffusion. The parameters d and p were obtained, for each spectrometer, by fitting 

the Q dependence of the EISF to the diffusion of a point particle inside a sphere44 model. The parameters were 

extracted from data collected at 310K.  For comparison, the values obtained for bulk water measured at 310K using 

the IRIS spectrometer, and also modelled using the random jump diffusion form, are given. 

Spectrometer Population Dt (10-9m2/s) #0 (ps) p (%) d (Å) 

PELICAN "bulk 2.96±0.4 0.37±0.02 0.22±0.02 3.6±0.2 

IRIS "glassy 1.72±0.1 9.9±0.3 0.11±0.01 5.3±0.3 

IN16B "PAA 0.06±0.009 30±10 
Not possible 
to fit with a 

simple model 

Not possible 
to fit with a 

simple model 

IRIS 

(bulk water) 
"water 2.96 ±0.04 0.35±0.02 - - 

 

Modification to the dynamical behavior of water in aqueous PAA when confined in the GIC as observed by neutron 

spectroscopy  

From the TGA analysis we know that a fraction of the bulk water, "bulk, remains in  both cements even after 28 

days of aging. Therefore, to analyse the QENS signal observed in the cements when using PELICAN and IRIS, two 

Lorentzians were used but with the HWHM describing the bulk water, "bulk, fixed. All other parameters were 

unconstrained. The results obtained for the Poly and Aqua samples using PELICAN and IRIS are shown in Figures 4 

and 5 and listed in Table 2.  

In the timescale covered by PELICAN, and for all cement samples (Figure 4, Table 2) independent of cement 

sample and age, the dominating signal comes from a water state for which the diffusion coefficient was found to be in 

the order of ~ 2 times higher than "glassy, an order of ~ 2 times slower than "bulk and with a residence time ~ 40 times 

higher than "glassy. Based on this observation, plus the fact that a fraction of the liquid used in preparing the GIC either 
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remains in its bulk state, is confined in the small cement pores12 or is assigned to cationic water47,48, we conclude that 

the slower motion (hereafter referred to after its HWHM, "bulk-confined), is ascribed to confinement. In contrast, the 

broader component describes unreacted liquid, "bulk. Surprisingly, even though the strength and porosity of the cement 

samples differ12, in the ps timescale the dynamical behavior of the water in aqueous PAA when confined in the GIC, 

"bulk-confined, does not. Indeed, independent of the cement’s age, the diffusion coefficient is approximately the same for 

all cements; !!!"#$!!"#$%#&' ! !!!! ! !"!!"!!!!! and !!!!"#$!!"#$%#&' ! !!!!!". However, the amount of hydrogen in 

the form of unbound water does vary, as depicted by the EISF. Once again, the evolution of the EISF as a function of 

Q is well described using the modified analytical form for confined proton moblity29, with the immobile fractions, p 

(#$$%&'(()"#*+,-.%&'/()"#$012.%&'./)"#*+,-(/%&'/3"245"#$012(/%&'/(), being consistent with TGA measurements, see 

Tables S1 and S3. This finding confirms the highest water content to be in the 7 days old Aqua material while the 

lowest is seen to be in the 28 days old Poly sample. Comparison of the extracted d values, which represents the radius 

of the idealised spherical confinement, shows 5*$$%"6'3"7"8"&'("7)"5*+,-.%6'9"7"8"&':7"245"52012.%6'6"7"8"&':"7; 

the average radius for the confined water molecule not differing within error. This result implies that the type of 

confinement probed on the ps timescale is comparable.  If we, however, compare the d values extract for the 28 day-

old samples (5*+,-(/%6'&"7"8"&':"245"5$012(/%6'67"8"&':7) with the 7 day-old samples, we observe a slight decrease 

in the radius of confinement for the Poly cement, see Fig 4. This change is not observed in the Aqua cement and 

indicates a change of local geometry in the Poly material between 7 and 28 days. Previous work on these specific 

cements showed a change in mechanical strength over the same time period for the Poly cement only. 

 

Table 2: Parameters Dt and #0 obtained from fitting, as a function of Q2!!the evolution of the HWHM describing the 

different water populations in the GIC samples as a function of ageing; namely "bulk, "bulk-confined and "glassy-confined. The 

data was modelled using the analytical function developed to describe random jump diffusion. The parameters d and p 

were as obtained, for each of the selected spectrometer, by fitting from the fit of the Q dependence of the EISF as a 

function of Q using to the diffusion of a point particle inside a sphere44 model. The parameters were extracted from the 
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data collected using the spectrometers PELICAN, IRIS and IN16B at 310K. Bulk water is known to exist in these 

samples and therefore its contribution was considered during the fitting procedure. 

Sample Spectrometer Populations Dt (10-9m2/s) # 0 (ps) p (%) d (Å) 

Poly 

PELICAN 

"bulk 2.96 (fixed) 0.37 (fixed) - - 

"bulk-confined 1.12±0.12 1.56±0.4 
0.82±0.001 at 7 d 3.53±0.057 at 7 d 

0.86±0.003 at 28 d 3.02±0.1 at 28 d 

IRIS "glassy-confined 0.97±0.1 15.9±1.1 
0.73±0.008 at 7 d 3.37±0.18 at 7 d 

0.75±0.006 at 28 d 3.39±0.16 at 28 d 

Aqua 

PELICAN 

"bulk 2.96 (fixed) 0.37 (fixed) - - 

"bulk-confined 1.09±0.17 2.12±0.1 
0.78±0.001 at 7 d 3.3±0.03 at 7 d 

0.83±0.002 at 28 d 3.3±0.07 at 28 d 

IRIS " glassy-confined 0.12±0.013 64.8±6.8 
0.72±0.006 at 7 d 3.16±0.16 at 7 d 

0.79±0.006 at 28 d 3.58±0.18 at 28 d 
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Figure 4: Left side: Evolution of the HWHM for "bulk and "bulk-confined , as a function of Q2 , or GIC samples Aqua (top, 

in blue) and Poly (bottom, in red), The data, from which the line widths were extracted, was collected using 

PELICAN. The linewidth responses were analysed using a random jump diffusion model. Note: The HWHM does not 

change as a function of ageing. Right side: The EISF, as a function of Q, obtained from the analysis of the quasielastic 

spectra for GIC samples aged at 7 and 28 days. The solid and dashed lines were obtained using the model described by 

Equation 5. The horizontal dotted line is a guide to the eye to allow the fraction of immobile protons (p) in the 

cements to be ascertained as a function of ageing.  

 To further understand how the polymeric-water network is changing during the reaction with the silicate glass, 

as observed using the intermediate timescale covered by IRIS (~200 ps), we followed the same procedure described 

above. The results are summarized in Fig. 5 and Table S3. By comparing the diffusion coefficient values obtained for 
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the Poly cement at different ages (!!"#$$%!!"#$%#&'!!"#$ ! !!!!! ! !"!!!!!!!) to the value for glassy water in the PAA 

solution (!!"#$$% ! !!!! ! !"!!!!!!!), we observe that they are of the same order. We can therefore, conclude that the 

water molecules that occupy coordination sites around the polymers in the PAA solution do not change their dynamic 

response when confined. Furthermore, the dramatic increase in the residence time, !!!!"#$$%!!"#$%#&'!!"#$ ! !"!!" 

compared to !!!!"#$$% ! !!!!!", clearly indicates a strong deviation from the ideal water structure. On the other hand, 

for the Aqua cement at different stages of maturation, a diffusion coefficient (!!"#$$%!!"#$%#&'!!"#$ ! !!!"! !

!"!!!!!!! with !!!!"#$$%!!"#$%#&'!!"#$ ! !"!!") was obtained. This D value is ~ 10 times slower than Dglassy and ~ 6 

times slower!!!"#$$%!!"#$%#&'!!"#$, with a much longer residence time, #0. We therefore conclude that the polymeric-

water network in glassy water is more hindered in the Aqua sample. Previous observation12 showed that the hydrogen 

protons bind faster to the microstructure of the Aqua cement on the intermediate timescale of ~200 ps, which was 

earlier connected to different proton (population) mobility in the Aqua Cement.  

Additionally, the diffusion of a point particle inside a sphere44 model cannot fully describe the evolution of the EISF 

over the full Q-range for the cement samples. The effective EISF deviates at around ;%"&'/"7!: and decreases again at 

;%:'9"7!:, indicating a restricted rotational diffusion18, see (*) and (**) in Fig. 5 . Furthermore we note that changes 

in the immobility fraction p of the EISF are more evident for the Aqua cement upon ageing, which is in full agreement 

with the TGA measurements and the QENS spectra from PELICAN. On the IRIS timescale there is a slight change in 

the radius of the confinement, reflected by the EISF, for the differently aged Aqua cements. In contrast, for the Poly 

cement this happens on the PELICAN timescale. 

Knowing that for PAA that water gets trapped in the polymer, we interpret our IRIS results as probing exactly this 

phenomenon, showing more confinement on the Aqua cement.  
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Figure 5: Left side: Evolution of the HWHM for "glassy-confined as a function of Q2 obtained for the GIC samples, Aqua 

(top, in blue) and Poly (bottom, in red), modelled using a random jump diffusion model. Note: The HWHM does not 

change as a function of ageing. Right side: The EISF as a function of Q obtained from the analysis of the quasielastic 

spectra for GIC samples aged at 7 and 28 days. The solid and dashed lines were obtained using Equation 5. The 

horizontal dotted lines are a guide to the eye to enable the percentages of immobile protons (p) in the cements to be 

ascertained and as a function of ageing. Here (*) and (**) show where the data deviates from the modified confined 

water model for, Poly cement and Aqua cement, respectively. The data was collected using IRIS. 
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 When analysing dynamics on the ns timescale (IN16B) the motions from "bulk, "bulk-confined and "glassy-confined contribute to 

a ‘background’ intensity and therefore only one Lorentzian was needed to model the data. The variation in the HWHM 

as a function of Q cannot be satisfactorily describe using the random jump diffusion model (Equation 5) but it is in 

good agreement with the Chudley-Elliott (Equation 6) model49,  specifically in the high Q limit: 

! ! ! !
!!

!! !"# !" !"#!
!" !"#!           (6) 

where !! is the residence time and ! the jump length.  

Although, for small ; values the evolution of HWHM as function of ;" tends to the random jump model, Equation 

3, the Chudley-Elliott model gives the best fit when ;"<"&'="7!:. Independent of the modelling, the extracted HWHM 

is very similar between both cements types, with the mobile population diffusing at a rate similar to as "PAA, see Table 

1. As a result, we can conclude that the PAA motion is hindered by a geometrical confinement from changes in the 

chemical bonding, i.e polysalt formation in the cement. This population is hereafter named "PAA-confined and is illustrated 

in Fig. 6 and Table S4. Such changes and confinement can be interpreted as follows; taking the formation of the 

aluminum poly salts as an example, by mixing PAA, aluminum silicate glass and water, some CH-COO- groups from 

the PAA will form CH-COO--Al+3 and others will remain free: these can interchange, thus creating a possible 

hydrogen diffusion in a diffusive landscape46. These different hydrogen networks will then have distinct hydrogen 

bond lifetimes, originating the periodic bumps at ;(%"&'."7!( and ('("7!( seen at the HWHM evolution in the GIC’s.  
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Figure 6: Evolution of the HWHM for "PAA-confined as a function of ;( as described by the Chudley-Elliott model. The 

results were extracted from data collected using IN16B for 7 days old Aqua (a, in blue) and 7 days old Poly (b, in red). 

Table 3: Parameters l and #0 obtained from the data collected at 310K using IN16B. The evolution of the HWHM as a 

function of ;(!describing "PAA-confined in Poly and Aqua cements aged for 7 days was modelled using the Chudley-

Elliott model. 

Sample Spectrometer Population l(Å) # 0 (ps) 

Poly IN16B "PAA-confined 12 ±0.6 275±9 

Aqua IN16B "PAA-confined 12 ±0.6 275±9 

 

0.004

0.003

0.002

0.001

0.000

HW
HM

 (m
eV

)

3.02.01.00.0
Q-2(Å-2)

 !!""#$%&'&()
*
*

0.004

0.003

0.002

0.001

0.000

HW
HM

 (m
eV

)

3.02.01.00.0
Q2(Å-2)

 !!""#$%&'&()
*
*

b)

a)

Page 23 of 31

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 24 

Modification of the hydrogen-bond interaction and phonon density in the PAA when confined in the GIC analyzed by 

neutron spectroscopy at 10K: 

Similar for all cement samples the librational modes at 10 meV assigned to confined water (ice like) is observed in the 

samples. Modes 20 and 40 meV can be assigned to the water in the polymer network. The distortion from the bulk 

water (ice) modes in the spectrum is more evident in the 28 day-old samples, as the ratio of bulk-water to glassy-water 

decreases.  The first peak that can be fully assigned to the silicate matrix is visible at 130-190 meV and matches well 

the signal detected by the FTIR (~1000-1500 cm-1 or ~125-188 meV) illustrated in Fig. S1, which corresponds to the 

Si-O-Si stretching vibration from the powder. The small vibration at 210 meV most likely corresponds to the 

carboxylic acid C=O stretching also detected in the FTIR (~1700 cm-1 or ~212 meV). Furthermore, at 370 meV 

(~2900 cm-1) we observe a C-H stretching coming from the PAA in all samples.  

First we notice that the signal to noise ratio is the same in all samples. By comparing the intensity obtained from 

VISION spectrometer from samples aged during 7 and 28 days, we can see that the largest change in signal occurs in 

the Poly cement (see Fig 7). The intensity of the signal is directly proportional to the phonon density, which we can 

interpret as the variation in density over time. 

In putting all findings together, we first consider the intensities from the QENS measurements, and notice that signal 

from the 28 day-old Aqua to be higher than the 7 day-old, thus confirming the TGA findings, which show that the 

amount of unbound water decreases while the amount of bond water increases. This is however not the case for the 

Poly cement, that in contrast reveals a bigger change in density over time, based on the intensities from the VISION 

measurements. This suggests that in the Aqua cement the degree of crosslinking is lower than in the Poly cement, and 

instead more H-bonds are being formed. In the Poly on the other hand, the crosslinking continues even after 28 days 

with limited H-bond formation.      
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Figure 7:  Vibrational transition energies obtained using the vibrational spectrometer, VISION, and collected at 10 K. 

(a) Aqua cement samples (blue) aged for 7 and 28 days and (b) Poly cement samples (red) aged for 7 and 28 days. The 

intensity of the signal is directly proportional to the phonon density. The peaks are assigned to the librational and 

vibrational modes of the samples. Bulk water is given in SI for comparison.  

 

 CONCLUSION  

To date relatively few studies have been carried out on the dynamics of GIC, this one being the first that maps the full 

hydrogen dynamics in the aqueous PAA solution used in conventional GIC to its behaviour when confined in the 

cement matrix. In this study, distinct hierarchically superimposed molecular motions within the liquid and in the 

cements could be separated by combining neutron spectroscopy and calorimetric analysis. Consequently a better 

understanding of the hydrogen-bond network formation and density changes of this unique type of GIC was achieved.  

A key component that influences sample properties is water. Water is necessary for initial setting but also for the 

maturation, since it hydrates the cement matrix and further allows it to react. While it is known that water binds to the 

structure during the first steps of the setting8, there are still some ambiguities regarding water binding during 

maturation. In this study, we have added to this understanding as follows. From the thermogravimetric method 

different amounts of bulk water in the samples after maturation were identified. This analysis showed that for these 

samples, bulk water binds to the polymer chain, while an increase in the amount of structural water is not necessarily 

observed. However, progressive water binding due to ageing occurred in only one of the GIC, namely the weaker 

Aqua sample. As the mechanical strength of the Aqua cement does not change with aging in the maturation timeframe 

studied here12, we can hypothesize that the progressive water binding does not influence the strength of the material. 

Clear changes in the material density were only observed in the Poly cement as detected by the INS data. Thus we 

interpret that the continuous crosslinking on the Poly cement is the main cause for its increase in strength during 

maturation.  
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QENS analysis revealed three distinguishable hydrogen populations in the PAA aqueous solution, which were also 

visible in both GICs. By varying the observation time, it was not possible to detect changes in the self-diffusing 

motions between samples aged 7 or 28 days; only a change in the intensity of the elastic signal was observed. The 

residence time in the cement itself differed from that of the PAA solution due to changes in the local environment: the 

most noticeable difference between the GIC samples being in the dynamics associated to the confined glassy water; 

the water eventually just binding to the polymer. The QENS analysis revealed that the hydrogen binding varied 

between the two GIC, thus the shape and structure of the polyelectrolyte chain and the PAA incorporation method, 

will in turn influence the degree of crosslinking and hydrogen bonding in the PAA matrix and consequently 

influencing the cement properties. The dynamics of the hydrogen on the PAA itself showed that for both GIC 

localised diffusivity dominates parts of the spatial range.  

To conclude, these results indicate that the advantages of this material can be improved not only by modifying the 

glass-silicate, particle size and chemical formula, so that its disintegration and binding to tissue is improved. But also 

that the understanding of polymer-water binding and polymer crosslinking is important in material development as it 

can share light on material strength and longevity.      
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Supplementary information 

In the supplementary information the Bulk water measurements for comparison with GIC 

and PAA solution are given. Furthermore GIC after 28 days are shown and GIC modelled 

to random jump diffusion witch only showed reasonable fit at low Q. 

 

 
Figure S1: FTIR spectra Aqua (left side in blue) and Poly (right side in red) cements aged for 5 
days and their respective powders at the last decomposition stage as observed in the TGA under 
controlled heating.  
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Figure S2: Γwater, ΓBulk, and Γglassy v� Q2  modelled to the random jump diffusion extracted from 

the data collected using IRIS. The pure Bulk water is given for comparison with ΓBulk found in 

the aqueous PAA solution.  
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Figure S3: Evolution of the HWHM for Γbulk, Γbulk-confined  and Γglassy-confined as a function of Q2 

modelled to the random jump diffusion, for the 28 day old GIC samples Poly. The HWHM does 

not change as a function of ageing. As an example the Evolution of the HWHM for the Poly 

cement is given. The parameter Γbulk  was fixed doing the fitting. The Data is obtained from a) 

PELICAN and b) IRIS. 
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Figure S4:  Left side: Evolution of the HWHM for ΓPAA-confined as a function of Q2 obtained for 

the GIC samples, Aqua (top, in blue) and Poly (bottom, in red), using IN16B modelled to the 

random jump diffusion. Right side: EISF as a function of Q obtained from the analysis of the 

quasielastic spectra for GIC samples aged at 7 days. The solid lines were obtained using the 

model described by Equation 5, while the horizontal dotted line is a guide to the eye to facilitate 

the comparison between the amounts of mobile protons (p) in the cements. Evolution of the 

HWHM and EISF does not change as a function of ageing. The fit for the evolution of the 

HWHM is reasonable for Q>0.5 Q-2 , but deviate at higher Q. 
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Tale S1:  Partial and cumulative percentages of mass loss obtained using thermo gravimetric 

analysis (TGA) for the Aqua and Poly cements as function of maturation together with their 

respective powders for different decomposition temperatures. The partial value of the mass loss 

is taken at end of the decomposition process corresponding to the inflection point temperature, 

defined by the minimum of the first derivative. The cumulative mass loss for all samples is 

collected at 900 ºC. 

Sample  110 ºC 225 ºC 425 ºC 470 ºC 825 ºC 900 ºC 

Aqua 5 13% - - 15% 10% 38% 

Aqua 28 9% - - 15% 8% 32% 

Aqua Powder - 9% 12% - 9% 30% 

Poly 5 8% - - 13% 11% 32% 

Poly 28 7% - - 13% 11% 31% 

Poly Powder - 4% 5% - 10% 19% 
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Figure S5:  Vibrational transition energies obtained using the vibrational spectrometer, VISION, 

and collected at 10 K. for Bulk water. The peaks are assigned to the librational and vibrational 

modes of the samples. Bulk water is given in SI for comparison with the  GIC.  
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ABSTRACT: Water mobility through porous rock has a role
to play in many systems, such as contaminant remediation,
CO2 storage, and oil recovery. We used inelastic and
quasielastic neutron scattering to describe water dynamics in
two different chalk samples that have similar pore volume
(ranging from tens of micrometers to a few nanometers) but
different water uptake properties. We observed distinct water
populations, where the analysis of the quasielastic data shows
that after the hydration process most of the water behaves as
bulk water. However, the lack of quasielastic signal, together
with the observation of a translational mode at 10 meV, imply
that in chalk samples that take up less water confinement
occurs mostly in the pore volume that is accessible with nitrogen adsorption measurements.

■ INTRODUCTION
Fluid movement through porous rocks influences many
processes relevant for society. For example, water is used to
displace contaminated fluids during remediation of drinking
water aquifers.1 Similar hydraulic displacement techniques are
used to increase oil recovery beyond what is produced as a
result of lithostatic pressure alone. In both cases, water interacts
with the pore surfaces in the rock, and despite detailed research
on this subject, the processes by which water moves in pores is
not fully understood.2 To better deconvolute the various
properties that control water mobility at the pore scale, high-
resolution studies at a variety of length and time scales are
valuable.
Chalk is an important reservoir rock for both groundwater

and hydrocarbons. It is composed predominantly of the
fossilized remains of planktonic marine algae that used calcite
(CaCO3) to build micrometer-scale platelets called coccoliths.
These microfossils result in complex pore geometries in the
rock.3 In some chalk formations, nanoparticles of authigenic
clay are observed on the calcite mineral surfaces.4−6 To date,
research has focused on characterizing calcite surface
composition,7−9 determining calcite surface reactivity,10−12

visualizing pore connectivity in chalk at various length scales
using X-ray tomography and scanning electron microscopy
(SEM),13,14 and combining the chemical and physical proper-
ties of chalk to create reactive transport models.15,16 Because of
chalk’s complexity, the microstructure characterization alone
has not yet led to an ability to describe and quantify how water
behaves within its nanometer-scale pores. Therefore, in this

work, we used neutron spectroscopy to describe the self-
diffusivity of the water confined within chalk pore networks.
Water−pore surface interactions control, and are controlled

by, the wettability of the rock,2,17−21 i.e., its preference for water
or hydrophobic species. Pore dimension, distribution, and
connectivity, as well as the presence of charged ions and
organic material, greatly modify water mobility.6,22−24 Indeed, it
has now become widely accepted that water is transported
differently, depending on whether it is tightly confined,
chemically bound, or in its bulk state.25−29 However, because
of the complex structure of chalk and the very small dimension
of the pores and pore throats, it has been difficult to observe
these effects experimentally, raising questions about how fluid
actually does move. In the particular case of pure calcite
surfaces, MD simulations have been used to show that the local
environment influences water structure as a result of molecular
interactions between the water molecules and the ions at pore
surfaces.30,31 Although a correlation between the separation of
water molecules from the calcite surface and water self-
diffusivity has been derived from atom trajectories32 and
advanced techniques, including NMR, have improved under-
standing of the properties of water, it is generally difficult to
experimentally quantify the differences between how water
behaves on a mineral surface and inside small pores.21,33,34
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We used neutron spectroscopy to obtain experimental
evidence for the molecular-scale behavior of water and to test
the validity of MD predictions. Neutrons, like X-rays, penetrate
matter, and the exceptionally large scattering cross section of H
atoms gives unique insight into the movement of hydrogen, in
this case in water, providing information about its behavior in
confinement, within the pores.35−38 By using quasielastic
neutron scattering (QENS), we obtained information about
proton self-diffusion, while inelastic neutron scattering (INS)
allowed observation of collective density fluctuations.39,40

■ MATERIALS AND METHODS
Materials. Two chalk samples were used in this study. The

first, Aalborg chalk, which we simply call Aalborg, was collected
from an active quarry in Jutland, Denmark (Aalborg Portland
Cement). The second sample, called Chalk 2−2, was taken
from a core that had been drilled from a chalk formation in the
Danish North Sea Basin. Geologic evidence indicates that
neither sample had ever been exposed to oil. The samples had
been stored dry, at ambient temperature and pressure. Prior to
the hydration experiments, the samples were gently crushed.
They were mounted on flat aluminum sample holders for
analysis in the cold time-of-flight spectrometer FOCUS, located
at the Paul Scherrer Institut (PSI, Villigen, Switzerland).
Hydration Experiments. The samples used for the

neutron experiments were hydrated using two methods. The
first samples were wet at ambient conditions (Set A), while the
second set were put under pressure (Set P). The initial mass of
all samples was 1.4 ± 0.1 g.
Set A was first dried at 450 K in small, aluminum, open

beakers while flushing with nitrogen, until no observable
decrease in mass was detected (±0.0005 g). Next, the samples
were placed in a sealed container that had a separate, 50 mL
reservoir, holding ultrapure deionized water (Milli-Q). The
container was flushed with nitrogen, and the samples were
allowed to equilibrate in the vapor produced by evaporating the
water in the reservoir at 293 K for 24 h. Set P was placed in a
pressure vessel that contained water vapor as the pressure
medium. The pressure that developed during the hydration
procedure corresponds approximately to 4.1 bar and a
maximum temperature of 423 K; the samples were left to
equilibrate for 24 h.
To calculate the hydration state of Sets A and P, reference

mass measurements of the individual sample holders were
made using a laboratory mass balance (±0.0005 g). The weight
of the sample+sample holder assembly was then measured on
the same scale before and after each hydration step. After
subtracting the weight of the sample holder, the sample mass
change in % was calculated from the ratio of the hydrated

sample to the dried sample mass. The hydration state of the
samples is presented in Table 1. To avoid water loss during
transport, all samples were kept in the sealed containers with a
hydrating atmosphere of ultrapure water.

Gas Adsorption for BET Surface Area and Porosity
Determination. Before the hydration experiments, the surface
area was determined from ∼3.0 g subsamples using nitrogen
gas, while another smaller subsample (∼0.35 g) was taken from
the hydrated Sets A and P (that were used for the neutron
scattering experiments) and analyzed using krypton gas. To
ensure full dehydration prior to data collection, all samples
were degassed by heating to 423 K in vacuum (<10−6 bar) for 2
h. Measurements were made at liquid nitrogen temperature,
using a Quantachrome Autosorb-1 Sorption Analyzer. The
specific surface area was determined from the Kr and N2
adsorption isotherms in the relative pressure range 0.1 < P/P0 <
0.3, using the BET equation.41 The saturated equilibrium vapor
pressure, P0, for krypton was assumed to be 0.35 bar at liquid
nitrogen temperature. This corresponds to the vapor pressure
of the supercooled liquid state of krypton. For all samples, the
BET plots were linear (i.e., the regression coefficient was higher
than 0.999) in the relative pressure range examined, confirming
the applicability of the BET equation.
Total pore volume was determined at relative pressure, P/P0,

close to unity, using N2 adsorption isotherms and the
relationship between the volume of adsorbed nitrogen and
the volume of liquid nitrogen in the pores, given by eq 1

= · ·
V

P V V
RTliq

a ads m
(1)

where Vads represents the volume of adsorbed nitrogen; Vliq
represents the volume of liquid nitrogen contained in the pores;
Pa and T represent ambient pressure and temperature; and Vm
is the molar volume of the liquid nitrogen (34.7 cm3/mol).
The pore size distribution analysis was made using the t-

plots42,43 method for micropores (<2 nm), and we used BJH
analysis44 from the desorption branch of the nitrogen isotherm
to determine pore distribution for the range from 3 to 200 nm.

Scanning Electron Microscopy (SEM). A Quanta 3D
FEG SEM was used to observe chalk morphology and particle
size. Images were taken in low vacuum (0.6 mbar) to avoid
coating the samples so that we could image the same samples
before and after the hydration experiments. We used 10 kV and
46 pA and a low vacuum secondary electron detector, and we
took images of the same samples before and after the hydration
experiments.

Inelastic and Quasielastic Neutron Scattering Experi-
ments. The dynamic behavior of the chalk samples was studied
by means of inelastic and quasielastic neutron scattering (INS

Table 1. Chalk Properties for the Two Sample Sets A (Ambient) and P (Pressure) Used for the Neutron Scattering
Experimentsa

N2 adsorption

sample H2O uptake (g H2O per g of chalk) × 10−2 Kr BET surface area, m2/g BET surface area, m2/g Total pore volume, 10−2 cm3/g

Aalborg A 2.8 2.9 - -
Chalk 2−2 A 16 1.8 - -
Aalborg P 2.4 3.3 - -
Chalk 2−2 P 23 1.6 - -
Aalborg - - 3.7 2.3
Chalk 2−2 - - 2.0 2.1

aThe accuracy of N2 surface area determination is 2−5%, while for Kr measurements, with a sensitivity ∼300 times higher than for N2, detection
error is <2% (according to the manufacturer, Quantachrome GmbH). The gas adsorption technique cannot detect pores larger than 400 nm.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b01998
J. Phys. Chem. C 2017, 121, 14088−14095

14089



and QENS), using the cold time-of-flight spectrometer
FOCUS. All four samples were measured using an incident
neutron wavelength of 5 Å, resulting in an elastic energy
resolution of ∼110 μeV. At this setting, the accessible
momentum transfer range was from 0.4 to 2 Å−1, and the
energy transfer range was +1.7 to −30 meV, covering relaxation
phenomena from 80 ps to 130 fs. The samples were loaded
between thin aluminum sheets and sealed in a flat aluminum
sample holder. An empty cell was measured for background
subtraction and a vanadium reference for detector calibration.
Using an orientation angle of 135° with respect to the incident
neutron beam direction allows access to the low angular range
of the spectrum but shades the detectors at higher angles.
Spectra were collected at six temperatures, ranging between 100
and 300 K. The data were analyzed using the procedures
described elsewhere,39 with the DAVE and LAMP software.
The measured scattering function, S(Q, ω), where Q

represents the magnitude of the scattering wave vector and ω
represents the energy transfer, expresses the contributions for
the various types of motion of the water molecules, depending
on the temperature and the energy resolution (time) range.
S(Q, ω) could be decomposed into three components: elastic,
SE(Q, ω = 0), quasielastic, SQE(Q, ω ≈ 0), and inelastic, where
the sample or system gains energy, SINS(Q, ω > 0).
The short time dynamics of the hydrogen atoms mainly

determines the inelastic part of the spectrum, SINS(Q, ω > 0),
while a broader view of confined or interfacial water dynamics
can be obtained by the quasielastic part of the spectrum, SQE(Q,
ω ≈ 0). It is the quasielastic results that give valuable insight
into the pore−water interactions, which is the focus of our
study.

■ RESULTS AND DISCUSSION
SEM. To more accurately interpret the neutron results, it is

important that the complex microstructure of the chalk
remained unchanged during the hydration experiments. The
SEM results, Figure 1, show that there were fragments and
subrounded particles that are remnants of coccoliths and some
angular calcite grains that likely precipitated during diagenesis,2

but no observable changes, at this scale, were produced by the
different hydration procedures.

Hydration and BET. For all samples, the BET plots were
linear in the relative pressure range examined, confirming the
validity of applying the BET equation. The total pore volume
was estimated at nitrogen relative pressure, P/P0 = 0.995, from
the total amount of adsorbed N2, assuming cylindrical pore
geometry. The pore size distribution obtained from N2
adsorption measurements by t-plots and BJH analysis is similar
for both Aalborg and Chalk 2−2. These results are given in the
Supporting Information, Figure S1 and Figure S2.
Mass change with hydration, BET surface area (using N2 and

Kr), and total pore volume are summarized in Table 1. The
Aalborg chalk has a significantly higher surface area than Chalk
2−2 from analyses with Kr and N2. However, despite the total
pore volume (∼2.2 × 10−2 cm3/g) being similar, Chalk 2−2
takes up ∼10 times more water than Aalborg. From this data,
we can conclude that for the Aalborg samples the water
absorbed during hydration fits well within the determined pore
volume by N2 adsorption. However, this is not the case for
Chalk 2−2. Considering that nitrogen pore determination
experiments only access pores <400 nm, the higher water
content measured in Chalk 2−2 can be attributed either to the
presence of larger pores or to a hydrophilic surface. To better
understand why chalk samples with similar pore volumes take
up very different amounts of water, we turned to inelastic
neutron scattering.

Short Time Dynamics. In Figure 2 and Figure 3, we show
the generalized vibrational density of states (GDOS) for the
Aalborg and Chalk 2−2 samples as a function of temperature
and sample preparation (A and P). The GDOS was obtained
using the incoherent one-phonon approximation45

ω ω ω= ℏ ω−ℏ⎛
⎝⎜

⎞
⎠⎟G Q

m
k T Q

e S Q( , ) ( , )k TH O

B

2
/

H
2 B

(2)

where m denotes the mass of the scattering units (here the
water molecule); kB represents the Boltzmann constant; T is
the temperature; ℏω gives the neutron energy transfer; and
SH(Q, ω) represents the experimental incoherent scattering
function (here, dominated by the motion of the H atom). To
improve the statistics, G(Q, ω) was obtained after averaging
over all of the Q-values considered in the experiment, but this
smooths the coherence effects of the scattering. This is called
the incoherent approximation.
Normal modes of bulk water include two distinct groups of

vibrations.46 The first is in the high frequency domain (50 < ω
< l25 meV) and involves rotation as well as restricted rotational
degrees of freedom. We do not show these in Figure 2 and
Figure 3 because this energy range is out of the (Q − ω) space
covered by FOCUS. The second group of vibrations is found in
the lower frequency domain (0 < ω < 44 meV) and is assigned
to the translational degrees of freedom. These are the vibrations
that we discuss further.
The signal/noise ratios observed in the low frequency

domain of Aalborg and Chalk 2−2 (Figure 2 and Figure 3),
which correspond directly to the amount of water in the
systems, confirm that Chalk 2−2 has a higher water content
than Aalborg, in full agreement with the mass change after
hydration (Table 1). At 300 K (Figure 2a), the A samples have
different peak positions, at ∼6 meV (Chalk 2−2 A) and ∼10
meV (Aalborg A). These indicate that the water environment is
different for the two samples. Here we note that based on
measurements from neutron and Raman scattering in bulk
water the peak observed at ∼6 meV is assigned to O−O−O

Figure 1. Scanning electron microscopy images of the chalk samples
used in this study: fresh (left), Set A (middle), and Set P (right). No
visible change in particle size or shape could be observed following the
two hydration procedures. The scale bar is 5 μm, the same for all
images. Measurements were made under low vacuum to avoid the
need for a conductive coating.
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bending,47,48 while it is well-known that confined water
molecules are characterized by a vibrational mode centered at
about 10 meV.49,50 This is consistent with the N2 adsorption
results; i.e., the water absorbed by the Aalborg A sample is
confined in pores smaller than 400 nm. The second peak at 15
meV is assigned to external modes in calcite, as a result of
molecular vibrations in the unit cell.51

To further probe how the water is confined within the chalk
and to determine how it behaves on particle surfaces, the
samples were progressively cooled (Figure 2b, Figure 2c, and
Figure 2d). For Chalk 2−2 A, as the water molecules became

more structured between 300 and 265 K, the peak at 6 meV
narrowed. However, in Aalborg A, because of confinement,
cooling did not influence the hydrogen network to the same
degree.
Comparison of the spectra obtained at 300 K (Figure 2a and

Figure 3a), for the samples prepared by hydration under
pressure, shows that the spectral distribution for Chalk 2−2 P is
more similar to that observed for Aalborg P, with the peak
assigned to O−O−O bending shifted slightly to higher
frequencies. Considering that the applied pressure was not
sufficient to modify the pore structure, based on this data set,

Figure 2. Temperature evolution of the generalized vibrational density of states (GDOS) for Aalborg (2.8 × 10−2 g of H2O per g of chalk) and Chalk
2−2 (16 × 10−2 g of H2O per g of chalk), hydrated under ambient conditions (Set A), obtained from experimental incoherent inelastic scattering,
collected from the FOCUS instrument: 1 meV ≈ 8 cm−1. The lower water uptake in the Aalborg sample is directly reflected by its lower scattering
intensity and consequently larger error bars.

Figure 3. Temperature evolution of the generalized vibrational density of states (GDOS) for Aalborg (2.4 × 10−2 g of H2O per g of chalk) and Chalk
2−2 (23 × 10−2 g of H2O per g of chalk) hydrated under pressure (Set P in each case), obtained from experimental incoherent inelastic scattering,
collected from the FOCUS instrument: 1 meV ≈ 8 cm−1.
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we suggest that hydrating the samples under pressure changes
the environment around the H bond network. This indicates
that applied pressure in Chalk 2−2 facilitates the inclusion of
water in the pores. Moreover, at 265 K, the spectral distribution
below 6 meV is different, with Chalk 2−2 P still maintaining its
room-temperature bulk water behavior. This is further
discussed in the next section.
Picosecond Dynamics. The sum of the QE spectra

obtained at 265 and 300 K for Sets A and P over all Q-range
is shown in Figure 4. At 265 K, as depicted in Figure 4b and
Figure 4d, a clear QE response is observed in Chalk 2−2 P. For
samples prepared at ambient conditions (Set A), this
component cannot be modeled.
To further understand how the H bonds behave in these

samples, we analyzed the diffusion of the water molecules by
examining the QENS response in the spectra as a function of Q.
In order to obtain a quantitative analysis of these results, all
data were fitted using a single Lorentzian function

ω δ ω ω
ω

= + − Γ
⊗ +

S Q A Q A Q L

R Q B Q

( , ) DWF[( ( ) ( ) (1 ( ) ( , ))

( , )] ( )
0 0

(3)

where DWF represents the Debye−Waller factor; A0(Q)
represents the time-averaged spatial distribution of all
scatterers; and L(Γ, ω) indicates the Lorentzian representing
the broadened energy distribution that results from neutron−
nucleus collisions, corresponding to the population statistics of
one relaxation process. R(Q, ω) denotes the resolution function
of the instrument; B(Q) represents a flat background term that
includes spectral intensity arising from fast motions outside the
instrument resolution; and δ(ω) is a delta function that
represents the particles that are seen as immobile in the time
window probed by the technique. The behavior of the extracted
half width at half-maximum (Γ, HWHM) is shown in Figure 5.

Considering a random diffusion process, the variation of Γ vs
Q can be approximated by the Singwi and Sjölander model52
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where Dt represents the self-diffusion coefficient, τ0, represents
the average residence time between jumps describing the time
that water molecules take to diffuse from an initial position to
another, giving insight into the hydrogen bond lifetime. L is the
mean jump distance. The fitted parameters that characterize the
translational motion of the water molecules are presented in
Table 2.
At 300 K and within the accuracy of our data, both the

average translational diffusion coefficient, Dt, and the average
residence time between jumps, τ0, in all chalk samples differ
from those of bulk water.53 Considering that hydrophobically
confined water has a lower number of hydrogen bonds per
molecule and they form a network similar to that of the vapor
phase,54 the higher Dt can be interpreted to result from the
interaction between the water molecules and the hydrophobic
surfaces of the chalk samples. This is also consistent with the
lower intermolecular water−water interaction that is reflected
by the decrease of τ0.

38 Furthermore, the changes in the
spectral distribution, both GDOS and QENS, as well as the
44% increase in water uptake (Table 1) for Chalk 2−2 prepared
under pressure, is consistent with molecular dynamics
simulations showing that water flux into hydrophobic surfaces
increases with increasing pressure.55

On cooling, as the water molecules undergo a phase
transition from a vapor like (low density) phase to a more
ordered network (high density), confinement size effects might
undermine the hydrophobicity of the surface.56 Consequently,
at 265 K, the diffusion coefficient of Chalk 2−2 P approaches

Figure 4. QENS experimental spectra for Aalborg and Chalk 2−2, Sets A and P at 300 and 265 K summed over all the detectors. The signal is
normalized to the amount of water in the samples; i.e., for Set A (a, b) Aalborg contains 2.8 × 10−2 g of H2O per g of chalk and Chalk 2−2 16 × 10−2

g of H2O per g of chalk, whereas for Set P (c, d) Aalborg contains 2.4 × 10−2 g of H2O per g of chalk and Chalk 2−2 23 × 10−2 g of H2O per g of
chalk. The data for Sets A and P were rescaled so the y-axes represent 10% of the normalized signal at zero energy transfer. For a better visualization
of the QE signal, the y-scale is logarithmic, and for comparison, the resolution function is also shown.
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that of bulk water, while the GDOS confirms a more bulk like
behavior. Conversely, in Aalborg, independently of the sample
preparation method, the lack of a quasielastic signal as well as
the observation of a peak at 10 meV in the spectral distribution
(Figure 2, Figure 3, and Figure 4) and the BET results (Table
1) imply that size effects play a more important role in the
behavior of the dynamics of the absorbed water. This is
consistent with Aalborg water being trapped in pores <400 nm
diameter. Indeed, from previous work, we know that many
factors can influence hydration and water mobility in chalk,
including the presence of pore blocking clays and adventitious
carbon,21,32,33,54,57,58 as well as the size and connectivity of
pores.59−61 However, considering that clay and adventitious
carbon in Chalk 2−2 and Aalborg are roughly similar4,6 and
assuming that the pore surfaces have similar wetting (hydro-
phobic) properties, we interpret that it must be the pore
network connectivity and pore size distribution that control
fluid uptake and water movement in these samples, explaining
the differences in the BET results.

■ CONCLUSIONS
The driving force for water filling pores in the two chalk
samples, Aalborg from an outcrop in northwestern Denmark
and Chalk 2−2 from a drill core from the Danish North Sea
Basin, remains poorly understood. With neutron spectroscopy,
we distinguished their water population (peak position from
GDOS as well as diffusion coefficient from QENS) and changes
of local water geometry attributable to the influence of its local
environment (τ0). Despite their similar pore volumes (from N2
adsorption isotherms), the samples displayed vastly different
water uptake abilities. The higher water uptake of Chalk 2−2,
regardless of preparation method, was clearly reflected in the
intensity of the GDOS data. The peak observed at 10 meV,
assigned to confined water molecules in Aalborg, further
confirms that water mobility is more restricted in the sample
that absorbs less water. In addition, the QENS data show that,
independent of preparation method, Aalborg and Chalk 2−2
have a similar translational diffusion (Dt), which is faster than
bulk water at 300 K. This behavior, different from pure
confinement (i.e., slowing down of the water molecule
diffusion), is largely triggered by the hydrophobicity of the
surface. On the other hand, on cooling, as the water molecules
become more ordered, confinement size effects start controlling
water diffusion. To conclude, we have shown that in chalk
hydration water is influenced by the pore surface and/or by
pore confinement. This confirms previous modeling results for
calcium−water interactions as well as hydrophobic−water
interactions in general.
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Abstract. As a result of its well-arranged pore architecture mesoporous
SBA-15 o↵ers new possibilities for incorporating biological agents. Con-
sidering its applicability in oral vaccination, which shows attractive fea-
tures when compared with parenteral vaccines, SBA-15 is seen as a very
promising adjuvant to carry, protect, and deliver entrapped antigens.
Recent studies have shown several remarkable features in the immuni-
sation of hepatitis B, a viral disease transmitted mainly through blood
or serum transfer. However, the surface antigen of the hepatitis B virus,
HBsAg, is too large to fit inside the SBA-15 matrix with mean pore
diameter around 10 nm, thus raising the question of how SBA-15 can
protect the antigen. In this work, thermal analysis combined with neu-
tron spectroscopy allowed us to shed light on the interactions between
HBsAg and SBA-15 as well as on the role these interactions play in the
e�ciency of this promising oral vaccination method. This information
was obtained by verifying how the dynamics of the antigen is modified
under confinement in SBA-15 thus also establishing an experimental
method for verification of molecular dynamics simulation.

1 Introduction

Vaccination is a powerful and cost-e↵ective form of preventing infectious diseases.
However, most vaccines are delivered by injection, which makes mass immunisation
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costly and less safe, particularly in resource-poor developing countries. Oral delivery
of vaccines has many benefits, and is becoming a preferred means for e↵ective vacci-
nation of many diseases. Unfortunately, often the vaccine-active proteins are unable
to produce an immune response when encountering the digestive tract. However there
are clear evidences that oral immunisation is a feasible alternative for preventing in-
fections transmitted through non-mucosal routes[1]. Under these lines and as a result
of its structural stability and low toxicity, mesoporous silica SBA-15 has been shown
to be a promising adjuvant for the oral delivery of hepatitis B[2], a viral disease which
attacks the liver and infects about 2 billion people[3].

The pore structure of SBA-15 is bi-modal, having hexagonal ordered 10 nm meso-
pores, together with disordered macropores larger than 50 nm. This bimodal porosity
is therefore expected to protect the vaccine from the gastric acid of the stomach before
initiating their release in the intestine. However, the release behaviour will depend
on both the physical properties of the carried vaccine (antigen) and the morphology
of the carrier SBA-15 (adjuvant). In this work loaded SBA-15 was characterised by
using thermogravimetric Fourier Transform Infrared spectroscopy and inelastic neu-
tron scattering to obtain a better understanding of the dynamics of the Hepatitis B
surface antigen (HBsAg) encapsulated in SBA-15. Neutron scattering is a well suited
method for probing the dynamics of HBsAg inside SBA-15 due to neutrons ability to
penetrate and their large interaction with the hydrogen atoms[4].

2 Experimental details

2.1 Sample preparation

SBA-15 with encapsulated HBsAg was prepared by adding 250 mg commercially
produced SBA-15 , synthesized as described in[5], to a solution consisting 110 mL
0.45 mg/mL HBsAg solution supplied with phosphate bu↵ered solution (PBS, 10
mM Na2HPO4) to obtain a final volume of 500 mL and then dried at 35 �C following
the most optimal encapsulation method reported in[6]. Thus obtaining a powder
with HBsAg to SBA-15 mass ratio of 1:5. This sample is hereafter labelled SBA-
15+HBsAg. A sample containing 500 mL of PBS solution was also prepared to be
used as a reference. This sample is labelled SBA-15+PBS.

2.2 Thermogravimetric analysis and Fourier-transform infrared spectroscopy

To determine and characterise the decomposing substances upon heating of the sam-
ples, the mass loss and the chemical composition of the released gases from SBA-
15+PBS and SBA-15+HBsAg were measured by thermogravimetric analysis (TGA)
and Fourier-transform infrared spectroscopy (FTIR) using a Perseus TG 209 F1 Li-
bra (Netzsch, Germany) with an attached ALPHA FTIR spectrometer (Bruker Optics
Inc., Germany). About 10 mg of each sample were placed in an aluminum oxide cru-
cible and the temperature was varied from 30 �C to 1050 �C with at heating rate of
10 �C/min under nitrogen gas flow. A new FTIR spectrum of the evolved gases was
recorded for every 3 degrees of data collection. An empty crucible were measured as
background correction.

2.3 Neutron spectroscopy

Incoherent inelastic neutron scattering (IINS) along with molecular dynamics (MD)
simulations o↵ers real possibilities of investigating the dynamics associated with
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a molecule biological function(s). Using the large incoherent scattering cross sec-
tion intrinsic to naturally abundant hydrogen atoms, information on the elastic (E),
quasielastic (QENS), and inelastic (IINS) neutron scattering response of a molecule
can be obtained. This experimental information when combined to MD simulations
o↵ers unique information on the dynamics of biological molecules in confinement,
thus deepening our understanding of the relationship between a molecules dynamics
and its function.

In this work, quasi elastic neutron scattering (QENS) combined to the elastic fixed
window (EFW) method were performed on both samples in order to disentangle the
dynamics of the protein confined within the di↵erent pore sizes of SBA-15. This
approach was used because the degree of confinement will shift the onset of the local
protein dynamics to di↵erent time-scales and/or temperatures[7]. The EFW method
gives information on the evolution of the elastic scattering intensity as a function
of temperature, thus allowing us to find the onset of proton mobility by points of
inflexion[8]. On the other hand, by analysing the variation of the line width obtained
from the analysis of the QENS signal changes in the di↵usion coe�cient mainly related
to the water in the PBS can be readily obtained[9]. This information is crucial in
elucidating how the dynamical properties of the salt and antigen are modified when
confined in the carrier.

EFW scans were performed during heating from 20 K to 300 K using the EMU
high-resolution backscattering spectrometer at the Australian Centre for Neutron
Scattering[10]. EMU is a Si (111) crystal backscattering spectrometer characterised
by an energy resolution in the order of 1.2 µeV (FWHM) and a wavelength of � =
6.27 Å. To probe the confined water dynamics, we performed another set of QENS
experiments on the same samples at 310 K, corresponding to body temperature using
the backscattering spectrometer BASIS with wavelength centered at � = 6.4 Å and
an elastic energy resolution of 3.5 µeV (FWHM)[11]. This corresponds to a time scale
in the nanosecond (ns) range. For both experiments the sample was placed in annular
cylindrical sample holders.

3 Results and discussion

Comparing the TGA curves presented in Fig. 1(a), no observable mass loss was de-
tected for pure SBA-15, indicating that the percentage of polymeric template left
in the structure after washing was negligible[12,13]. On the other hand, we observe
a mass loss of ⇠ 8 % for SBA-15+HBsAg starting at 250 �C, which is not present
for the SBA-15+PBS sample. The peaks observed in the FTIR signal obtained from
the gases released at 300 �C can be assigned to stretching of C-H, C-O and C=O
bonds, Fig. 1.(b). Thus, considering that encapsulated HBsAg is a protein consisting
of more than 389 amino acids, we can attribute this mass loss to initial stages of pro-
tein degradation[14]. The mass remain constant between 500 �C and 800 �C, while
on further heating a second mass loss, corresponding to ⇠ 25 % and ⇠ 20 % for SBA-
15+HBsAg and SBA-15+PBS, respectively, starts at 800 �C. We attribute these to
degradation of the strongly hydrogen binding to the surface silanol groups formed
during the incorporation of PBS salt[13]. Furthermore, from the FTIR spectrums ob-
tained at 880 �C, Fig. 1.(a), we also observe a weak C-O signal for SBA-15+HBsAg,
indicating further degradation of strongly bound antigen.
The combined TGA and FTIR results seem to indicate that the surface antigen
HBsAg is confined in two di↵erent environments. The majority, which degrades at
300 �C, is present in the larger macropores of SBA-15 and a smaller amount is most
likely attached to the entrance of mesopores that starts degrading at 800 �C.
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Fig. 1. Comparison of TGA curves (a) and FTIR spectrums at temperatures of interest (b)
for SBA-15+PBS containing only PBS salt and SBA-15+HBsAg with encapsulated antigen.
Organic material is observed to be released at both 300 �C and 880 �C from SBA-15+HBsAg
indicating two di↵erent configurations of HBsAg encapsulation. No mass loss was detected
for pure SBA-15.
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Fig. 2. EFW scans during heating obtained using the backscattering spectrometer EMU
for SBA-15+PBS and SBA-15+HBsAg. The inflexion points, indicating the activation of
di↵usive motions, are marked by dashed lines.

Now we turn to the analysis of the neutron spectroscopy results. By comparing
the EFW scans of the two samples in Fig. 2, we observe a faster decrease of the elastic
scattering response for SBA-15+HBsAg. Furthermore, the lower temperature of the
inflexion point (120 K, marked with a red dashed line), when compared to that for
SBA-15+PBS (160 K, marked with a black dashed line) indicates that the presence
of the antigen facilitates the activation of hydrogen dynamics as a result of changes
in the hydrogen bond network caused by the HBsAg[15]. The second inflection point,
around 240 K can be assigned to bulk water confined in pores of tenths of nm[16].
The slightly higher value of immobile hydrogen observed for SBA-15+HBsAg indi-
cates stronger confinement for this sample in the observable time window of EMU.
By focusing on the analysis of the quasi-elastic (QE) region of the inelastic incoher-
ent neutron scattering spectrum obtained on BASIS, we accessed unique information
on the dynamical process occurring on the two samples. To this end, we have used
the simplest analytical model to describe the hydrogen mobility assuming decou-
pled translational and rotational motions. Details for the data analysis approach can
be found in[17]. Under these lines, all samples were fitted to a delta function, one
Lorentzian and a background. For all samples the background was restricted based
on the signal recorded at 20 K signal, however the slope of the background was free
to vary.
By plotting the half-width at half-maximum (HWHM) as a function of Q2, Fig. 3,
one may check that Fick’s law applies if a straight line is obtained. The slope gives
directly the self- di↵usion coe�cient. In the present case, while a linear variation of
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Fig. 3. Evolution of the half-width at half maximum of the quasi-elastic line calculated as
a function of Q2 modelled using the Singwi-Sjölander model from the data obtained using
the backscattering spectrometer BASIS for SBA-15+PBS and SBA-15+HBsAg. Dotted lines
depict the straight line dependence expected for Fick’s di↵usion. The errorbars are within
the size of the markers.

Table 1. Di↵usion coe�cient (Dt) and residence time (⌧0) obtained using the Singwi-
Sjölander model for the confined water in SBA-15+PBS and SBA-15+HBsAg using an
observation time of ns.

Sample Dt (10�9m2/s) ⌧0 (ps)

SBA-15+PBS 0.8 ± 0.3 24 ± 3
SBA-15+HBsAg 0.37 ± 0.06 20 ± 2

the broadening is found at small Q values, the width deviates from a straight line at
larger Q values. This indicates that the continuous di↵usion model is no more valid
at small distances and that the details of the elementary di↵usive steps have to be
taken into account. Therefore, the interpretation of the QENS spectra at larger Q
values requires a model which contains as parameters the characteristic lengths and
times of the mobility steps. Considering the progressive convergence to an asymptotic
value, the data were analysed using the Singwi-Sjöander model[18]. The results are
given on Table 1. It is well known that under confinement water mobility will shift to
longer relaxation times with respect to the bulk water processes (Dt=2.3 10�9m2/s).
Thus our results indicate that while the di↵usion of the water in the PBS solution
is slowed down by a factor close to 3, when the antigen is introduced the di↵usion
coe�cient is slower by a factor 6. The latter indicates that in the ns time scale indeed
PBS+HBsAg are immobilised (or protected) by the inner structure of the SBA-15.

4 Conclusion

Molecular dynamics simulations would be a powerful tool to understand and predict
the release mechanics of HBsAg from SBA-15 both under relevant biological environ-
ments and for various loading degrees of vaccine in the porous silica. Such simulation
methods would also be very useful for predicting the behaviour of antigens used in
other types of vaccines, with di↵erent physical properties including the antigens small
enough to enter the 10 nm mesopores. In order to develop such models, however, a
variant of state of the art experimental methods are required to verify the simulated
dynamics. In this work we have presented results obtained using thermal analysis and
incoherent inelastic neutron scattering that reveal properties of the antigen HBsAg
encapsulated in the mesoporous silica SBA-15. Through analysis of the neutron data
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we were able to probe the dynamics of the hydrogen atoms from the confined HBsAg.
In the future we expect that comparison between experimental IINS data and molecu-
lar dynamics simulation can be used improving vaccine-active proteins encapsulation
in SBA-15.
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