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Overview 

 

This dissertation outlines a course of study to investigate changes in the molecular structure and 

dynamics of water near solute surfaces. The fundamental relaxations governing viscosity and 

solute diffusion occur on the nanosecond/picosecond timescale – and occur via a complex 

molecular rotation and translational motion that reset the local structure of liquid water. Solutes 

impose changes in the interactions and structure of water molecules, resulting in different rates 

of structural reorganization – and manifesting as changes in the viscosity and transport 

properties of aqueous materials. In this dissertation I specifically studied the mechanical 

properties of pure water, mechanical properties and polymer dynamics in fully hydrated PEG 

hydrogels, and transport properties in green fluorescent protein (GFP) solutions as three aqueous 

systems. The main experimental technique is neutron scattering along with supporting 

information from dynamic light scattering, and molecular dynamics simulation. These detailed 

studies provide new details about the water-solute interface and will lead into drug delivery, 

consumer product and many other applications.  
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Chapter 1 : Objectives and Approach 

1.1 Abstract 

This dissertation outlines a course of study to investigate changes in the molecular structure and 

dynamics of water near solute surfaces. Solutes impose changes in the interactions and structure 

of water molecules, resulting in different rates of structural reorganization – and manifesting as 

changes in the viscosity and transport properties of aqueous materials. The fundamental 

relaxations governing viscosity and solute diffusion occur on the nanosecond/picosecond 

timescale – and occur via a complex molecular rotation and translational motion that reset the 

local structure of liquid water. In this dissertation I will be specifically looking at (1) the 

mechanical properties of pure water, (2) viscous and transport properties and polymer dynamics 

in fully swollen PEG hydrogels, and (3) transport properties as a function of concentration in GFP 

solutions as three aqueous systems. The experimental technique is mainly neutron scattering 

along with supporting information from dynamic light scattering, and molecular dynamics 

simulation. These results will be beneficial in many applications, especially drug delivery and 

formulation stability. 

1.2 Research Objectives 

This dissertation has three main objectives, to be considered as three projects/publications.  

1.2.1 Molecular Origins of Bulk Viscosity in Water (Published) 

1.2.1.1 Theoretical Background 

Water molecular structure which is dynamic explain the origin of the system’s viscosity and 

molecular diffusion in the system and the properties of the liquid and the systems as an overall. 
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To be able to distinguish and see the changes in water dynamics in aqueous systems where a 

solute is dissolved in the hydrogen bond network, we first need to fully understand the dynamics 

and structure in neat or bulk water. The first part of this dissertation began with a consideration 

of the motions associated with bulk viscosity in neat water. The bulk viscosity is also known as 

the second viscosity coefficient, the dilational viscosity or the volume viscosity corresponds to 

the viscous (not elastic) response to volume change – compression or expansion. This project has 

already resulted in a peer-reviewed publication [1]. The main goal of the study was to connect 

equilibrium molecular motions to rheological timescales for bulk viscosity.  

Viscosity emerges from the way molecules move and reorganize the local structure on the 

molecular scale and the rate of reorganization of the structure or in other words the structural 

relaxation rate of the water molecules defines different local viscosities in the system. The fact 

that there is a molecular scale relaxation time that determines the response to an external stress 

and defines viscosity has been long proposed by Maxwell[2]; recognizing a fundamental 

molecular relaxation time, τM, emerges as the ratio of shear viscosity, μ, to infinite shear modulus, 

G∞.  This relationship distinguishes the timescales at which the mechanical response of a liquid 

will be solid-like (τ<τM) or liquid-like (τ>τM).  Borrowing this approach and using it to determine 

the molecular scale relaxation time governing the viscous response to a change in volume was 

the approach of this project where the bulk viscosity and the bulk modulus were determined 

experimentally using inelastic light scattering, and the molecular scale dynamics and atomic pair 

correlations associated with the response to the external stress were determined using neutron 

scattering.  
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1.2.1.2 Objectives 

To use inelastic light scattering and neutron scattering techniques to find the molecular origin of 

bulk viscosity with an associated molecular relaxation time. Also, to understand neat or bulk 

water dynamics and structure to be used in the other two projects for observing changes in 

dynamics and structure due to the presence of solute.  

1.2.1.3 Experimental Procedure and Analysis 

We accomplish our goal using two experimental approaches – inelastic light scattering and 

inelastic neutron scattering. Inelastic light scattering – specifically Brillouin scattering – was used 

to experimentally illustrate the bulk viscosity timescale. While inelastic neutron scattering was 

used to directly measure molecular relaxation and associated structures. 

➢ Inelastic light scattering (Brillouin Scattering) 

       Experiment: 

• Brillouin scattering measurements were performed at the University of Cincinnati in a 

polarized, backscattering configuration using a Sandercock tandem Fabry-Perot 

interferometer with a 532 nm single-mode solid state laser. 

• A spectral range of 24 GHz was accessed using a 6mm mirror separation. 

• The temperature of the liquid was controlled using Linkam temperature control cell. 

• Spectra were collected over approximately 60 minutes. 

       Analysis: 

• A damped harmonic oscillator model was used to fit the longitudinal mode in the 

observed spectra or the Brillouin doublets. 
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• The fit parameters, which are the frequency shift ΩL and the width at half max (also called 

attenuation factor) ΓL are used to obtain the longitudinal sound velocity, cL, the bulk 

viscosity, 𝜁b, and the bulk modulus, K [3]. 

➢ Inelastic Neutron Scattering 

          Experiment and Analysis: 

• The inelastic neutron scattering spectra of H2O and D2O were measured at same 

temperature range at Oak Ridge National Laboratory, using two instruments BASIS and 

CNCS at the spallation neutron source. 

• The spectra of both the instruments are stitched together for a complete dynamical 

window. 

• The dynamic structure factor S(q,E  is converted to the susceptibility formalism, χ’’(q,υ). 

• H2O spectra was fitted with two Debye function representing the rotational and 

translational motions of water. 

• The coherent scattering from D2O was analysed to obtain the atom pair lifetimes at the 

length scale of the first sharp diffraction peak. 

• Similar treatment as in H2O was used with an additional Debye function representing 

the coherent contribution. 
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1.2.2 Origin of Apparent Viscosity Effects and Nonergodicity of PEG Hydrogels 

1.2.2.1 Theoretical Background  

Solutes affect the water interaction, dynamics and structural reorganization [4]. This effect can 

range from immobilization of water molecules on the solute to momentary perturbation of the 

translational or rotational motions of water by the solute. Such perturbation to the water 

molecular dynamic will result in changes to the macroscopic physical properties of the system[5] 

[6]. Since the origin of such properties are the dynamics of water at the nanoscale. In this 

dissertation we focus on such perturbation effect on the viscoelastic and transport properties of 

aqueous systems by studying such observations in dilute Polyethylene glycol hydrogels.  

1.2.2.2 Objectives 

To access the physical parameters that describe PEG hydrogels performance along with the 

changes in dynamics of water near the polymer chains. The polymer chain dynamics itself can be 

accessed to using neutron spin echo. Our approach of explaining the degree and extent of 

perturbation to the water dynamics can identify the population of water that is perturbed and 

the degree by which it is perturbed or by what factor it is slowed down. This therefore translates 

in to the origin of local viscosities due to the change in rate of structural reorganization of the 

water molecules due the dynamic perturbation from interacting with the polymer chains. This 

understanding of the hydration water population and its dynamics is beneficial for models used 

in different fields such as drug deliver. Also, Hydrogels are stated in the literature to be 

nonergodic but to our knowledge there is no experimental prove of such statement and we 

believe our full structural and dynamical analysis using neutron scattering shows a prove of non-

ergodicity of hydrogels.  
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1.2.2.3 Experimental Procedure and Analysis 

We accomplish our goal using different inelastic neutron scattering techniques. Inelastic neutron 

scattering measurements will be used to look directly at the changes in water dynamics within 

PEG gels of differing volume fraction using BASIS/CNCS; and then attempt to understand the 

connection of the equilibrium water dynamics within PEG hydrogels to the polymer dynamics 

and macroscopic viscoelastic properties. For this we will use NSE to observe the polymer chain 

motions and SANS to understand the polymer network structure. Five different hydrogels with 

different initial polymer concentration and mechanical properties are used, those mechanical 

properties are estimated from models that depend mainly on the swelling experiments 

observations.  

➢ Small Angle Neutron Scattering (SANS)  

     Experiment: 

• SANS technique was used to characterize the structure of the hydrogel at the nanometer 

length scale. 

• SANS data was collected on each bulk hydrogel mounted between windows of a Ti sample 

cell in D2O at 280K. 

• The measured quantity I(q) was analyzed though two different approaches one to 

estimate the mesh size in the hydrogel network, and the other to access the persistence 

length of the polymer chain between cross-links. 
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       Analysis: 

• Data were fitted by Ornstein-Zernike Model with an extra term to evaluate any 

inhomogeneities present in the gels, this model works well with hydrogels and was used 

in several SANS studies on polymer solutions[7] [8] [9]. 

• The same data was analyzed with the Kratky approach by normalizing the I(q) by 

multiplying it with q2 which should give a linear dependence, due to the cross-over from 

a rigid rod like behavior to a flexible Gaussian chain behavior we observe a deviation from 

a linear dependence which reflects the persistence length. 

➢ Neutron Spin Echo (NSE)  

     Experiment: 

• NSE was used to measure polymer chain dynamics as a function of concentration in 

context to the degree of slowed water dynamics. 

• It was performed on q range from 0.05 to 0.3 Å-1 covering length scales where the mesh 

size, and polymer chain motions between cross-links dominate the scattering.   

• NSE was performed on each of the hydrogel materials using a 100% D2O background.  

       Analysis: 

• The observed experimental quantity is the intermediate scattering function which reflects 

the fraction of pair correlations still in existence after a given time interval. 

• The relaxation times are extracted then as a function of scattering wave vector using 

exponential decay fit. 
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• The data clearly showed cubic dependence on q which reflects Zimm dynamics of flexible 

polymers in water. 

➢ Back Scattering (BASIS) and Cold Neutron Chopper Spectrometer (CNCS) 

      Experiment: 

• To access the water dynamics directly, the techniques used are quasielastic neutron 

scattering (QENS) measurements using the Backscattering Silicon Spectrometer (BASIS), 

and inelastic neutron scattering using the Cold Neutron Chopper Spectrometer (CNCS). 

• The scattering experiment was done on the gels samples and pure water in a temperature 

range 280-303K. 

       Analysis: 

• The Spectra of water were fit with one Cole Davidson (CD) function for coupled 

translational-rotational motions of water and a damped harmonic oscillator for vibrations 

occurring at high frequency. 

• The analysis of the hydrogels samples have an extra Cole Davidson function for the 

dynamics in the hydration population and the dynamics of bulk water are fixed as seen in 

pure water by another Cole Davidson function. 

• Data analysis for gels follow the approach in Perticaroli et al. [10]. The result of this 

analysis will be two parameters used to explain the extent and magnitude of this 

perturbation; the hydration number, NH, and the retardation factor, 𝑅𝐻. 
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• The hydration number describes the extent of perturbation in terms of the number of 

water molecules per monomer unit which are dynamically altered. It is calculated by the 

amplitude fraction of each population. 

• The retardation factor describes the degree of the observed perturbation as defined by 

the ratio of characteristic relaxation times of hydration water to bulk water.  

1.2.3 The Role of Hydrodynamics in the Self-Diffusion of Green Fluorescent Protein.  

1.2.3.1 Theoretical Background 

Explaining transport at higher concentration solutions is also another topic of interest in recent 

research. For biological solutions such as GFP, the question is whether diffusion can be 

understood based on concepts developed for nearly uncharged colloidal particles. For a colloid 

hydrodynamic interaction mediated by the solvent play an important role. Where basically 

particles immersed in a fluid excite long-ranged flows as they move and move in response to the 

solvent motion. By reaction to the solvent’s dynamics, the colloidal particles experience 

hydrodynamic interaction with each other. Therefore, particles will experience solvent-mediated 

forces, apart from the other possible direct interactions such as steric, depletive, electrostatic, 

magnetic interactions. The flow velocity due to these hydrodynamic interactions decays in a fast 

rate proportional to the distance scale squared [11]. Hydrodynamic interactions are fundamental 

in the equilibrium dynamics of colloidal systems. 

Crowded solutions especially protein solutions are of great interest in the design of 

pharmaceutical formulation and understanding the natural biological environment within a cell. 

The translational diffusion constant of proteins has been seen to be reduced by a factor of five 
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according to NMR experiments [12]. The reduced mobility has generally been attributed to 

excluded volume effects in crowded media. 

1.2.3.2 Objectives 

To observe experimentally the theory behind the weak dependence of the collective diffusion 

constant. Find other factors such as hydrodynamic interaction terms that are likely to be involved 

in reduced immobility of crowded solutions along with the excluded volume effect. Previous work 

[13] focused on the hydration water in GFP solutions. Where the structurally and dynamically 

perturbed water surrounding the protein was the main aspect of the study. As a continuation for 

this project, we are studying the protein dynamics as a function of concentration. Previous 

experimental observations showed that diffusion coefficients of hemoglobin, myoglobin 

decreases exponentially with concentration [14]. Such reduction in mobility is assigned to 

excluded volume effects in crowded media, However the collective or gradient diffusion 

coefficient of hemoglobin is only weakly dependent on concentration. This is due to the 

compensation of osmotic and friction forces. Our experimental procedures will have a tracer 

approach where contrast matched dGFP will be used as a crowder and the self-diffusion 

coefficient of hGFP will be estimated using NSE. The effective volume will be taken into 

consideration having a full set of data on the hydration population from previous work [10]. A 

full explanation of the dynamics and protein diffusion in concentrated solutions is the approach 

including hydrodynamics, excluded volume and thermal fluctuations. 

1.2.3.3 Experimental Procedure and Analysis 

The dynamic structure factor obtained by NSE can give information about inter-particle 

correlations and their time evolution. This way we can obtain the effective diffusion coefficient 
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by fitting an exponential function. SANS is also be used to access the structure of GFP solution 

and combine it with the NSE data to get a complete explanation of the reduced mobility origin. 

Neutron contrast is the enabling tool to make this experiment possible. a contrast matched 

crowded protein environment is created (this will be invisible to the neutrons) and allow us to 

observe hydrogenated population of the protein diffusing at several concentrations. We can then 

compare this to the dilute limit self-diffusion coefficient obtained from dynamic light scattering, 

and the diffusion of the hydrogenated protein at the same concentration using NSE. Also, 

Dynamic light scattering will be used to understand the Brownian motion of proteins in less 

concentrated solutions and then observe this reduced mobility when moving into higher 

concentrations using the above experimental techniques.  

➢ Small Angle Neutron Scattering (SANS) and Neutron Spin Echo (NSE) 

       Experiment: 

• The samples used to achieve the above observation are as follows 

1. 1, 5, 10, 17.5 and 25 mg/ml h-GFP in solution. 

2. 5 mg/ml h-GFP in solution / 5 mg/ml g-D2O-matched GFP in solution. 

3. 5 mg/ml h-GFP in solution / 12.5 mg/ml g-D2O-matched GFP in solution. 

4. 5 mg/ml h-GFP in solution / 20 mg/ml g-D2O-matched GFP in solution. 

 

• NSE and were performed as seen on different concentrations and a contrast variation is 

to be used to hide the crowding effects from being accessed by the neutrons. 
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       Analysis: 

• First the contrast matched dGFP was generated by utilizing SANS to measure the low q 

region for about 15 minutes only to get the I(0) quantity. 

• The measurement was performed on the sample and the buffer at different volume 

fractions of the buffer to obtain the scattering from the protein. 

• The null scattering was estimated using the I(0) approach and the Porod Invariant 

approach. This was used to determine the contrast matched GFP conditions. 

• SANS was then used to confirm the contrast matched dGFP by measuring over the whole 

q range at the decided buffer conditions and also the structural information of GFP was 

obtained at a non-contrast matched condition. 

• NSE was then performed to obtain the self-diffusion coefficient of GFP using a contrast 

matched crowder that was confirmed. 

➢ Dynamic light scattering and molecular dynamics simulations 

        Experiment: 

• The samples used in the dynamic light scattering were in the infinite dilute regime less 

than 0.6 mg/ml to observe the diffusion coefficient of GFP at the very dilute regime and 

compare it to the self-diffusion coefficient of GFP reduction with concentration.  

Analysis: 

• The excess polarizability by the concentration fluctuation, where the intensity 

fluctuation can be measured. 



22 
 

• The characteristic relaxation rate ꚌC for the concentration fluctuation is related to the 

diffusion coefficient  τ𝑐 = 𝐾2𝐷 [15], where the scattering field amplitude is 

proportional to the concentration fluctuation. 
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Chapter 2 : Introduction 

 

2.1 Overview 

My doctoral work focuses on the molecular scale dynamics and structure of aqueous solutions. I 

have studied in detail the molecular scale relaxations of water in three different systems: bulk 

neat water, Polyethylene glycol hydrogels and green fluorescent protein solutions. The rate of 

structural reorganization of the water population is the origin of different local viscosities. Such 

differences depend on the water-solute interactions where the water is divided into two 

populations with different dynamics. One being ideal like the neat bulk water and the other has 

perturbed dynamics due to the solute. My work uses neutron scattering as main tool in 

investigating these complex molecular scale dynamics. A powerful tool like neutron scattering 

allowed me to broaden my investigation to estimate important structural analysis of the aqueous 

systems I studied.  This work resulted in three important studies with one successfully published, 

the second and the third are in the submission process at the time of this writing. The first 

discussed the molecular origins of bulk viscosity in liquid water[1] using neutron and light 

scattering techniques. The second is a full description study of the dynamics of water and the 

polymer in fully swollen Polyethylene hydrogels along with detailed structural analysis of the 

hydrogels system. The third is a project based on a previous study [2] where the water dynamics 

in green fluorescent protein solutions were studied in details and I continued by studying the 

protein’s dynamics. While this has been my primary work, I have also participated in other 

projects. The first to mention is  an experimental study on lipids rafts [3] where It was found that 

lipid rafts can stabilize the membrane physical properties over varying temperatures. The second 

[4] where it focused on the transition between different diffusion regimes and its relationship 
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with structural properties in Nafion. There are several ongoing projects that I am participating in 

which uses neutron and light scattering techniques where I can contribute. This dissertation will 

be composed of seven chapters; (1) Objectives and approach (2) an introduction, (3) the methods 

and techniques used, (4) molecular origins of bulk viscosity in liquid water, (5) detailed structure 

and dynamics studies of fully swollen polyethylene glycol hydrogels, and (6) the role of 

hydrodynamics in the self-diffusion coefficient of green fluorescent protein, and finally (7) other 

neutron scattering experiments that resulted in co-author publications, and my conclusions. 

Chapter 2 is to give the reader an idea of how work and theory is oriented to explain properties 

of aqueous systems using molecular scale dynamics and structural information. Also, it explains 

the theories behind polymer and protein solutions which is a background needed to understand 

the results obtained in this dissertation. The fourth chapter shows the molecular scale dynamics 

that are responsible for the volume resistance viscous property of neat water. The next chapter 

uses the bulk water dynamics from the previous chapter to investigate the perturbation to the 

dynamics caused by interactions with the polymer in fully swollen PEG hydrogels. The study 

explains macroscopic properties using structural parameters that define the structure of the gels. 

The sixth chapter is an experimental approach to model protein (in this case green fluorescent 

protein) using colloidal theories where hydrodynamic interactions are the reason behind the 

reduction in the self-diffusion coefficient with increasing volume fractions. The seventh chapter 

briefly goes through other work that I contributed to using neutron scattering experiments and 

finally it summarizes my conclusions.  
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2.2 Motivation 

The long experience of my advisor Dr. Jonathan David Nickels in the neutron scattering world and 

its applications in chemical and biological applications and studies inspired me to use this 

powerful technique to pursue this study where I looked at the molecular scale structure and 

dynamics of aqueous solutions in details. This kind of study was done earlier on green fluorescent 

protein where the full description of the hydration shell dynamics was obtained [5]. It occurred 

to us that applying similar observation to hydrogels was unique and important since the 

properties of hydrogels are controlled or decided by its bulk structure which basically depends 

on the content of water in the system, in other words the swelling degree. I believed studying 

the perturbation to the water dynamics near the polymer surface will be beneficial for future 

applications where the diffusion of a solute in the hydrogel network is necessary. The work I have 

done is a foundation for future work with multi-arm PEG hydrogels where all information needed 

from structural and dynamical point of view is available for the reader to build his/her work on. 

Also, the way protein’s diffusion is sensitive to concentration changes in the solution is studied 

where I studied the protein dynamics and specified the origin of diffusion coefficient reduction 

using neutron spin echo technique. This dissertation is believed to significantly contribute to 

advancing the knowledge of water population around solutes in biological solutions and how the 

dynamics and structure of both the media and the solute are related in such systems. Which then 

explains how the macroscopic properties such as viscoelastic properties for the hydrogels and 

the transport diffusional properties of proteins are sensitive. This will indeed be one of the main 

keys in developing new models for drug delivery, food industry preservatives and texture 
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enhancers, tissue engineering applications like cartilage implant and many biological 

applications. 

In scientific field, this project explores the molecular dynamics and structure of polyethylene 

glycol hydrogels at different solute concentrations which have not been done in this detail 

before. The origins and the dynamical behavior of water in bulk and hydration layer is still an 

ongoing topic in the field. An interesting combination with protein dynamics in the system will 

be of a great impact to different biochemical and industrial applications. This project is believed 

to help in both industrial and education worlds.  

The impact to society will be in providing a clearer understanding of molecular dynamics of 

macromolecules in an aqueous environment to ease the applications used to synthesis different 

products from medicine to self-care products. Our experienced research team and collaborators 

were strongly interested and had the abilities to carry out this project research and achieved its 

objectives. Similar studies have been done on describing hydration water in green fluorescent 

protein [6] [7].The required knowledge and experience with neutron scattering techniques 

including data analysis is available in our research group candidates.  

2.3 Water as a Solvent  

Water is the solvent of life, possessing great importance as the main solvent in biological systems 

and many chemical processes and industrial applications, driving the rapid molecular motions 

and structural configurations in biomolecules such as proteins. Despite this importance, the 

fundamental molecular relaxation mechanism(s) of water are still an active field of study, with 

many open questions to be addressed. Due to its ability to form intermolecular interactions 
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knows as hydrogen bonds[8], it has complex dynamical behavior and structure, leading to unique 

physical properties[9-11]. When water interacts with simple and complex molecules dissolved 

the local hydrogen bond network is effected, and a hydration shell forms, in which the water 

molecules have altered dynamics and structure [7, 12].The extent to which the water dynamics 

and structure are altered is vitally important for understanding the physical and transport 

properties of solutions and complex media like hydrogels[13, 14]. Improving this understanding 

is the goal of this dissertation. I begin by discussing the origin of the dynamics of water itself as a 

bulk material; before moving on to studying the role of water dynamics in determining the 

properties of simple PEG hydrogels; and concluding with an investigation of diffusion in protein 

solutions in which the water dynamics have been well studied [2].  

Water acts as a solvent in biological systems, whether it is cytoplasm[15] or formulated protein 

solutions[6], extracellular spaces[16], or constructed hydrogels[17, 18]; the water can be broadly 

described in two classes; hydration water and free neat water. We can imagine that the two 

water populations are coexisting in an equilibrium which determines the thermodynamics of the 

system and defines the transport and mechanical properties of the macromolecular system[19]. 

The translational and rotational mobility of water molecules are lower in the bound population 

of water (around solutes)[20]. Therefore, by observing molecular dynamics of the water in the 

system we can directly investigate the effect of the hydration water on changes in transport 

properties within the system. The thermodynamics of the system is dominated via a two 

competing components; the enthalpy of tightly packed water molecules near the solute surface 

and the entropy-driven formation of water phase in the bulk[19]. This equilibrium will define the 

amount of water in each population whether bulk or bound. Studying those dynamics and 
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populations will lead to different useful models to predict properties such as viscoelastic 

properties and solute transport within the system. It is known that the more perturbed the water 

molecules are the slower the solute will diffuse within the system due to increased hydrodynamic 

drag experienced[21] due to increased local viscosity.  

Water interfaces are important in a wide range disciplines beyond biology as well; including 

electrochemistry, catalysis [22], It is important to access knowledge of this interfacial population 

of water in these applications as well to aid in the development of many technologies. The main 

challenge facing experimental approaches of studying the interfacial water is isolating the 

molecules that make up the interface population from the bulk water population typically making 

up most of the sample. Not only are the dynamics of water molecules altered near surfaces, but 

the hydrogen bonding strength and distribution is different from that of bulk water; and differs 

according to the nature of the interface. The water-air interface for example the interfacial 

hydrogen bonding is very similar to that of bulk water; while for lipid-water interfaces hydrogen 

bonding can be substantially stronger, but with greater heterogeneity [23]. Another study 

showed that water molecules around small hydrophobic solutes have strengthened hydrogen 

bonds [24]. These stronger, longer lasting hydrogen bonds are interrelated with extensive 

structural ordering and restricted mobility. Simulations provide some insight about this 

phenomenon [24, 25], where a pair of water molecules form stronger hydrogen bond to each 

other if there are no intercalating water molecules surrounding them. This is provided by the 

excluded volume which ensures a comfort zone for those water molecules close to the solute 

and restricts the population of water molecules so that the hydrogen bonding is strengthened. 



30 
 

In other words, the solute ensures lower effect or disturbance on the neighboring water 

molecules which leads to stronger hydrogen bonds between them.  

In the other chapters of this dissertation different dynamics and corresponding viscoelastic and 

transport properties are addressed in more details. Where, origins of mechanical properties of 

pure water such as viscosity are studied on molecular scale, the mechanical properties of 

Polyethylene glycol hydrogels are explained in context of water content and bulk structure. 

Finally, the dynamics and transport properties GFP solutions are studied using theories of 

colloidal solution and hydrodynamic interactions. Water molecular structure and dynamics 

explain the macroscopic viscoelastic and transport properties of mentioned aqueous biological 

materials, and it behooves us to first understand these connections in pure water. 

2.4 Water Structure and Dynamics 

The small size, tetrahedral geometry, and hydrogen bonding ability of water all play a role in 

determining the interactions water takes part in with itself as well as with polar and non-polar 

solutes. The properties of water in interfacial systems often exhibit notable thermal anomalies 

and these anomalies are interpreted as evidence of structural transitions. In general, water near 

surfaces is thought to be more ordered, leading to a common description of this water as ‘ice-

like’[26]. It might be further envisioned that this order decreases as a function of distance from 

the interface, though the extent of this perturbation remains as a current topic of research. Other 

thoughts are that the interfacial water is not exactly ice-like but may be preferably assuming 

cage-like structure or resemble the various high pressure ice polymorphs [27]. The significance 

of the structural modification of water around solutes upon the properties of solutions and 
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hydrated materials is extremely important and has driven the development of models based 

upon the structural changes.  

Each water molecule forms almost less than four hydrogen bonds with neighboring water 

molecules. The molecular arrangement of the hydrogen bond network is dynamic, and the 

fluctuation of the hydrogen bond network happens on a picosecond time scale. Those structural 

dynamics are rapid where the shortest are the vibrational motions. On a timescale between 

several tens and several hundreds of femtoseconds, liberational or hindered rotational motions 

of water occurs. Models describing the dynamical fluctuations have appealed to a range of 

different mechanisms and are explained in the next section.  

The key timescale of water motions is the nanosecond to picosecond timeline as fluctuations in 

the water position (translation) and orientation (rotation) occur [28], in concert with changes in 

the hydrogen bonding described above [29] [30], atom motions within the local cage [31], and 

finally very fast molecular vibration. This complex picture has been studied by many researchers 

and a large number of mechanisms have been suggested to explain how these motions occur and 

combine. Concepts such as flickering clusters [32] to ice-like orientational defects [33] to 

modeling it as Debye-small-step diffusion model [34] have all be suggested. A leading recent 

model of water dynamics [35] suggests a molecular jump mechanism for water reorientation, 

starting with breakage of an existing hydrogen bond between two water molecules, followed by 

the rotation of the trajectory on the central water molecule and finally forming a new hydrogen 

bond when a neighboring water molecule is within the required distance and angle range to form 

a new hydrogen bond. This model is supported by Laage and co-workers through molecular 

dynamic simulations which suggests a three-step model presented in Figure 2.1.  
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Figure 2.1 The leading Mechanism of water dynamics and Hydrogen Bonding Reforming [35].  

A) H* is bonded to Oa in the first hydration shell, with Ob further apart in the second hydration shell. 

Because of the collective fluctuations Oa is over coordinated while Ob is undercoordinated. This causes Oa 

to move away from O* while Ob moves toward O*. B) Oa and Ob have the same coordination number and 

are equidistant from O*. H* flips from Oa toward Ob. C) Ob forms hydrogen bond with H* and becomes over 

coordinated while Oa loses a bond and become undercoordinated. 

The fluctuations of the hydrogen bond are connected to both dynamics and structural 

fluctuations. H-bond cleavage and the molecular orientation is said to be occurring concertedly 

and not successively as assumed in many recent studies. The life time of hydrogen bond is 

evaluated from simulation models to be on the scale of 1.4 ps  [30]. When discussing the 

hydrogen bond, it is important to define the criteria for a hydrogen bond to be in existence 

between two water molecules [36]: i) the distance between them should be less than 3.6 A. ii) 

Their Oxygen-Hydrogen-Oxygen angle is more than 150°. The Laage and Hynes model of 

molecular jump mechanism for water reorientation that claims the reorientation of water 

molecule involves large amplitude rotation or jumps where the initial H-bonding hydrogen and 

oxygen oscillate around the possible new oxygen atom axis until collective fluctuations of the 

hydrogen bonding network reorganize the environment in such a way the hydrogen atoms can 

form a new hydrogen bond with a new neighboring oxygen atom or water molecule thus obeying 
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the fundamentals of chemical engineering thermodynamics in lowering the cost of energy used 

in forming the new hydrogen bond.  

2.5 Properties of Water  

The first part of this dissertation began with a consideration of the motions associated with bulk 

viscosity in neat water. The bulk viscosity is also known as the second viscosity coefficient, the 

dilational viscosity or the volume viscosity corresponds to the viscous (not elastic) response to 

volume change – compression or expansion. This project has already resulted in a peer-reviewed 

publication [1]. The main goal of the study was to connect equilibrium molecular motions to 

rheological timescales for bulk viscosity.  

Viscosity emerges directly from the propensity of the molecules to move and reorganize the local 

structure on the molecular scale. On the human scale a relationship can be expressed 

quantitatively as a pair of coefficients relating stress to the rate of strain in the generalized form 

of Newton’s law of viscosity [37]: 

 

σ𝑖𝑗 = 𝜂 (
∂v𝑗

∂x𝑖
+

∂v𝑖

𝜕𝑥𝑗
) + (
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𝜂 − 𝜁) (

∂v𝑥

𝜕𝑥𝑥
+

∂v𝑦

𝜕𝑥𝑦
+

∂v𝑧

𝜕𝑥𝑧
) δ𝑖𝑗                                    (2.1)           

Here, σij is the stress tensor, and v is the velocity tensor, both which are a function of the 

Cartesian coordinates x, y, and z. δij is the unit tensor. The two coefficients, 𝜂 and 𝜁, are the shear 

viscosity and bulk viscosity, respectively. The bulk viscosity is alternately referred to as the 

volume viscosity or dilatational viscosity, reflecting the viscous resistance to volume change.    
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The notion that a characteristic internal (molecular) relaxation time determines the viscosity of 

a liquid is quite old. Maxwell[38] proposed the concept, recognizing a fundamental molecular 

relaxation time, τM, emerges as the ratio of shear viscosity, 𝜂, to infinite shear modulus, 𝐺∞. This 

relationship distinguishes the timescales at which the mechanical response of a liquid will be 

solid-like (τ<τM) or liquid-like (τ>τM). 

The Kubo-Green formula [39] is another such approach which shows that the steady-state shear 

viscosity 𝜂, is described by the time fluctuation of the stress tensor 𝑝(𝑠) as: 

𝜂 =
𝑉

𝑘𝐵𝑇
 ∫ 𝑑𝑡{𝑝𝑥𝑧

(𝑠)(0)
0

∞
𝑝𝑥𝑧
(𝑠)(𝑡)2         (2.2) 

where 𝑘𝐵 and  𝑇 stand for the Boltzmann constant and the absolute temperature, respectively. 

The model states that the shear viscosity is determined by the fluctuations of the stress tensor – 

or how rapidly the internal stress is reset due to molecular rearrangement, in other words the 

way the molecules rearrange themselves in respond to the stress is what determines the shear 

viscosity. This is a way to understand the connection to the timescale of structural changes in the 

liquid. The bulk viscosity can be understood in the same way, with the difference being that the 

internal stress reset is in the diagonal terms of the stress tensor. This corresponds to the viscous 

part of volumetric changes[40].  

I accomplished the goal of studying the molecular origins of bulk viscosity in liquid water using 

two experimental approaches – inelastic light scattering and inelastic neutron scattering. 

Inelastic light scattering – specifically Brillouin scattering – was used to experimentally illustrate 

the bulk viscosity timescale. While inelastic neutron scattering was used to directly measure 
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molecular relaxation and associated structures. These experimental techniques are explained in 

chapter 3 and the work on bulk viscosity of liquid water is explained in details in chapter 4.   

To be able to compare hydration and bulk population of water in the work on Polyethylene glycol 

hydrogels in chapter 5 of this dissertation. An approach of coupled translational-rotational 

dynamics was used. A model that consists of a Cole-Davidson function (coupled translational-

rotational dynamics) and Brownian oscillator function (liberational motions) was fitted to the 

data. The experimental values obtained by Cole-Davidson function should be interpreted with 

caution and translated to William-Watts [41] relaxation time 𝜏𝑤𝑤 and stretching exponent β𝑤𝑤 

that account for the stretching away from the actual or average relaxation time. These were used 

to find the self-diffusion coefficient of bulk water and the molecular relaxation times that were 

used in studying the perturbation to water dynamics in PEG hydrogels. Fitting the resulting 

relaxation times of pure water values with a power law should result in a -2 exponential 

dependence with a constant that is the self-diffusion coefficient of water.  

2.6 Aqueous Solutions 

In aqueous solutions, any cite on the surface of the solute is surrounded and in contact with a 

water, because a vacuum space is not possible in aqueous solutions. During a hydration process 

the sum of all free energies due to interaction of water molecules with the solute is the free 

energy of hydration. An interacting cite of a solute can be defined as any volume around the 

solute molecule that is thermodynamically altered or perturbed by the solute[42]. This can be 

direct immobilization of the solvent molecules or a momentary slowdown of the translational 

and rotational motions of water which affects the rate of structural re-organization of the 

population near the surface of the solute.  
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Such perturbation to the water molecular dynamic will result in changes to the macroscopic 

physical properties of the system[43] [44]. Since the origin of such properties are the dynamics 

of water at the nanoscale. In this dissertation I focused on such perturbation. 

Two main properties should be considered regarding the chemistry of the aqueous solutions, the 

chemical activity of water and the osmotic pressure. Water activity is a physicochemical property. 

It is defined as the ratio of the partial pressure of water in a sample to the vapor pressure of pure 

water at the same temperature[45]. It is important in biology, especially for enzymatic reactions 

and food industry since its stability depends on the availability of water[46]. Thermodynamic 

models have been used to correlate and predict the water activity in solutions[47, 48]. The 

models use a coefficient known as the activity coefficient or introduce a correction to the Raoult’s 

law of ideal solutions [49]. Due to hydration and other interactions in the presence of water, not 

all water molecules will be behaving ideally and therefore the corresponding mechanical 

properties will be altered. The activity phenomenon can be understood as a correction factor to 

the concentration expressed in molality and mole fractions[50], where it is ideally supposed to 

be a linear relationship between water activity and molality.  

So, if we think of solutes in aqueous solutions and how they screen charges over a certain volume 

of water and give a rise to changes in water potential energy or activity, this is a starting point in 

explaining the two different water populations, bulk, and hydration. This is also seen in industrial 

applications such as food industry where water activity plays a big role in food preservation, but 

it was found that the molecular specificity of the solute material affects the state of water in 

different manners [51]. In context of  mass transfer; the most important parameter for osmotic 
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solutions is its water activity [52]. This is because the solutions used in osmosis in food industry 

are real solutions that deviate from the ideal solution behavior even at low concentrations. 

Another way of explaining water activity of an aqueous solution is through the non simplified Van 

Hoff model[52].  The model is as follows: 

 

    ∆ Π =  
−𝑅𝑇

𝑉𝑚
 𝑙𝑛𝑎𝑤                       (2.3) 

             

where 𝑉𝑚 and 𝑎𝑤 are the partial molar volume and activity of water, respectively. The difference 

in water activity or the deviation from ideality is how we explain the presence of bulk water 

population which refers to ideal conditions and hydration or disturbed water which deviates from 

such ideality. Therefor understanding the extent of this deviation is important in many industrial 

fields just like the case of food industry. Water forms a layer around the solute in a process called 

solvation and the number of water molecules around the solute will decrease with increasing 

solute concentration and therefore water activity [37]. Stokes and Robinson have developed a 

model where it treats the solvent-solute interaction as an equilibrium. This is important in 

systems where the solute can form hydrogen bonding with water. 

In explaining the chemistry happening during hydration we can define water activity as the 

equilibrium amount of water available for hydration. Water activity is therefore equal to unity 

when available for hydration. At hydrophobic surfaces, the water molecules have weaker 

hydrogen bonds and consequently higher water activity. Such water has the gradient to move 

toward lower activity bulk. If the surface is hydrophilic and forms hydrogen-bonds, then the 
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hydration water will have lower activity. This causes the movement inward and so causes 

increased osmotic pressure. Which therefore effects diffusion and viscosity of the system.  

In my dissertation I focus on studying the relationship between the extent of perturbation and 

the viscoelastic and transport properties. Which indeed will be related to water activity.   

Another concept to cover is the excluded volume concept which is the result of the above 

phenomenon. Molecular theories of fluids explain intermediate and macro scale properties 

based on local molecular structure and motions[53]. Broadly, these consider non interactive 

molecules which primarily via excluded volume (Leonard-Jones concept), and liquids/mixtures in 

which the molecules have directional attractive/repulsive interactions, such as the hydrogen 

bond. The excluded volume concept showed that the structure of non-polar fluids is 

predominantly controlled by strong short-range repulsive interactions. Systems such as 

hydrocarbons, metallic liquids and low temperature gasses can be described with these 

models[54]. Yet when it comes to water, the excluded volume concept describes only a part of 

the molecular picture. When hydrogen bonds are factored in, the orientation of the water 

molecule now impacts the local forces between molecules in an angular dependence, as does 

the special case where a proton is shared in the hydrogen bond – introducing transient changes 

in network connectivity. Because of the added complexity, and the substantial importance of 

water quasi-molecular, phenomenological, and descriptive models have been developed.  

For instance, shear viscosity is an important transport coefficient of liquids which describes the 

resistance to flow and plays an important role in explaining flow systems in chemical engineering, 

readily apparent in the basic equations of fluid dynamics[55]. In another prospective, the shear 
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viscosity of a solvent is regarded as a measure of the rates of structural reorganization of the 

water molecules in respond to external and flow occurs. Therefore, it makes sense to understand 

shear viscosity in terms of microscopic structure and intermolecular interaction.  

The origin of diffusion coefficients can be treated in a similar manner using the Green-Kubo 

formalism, where it is used in molecular dynamics simulation to estimate the diffusion 

coefficient. In this formalism transport or diffusional coefficients are related to integrals of the 

time-correlation functions. The self-diffusion coefficient is given by[56]: 

 

𝐷𝑖 =
1

3𝑁𝑖
∫ 𝑑𝑡 < ∑𝑣𝑖

𝑘(0).𝑘=1
𝑁𝑖 𝑣𝑖

𝑘(𝑡) >
0

∞
                        (2.4) 

where 𝑣𝑖
𝑘(𝑡) resembles the velocity vector of a molecule k of species i. the equation yields the 

self-diffusion coefficient of component i with an averaging over 𝑁𝑖 molecules, again connecting 

a molecular origin to the property. Indeed, in the case of shear viscosity and the diffusion 

coefficient of a solute, the molecular origin is shared as is famously embodied in Einstein’s 

fluctuation-dissipation theorem [57]: 𝐷 = 
𝑘𝐵𝑇

𝑓
 , Where f is a friction force coefficient.   

2.7 Polyethylene Glycol Hydrogels 

The chemistry and biological applications of polyethylene glycol “PEG” have been the subject of 

intense study in both academia and in industry. One of the most common applications is the use 

of PEG hydrogels for drug delivery and in wound covering [58] [59] due to its availability in 

different multifunctional derivatives. These lead to forming many varieties of cross-linked PEG 

hydrogels [60]. The suitability and performance of hydrogels in biomedical materials and 
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applications depend mainly on their fully swollen structure [61] and this final bulk structure is 

defined and explained in terms of three structural parameters which are the polymer volume 

fraction in the fully swollen gel (𝜙), the molecular weight of the polymer between cross-links 

(𝑀𝐶), and the polymer free space a solute can diffuse in which is called the mesh size (𝜉) [61]. 

The above parameters provide a complete information of the way the solvent is stored and 

retained by the hydrogel.  

The mechanical properties of hydrogels depend largely on their water content and understanding 

the role of water is the main key to understand the system because it is composed of 90% water 

or more. It is known that hydrogels contain two types of water ‘bound’ or hydration water and 

free water. As mentioned before the bound population will have slower dynamics than the bulk 

population. In this dissertation I studied in detail the extent and degree of this slower dynamics. 

This reduction in the mobility of water molecules near polymer surfaces demonstrate the effect 

of the hydration water on the viscous and transport properties without any other factors in the 

system that contribute to changes in these properties.  

Hydrogels are dilute polymer solutions in which the polymer chains are chemically crosslinked to 

create a swollen network structure[62]. This family of materials can be generated from a wide 

variety of polymer chemistries and adapted for a huge variety of applications. Variation in 

polymer volume fraction, cross-link density, molecular weight, polymer type, co-polymers and 

compositing of nano/micro particles; can all be used to engineer the properties of hydrogels to 

suit numerous applications. Polyethylene glycol (PEG) hydrogels are perhaps the most ubiquitous 

polymer gels used in drug delivery[63], tissue engineering and wound treatment, along with 

many other applications. The PEG polymer itself is favorable in these roles because of its low 
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interaction with other dissolved solutes – theorized to originate with the minimal disruption the 

PEG molecule has upon the surrounding water structure.   

This polymer/water interaction is at the heart of theory describing the swelling and physical 

properties of hydrogels. Competing driving forces determine total swelling of the hydrogels. The 

swelling degree depends on the solvent quality referred to interaction parameter between the 

solvent and the polymer chains or solute [64]. In the case of hydrogels, the polymer chains with 

a specific molecular weight will be crosslinked in situ and form a new system with a specific 

molecular weight between crosslinks in the swollen state[65, 66]. This is all from the competing 

interactions that specify the nature and the structure of the new system and therefore they will 

predict the macroscopic properties of the hydrogels.  

The mentioned competing driving forces are either swelling driving or swelling resistant. The 

swelling driving forces are the gain in entropy by mixing of the solvent and the polymer. While 

the swelling resistance is the loss of entropy in network chains as they are stretched. This entropy 

competing process defines and determines the final state of the gel and the degree of 

swelling[67]. In more details the free energy of mixing is as known the product of the 

temperature and change in entropy upon mixing subtracted from the change in enthalpy upon 

mixing. The best model to describe the change in the system energy upon mixing is Flory-Huggins 

solution theory [68].  

Flory-Huggins solution theory considers a lattice model to explain the thermodynamics of 

polymer solution which considers the dissimilarity in the molecular sizes for the purpose of 
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estimating the entropy of mixing of the system. The Gibbs free energy change ∆𝐺𝑚 of mixing of 

the polymer and the solvent is achieved. 

The thermodynamic equation for the Gibbs energy change during mixing at constant 

temperature and pressure is given by[69]: 

     ∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚                                                            (2.5) 

The change from pure substances properties to a solution is addressed by ∆. The Florry-Huggins 

approach lattice model leads to an explicit formula for the enthalpic and entropic changes 

associated with the mixing process. The resulting formula is[70]: 

                ∆𝐺𝑚 = 𝑅𝑇[𝑛1𝑙𝑛𝜙1 + 𝑛2𝑙𝑛𝜙2 + 𝑛1𝜙2𝜒12]         (2.6)                       

where n1 and n2 are the number of moles of the solvent and the polymer respectively, 𝜙1 and 𝜙2 

are the volume fractions. 𝜒 is the solvent-solute interaction parameter that takes into account 

the energy of mixing polymer and solvent molecules. Here the entropy is thought of an increase 

in the randomness  of the distribution of the molecules when they are interspersed. The obvious 

differences in the molecular size was considered by assuming that individual polymer segments 

and individual solvent molecules occupy sites on a lattice. Where each site is occupied by either 

one water molecule or one monomer of the polymer chain. 

On the other hand, the elastic contribution to the hydrogel free energy is well explained by the 

rubber elasticity theory which accounts for the entropic retraction force that restrains 

swelling[71]. This process has no enthalpic term. It defines the entropic change in network 

change due to stretching. It treats the polymer coils as freely joined chains and the entropic 
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change is determined by finding the product of all possible probabilities for each end-to-end 

distance of the polymer chains in both the stretched and the relaxed states. The entropic change 

which is gives the free energy change is given by[68, 72]: 

                                          Δ𝐺𝑒𝑙 = −𝑇Δ𝑆𝑒𝑙 = 
3

2
 𝑘𝑏𝑇𝑣𝑒[𝛼

2 − 1 − 𝑙𝑛𝛼]                                                          (2.7) 

Where 𝛼 is the factor of stretching or the ratio of the stretched to unstretched length and 𝑣𝑒 is 

the number density of elastically active chains.  

Flory-Rehner equation describes the mixing of a polymer and liquid molecules as predicted by 

swelling equilibrium theory. It takes into account the same three forces considered in Flory-

Huggins theory to find the change in Gibbs free energy and gives arise to a model that predicts 

the molecular mass between cross-links Mc as follows[72]: 

− [ln (1 − 𝜙 + 𝜙 + 𝜒1𝜙
2] =

𝑉1

𝑣̅ 𝑀𝑐
(1 −

2𝑀𝑐

𝑀𝑛
) (𝜙

1

3 −
𝜙

2
)                                            (2.8) 

where 𝑣  is the specific volume of the polymer and 𝑉1 is the solvent’s molar volume and M is the 

molecular weight of the polymer. 

Also the Peppas-Merrill equation is used to evaluate the molecular weight between cross-links 

which is prepared in the absence of a solvent[73]. The Peppas-Merrill equation hence takes into 

account the polymer volume fraction in the relaxed state 𝜙𝑟 . The relaxed state is the state of the 

gel is the state after polymerization but before the solvent is introduced or swelling is allowed in 

the presence of water. The Flory-Rehner equation can be achieved by sitting the 𝜙𝑟 term equal 

to unity. Below is the Peppas-Merrill equation[73]: 
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)]

                                      (2.9)     

                                                             

Crosslinked polymeric networks are conveniently characterized by the cross-linking density which 

is inversely proportional to the average molecular weight per cross-linking unit Mc. Through the  

theory of rubber elasticity it is known that when an initially unswollen cross-linked gel is first 

swollen so that the volume fraction of polymer decreases to 𝜙, where the remainder is solvent, 

the tensile stress Τ is related to the extension ratio 𝛼 by the equation: 

                    
 Τ  

[𝛼−(1/𝛼2]
= 𝑅𝑇

𝜙𝑟

𝑀𝑐
(1 −

2𝑀𝑐

𝑀𝑛
)𝜙

1

3                               (2.10)                

The above formalism which is derived from Flory-Huggins and Peppas-Merrill relations will ease 

the comparison of different gels and find their modulus through swelling and mechanical 

experiments. So, it is clear from performing swelling experiment we can predict mechanical 

properties of the hydrogels.  The difference in moduli between hydrogels is due to the amount 

of water in the hydrogel and the modulus can be expressed as [74]: 

𝐺 =
𝜌𝑅𝑇

𝑀𝑐𝜙
1
3

( 1 −
2 𝑀𝑐

𝑀𝑛
)                                                                         (2.11) 

where 𝜌 is the network density. 

In the case of drug delivery, Lusting and Peppas [75] described the solute transport within non-

porous polymer hydrogels. The model depends on the mesh size and the solute size to be 

diffusing within the hydrogel network as: 
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𝑎

𝜉
) 𝑒

(
−1

𝑄𝑣−1
)
                     (2.12)                

where D is the diffusion coefficient, D0 is the diffusion of the solute in water, a is the molecular 

radius and 𝑄𝑣̅ is the equilibrium swelling ratio.  

For water transport within the polymer chains can be described by the following equation which 

contains contribution from Fickian diffusion and polymer relaxation[76]:  

       
𝑀𝑡

𝑀∞
= 𝑘1𝑡

1/2 + 𝑘2𝑡                           (2.13)               

where Mt is the total amount of water that is absorbed at time t and M∞ is the amount at 

equilibrium. 𝑘1 𝑎𝑛𝑑 𝑘2 are constants.  

The goal in this dissertation is to find the molecular origin for the macroscopic differences in 

mechanical properties and structure of PEG hydrogels due to the water content as explained 

before.  

The polymer elasticity also plays an important role in explaining the macroscopic properties. In 

swollen states the swelling ratio and the young modulus are related as explained above and 

different swelling ratios will have different modulus and gel viscoelastic properties  

In this dissertation, I aimed to develop a dataset of to directly look at the dynamical changes in 

water within PEG hydrogels. This developed a framework to connect observed changes in water 

dynamics to the equilibrium properties of PEG gels. I studied the difference in dynamics of bound 

and bulk water, and the effect of initial polymer concentration on the swelling degrees and 

therefore mechanical properties of the hydrogels. I also studied in detail the structural 

characteristics discussed earlier along with the polymer dynamics in the hydrogels. This is the 
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heart of chapter 5. Inelastic neutron scattering measurements were used to look directly at the 

changes in water dynamics within PEG gels of differing volume fraction using BASIS/CNCS; and 

then attempt to understand the connection of the equilibrium water dynamics within PEG 

hydrogels to the polymer dynamics. For this I used NSE to observe the polymer chain motions 

and SANS to understand the polymer network structure.  

To access the water dynamics directly, the quasielastic neutron scattering (QENS) techniques 

which will be discussed in details in the next chapter were measured using the Backscattering 

Spectrometer (BASIS), and inelastic neutron scattering using the Cold Neutron Chopper 

Spectrometer (CNCS), Both the instruments are at the Oak Ridge National Laboratory Spallation 

Neutron Source. The hydration water is important to explain both the structure and the function 

of the hydrogel [77]. Where it is the key factor to both structural flexibility and responses to 

external stimuli [78] [79] [80]. So, a complete picture of water dynamics surrounding the 

macromolecule is needed to understand the system. The way bulk water is believed to diffuse is 

through jumps occurring between cages of neighboring molecules and performing a local motion 

in between [81] [12, 82]. On the other hand, the motion of water molecules in the hydration shell 

around a macromolecule wither polymer chains or a protein is different and is perturbed by the 

macromolecule with respect to bulk water [12] [7].  

The analysis of this data followed the approach in Perticaroli et al.[6] where the water dynamics 

addressed as two populations; one bulk water population representing water that is structurally 

and dynamically unaffected by the solute, and a ‘bound’ or hydration water population 

representing water which is dynamically altered by its proximity to the polymer chains. The result 

of this analysis are two parameters used to explain the extent of perturbation through the 
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hydration number NH  and the magnitude of this perturbation through retardation factor, 𝑅𝐻 . 

The hydration number describes the extent of perturbation in terms of the number of water 

molecules per monomer unit which are dynamically altered, while the retardation factor 

describes the degree of the observed perturbation as defined by the ratio of characteristic 

relaxation times of hydration water to bulk water. The dynamics of hydration water has only 

sparsely been investigated due to the experimental difficulty in accessing this time and length 

scale regime.  

The PEG gels were generated using a photo-initiated thiol-ene click reaction [83], in collaboration 

with Prof. Seidlits at the University of California at Los Angeles. The monomer 4 Arm-PEG-SH 

(MW:20 KDa) is cross-linked by an 8 Arm PEG Norbornene (MW 20 KDa) in a water bath under 

photo-initiation to form a cross-linked hydrogel. This polymerization chemistry is like most others 

and is expected to generated an inhomogeneous cross-linking reaction resulting in 

inhomogeneities in the polymer gels [84] [85]. According to the de Genne’s C* theorem, the 

scattering function from polymer gels can be treated as the case of polymer solutions[86, 87]. 

Hence the scattering intensity of a gel is given by Ornstein-Zernike function with a second term 

describing the static concentration fluctuations due to any inhomogeneities. This model provided 

the correlation length at each polymer volume fraction of in the hydrogel [88]. While the main 

Ornstein-Zernike formalism describes the describes the thermal fluctuations in a semi dilute 

polymer solutions[86]. For swollen gels, the polymer concentration lies typically in the semi dilute 

regime. Hence the scattering function for a polymer solution can be used and excess scattering 

from cross-links can be neglected [89]. In my work I believe that the PEG hydrogels are in 

equilibrium swelling and that the O-Z model fits well to our scattering intensity from SANS. The 
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EQ-SANS instrument at the neutron spallation source in Oak Ridge National Lab is the instrument 

chosen for the SANS measurement for the gels, which is one of the broadest applications of 

neutron scattering, is a structural probe applicable to length scales ranging from 14 to around 

6400 Angstroms [90]. Due to the power of SANS to access inhomogeneities and the important 

properties of hydrogels such as the polymer volume fraction in the swollen [61].  

As mentioned, the chain diffusion coefficient is calculated from the relaxation times from 

Neutron Spin Echo (NSE). Theories on polymer dynamics are explained in more detail in the next 

section. 

2.8 Polymer Dynamics 

Polymers are made up of large number of monomers linked together through covalent bonds. 

According to the bead and spring model the flexible polymer is composed of several equal 

statistical segments[91]. The distribution of the end-to-end distance is gaussian due to the 

assumption that each segment is actually made up of enough real segments. There are 

continuous collisions occurring between the beads and with the solvent molecules in a solution. 

where a bead here is referred to either a monomer or larger part of the chain. Also, the movement 

of the polymer through the solvent will induce a velocity field in the solvent which will be 

experienced by other parts of the chain or let’s say the beads. If we neglect the hydrodynamic 

interactions for simplicity as starting point to understand the polymer dynamics, which is not a 

good assumption for dilute polymer solutions. The bead will experience a viscous and a random 

force acting on it. The Rouse model neglects any hydrodynamic interactions and excluded volume 

effects and considers the polymer chain as a gaussian chain which consists of freely joined 

Gaussian segments or beads of a certain length. The forces experienced by the bead are 
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summarized in the Langevin equation for the Rouse model [92], where it gives the sum of the 

velocity due to a stochastic forces from random motion and due to potential field: 

 

                                                                           
𝑑𝑅𝑛

𝑑𝑡
=

−1

𝜍

𝜕𝑈

𝜕𝑅𝑛
+ 𝑔𝑛                                                            (2.14)                            

 

where 𝜍 is the friction coefficient experienced by the bead, 𝑅𝑛 is the position of bead N, 𝑔𝑛 is the 

change in velocity due to stochastic force caused by the random Brownian motion and U is the 

potential energy of the bead which can be explained by the bead and spring model [93]: 

 

                                                                 𝑈 =
1

2
𝑘𝑠𝑝𝑟 ∑ (𝑅𝑛 − 𝑅𝑛−1)

2𝑛=𝑁
𝑛=1                                                        (2.15) 

 

where 𝑘𝑠𝑝𝑟 is the spring constant and the sum is for the whole chain of length ℓ. combining the 

expression for U and the Langevin equation: 

                                                            
𝑑𝑅𝑛

𝑑𝑡
= 

𝑘𝑠𝑝𝑟

𝜍
(𝑅𝑛+1 + 𝑅𝑛−1 − 2𝑅𝑛) + 𝑔𝑛                                          (2.16) 

For n=0 and n=N the same expression can be used if we apply 𝑅−1 = 𝑅0 and 𝑅𝑁+1 = 𝑅𝑁.  

Solving equation (2.16) by cos-Fourier transformation results in a spectrum of normal modes p 

which involves the vibrational modes along with the relaxation motions. The rouse relaxation 

time is then (𝜏𝑟) the longest relaxation time in the mode spectrum called the Rouse relaxation 

time [94]: 

                                                                     𝜏𝑟(𝑞) =  
1

12

𝑘𝑏𝑇

𝜍
 𝑙2𝑞4                                                             (2.17)      
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From here it is important for us to conclude that the dynamic structure factor for the Rouse 

dynamics is proportional q4. Moving to explain the Zimm dynamics there is an addition 

consideration of hydrodynamic interactions between different segments which needs to be 

considered in the Langevin equation. This leads to a different longest relaxation time due to 

different forces acting on the beads and different distribution of the modes. This is seen in 

different dependence on p (  
1

𝜏𝑝
∝

1

𝜏𝑧
𝑝
3

2   compared to  
1

𝜏𝑝
∝

1

𝜏𝑟
𝑝2  )  and hence a different q 

dependence (q3 instead of q4). Where the characteristic polymer relaxation time of the Zimm 

dynamics is given by: 

                                                                           𝜏𝑧(𝑞) =  
1

6𝜋

𝑘𝑏𝑇

η
𝑞3                                                                        (2.18)        

                                                                      

As mentioned, I used neutron spin echo (NSE) to observe the polymer dynamics in PEG hydrogels. 

The observed experimental quantity is the intermediate scattering function which states the 

fraction of pair correlations that are still in existence after a given time interval. The relaxation 

times are extracted then as a function of the momentum transfer vector. It usually takes the 

shape of an exponential decay just because lower number of correlations remain at longer probe 

durations. In this case, the diffusion coefficient is not simply proportional to the exponential 

decay constant and the square of the length scale probed; but rather a sub-diffusive length scale 

dependence is seen.  Upon comparison, the dynamics of the polymeric chains are not altered 

significantly in the concentration range studied for the PEG gels experimentally. This comes 

despite the clear structural changes in the gel at the level of polymer network mesh size. We can 
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conclude that the polymer chains are not directly interacting with nearby chains in this 

concentration regime, nor is there significant internal chain deformation being induced. This 

correlates directly into the network elasticity concepts discussed above and show that water 

interaction – and entropy gain - is the primary driver of swelling and the mechanical properties 

of the gel.  

2.9 Protein Solutions  

Soluble proteins can be considered as nano colloids and studied using theories of colloidal 

suspension. Colloids can be defined as species that are dissolved in solution and exhibit irregular 

motion caused by random collisions between the solvent and the colloidal particles. Those 

collisions are of thermal origin and requires the colloidal particles to be larger than the water 

particles but small enough to experience Brownian motion[95]. As we know Brownian motions 

are characterized by properties of the solvent such as its viscosity. Such characterization requires 

the ability to distinguish between the interactions of the colloidal species within themselves and 

the interactions with the solvent which therefore requires the colloidal particles to be sufficiently 

larger than the solvent particles. This means the interactions can be averaged and many solvent 

molecules will be interacting with the colloidal particle at the same time. The size of a colloidal 

species is ten times larger than that of the solvent molecule. In the case of aqueous solutions this 

means the colloidal particles have a radius in the order of nanometers[96]. This means colloidal 

species are in size range where thermal motions determine its displacement. Not small that it 

cannot be distinguished experimentally from the solvent and not large that it experiences other 

effects such as gravity and buoyant forces. Colloidal particles can be classified as rigid, 

macromolecules or small molecules just like micro-emulsions. Proteins can be under the second 
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class of colloidal particles (macromolecules). Proteins lie down in the lower limit of a colloidal 

particle size.  The main goal of this part of my dissertation is to model the green fluorescent 

protein (GFP) as colloidal particle and explain its self-diffusion using colloidal theories.  

2.10 Diffusion in Colloidal Solutions 

Self-diffusion and collective diffusion are the two types of diffusion process that are considered 

in colloidal solutions theories. Self-diffusion is observing the diffusion of a certain or tagged 

particle in a suspension crowded with other particles, the tagged particle is usually referred as a 

tracer [97]. Collective diffusion involves many particles due to their cooperative movements that 

restores a local homogenous density in the system [98]. At infinite dilution both the processes 

are identical to a free particle diffusion at infinite dilution 𝐷0 [99]. In the very dilute limit, the 

diffusion explained by solely a particle undergoing random motion due to the collision between 

the particles and the solvent molecules where the diffusion coefficient depends on the pure 

solvent viscosity. Above this concentration direct and indirect interactions start resulting in an 

increase in the friction coefficient experienced by the colloidal particle.  

In order to track the self-diffusion coefficient of a labelled tracer colloidal particle, one must 

analyze its mean square displacement (MSD). As a function of time different characteristic times 

of the colloidal particles can be distinguished. For times much below a momentum relaxation 

time 𝜏𝑚 the particle is not affected by the solvent and hence its displacement is the product of 

the particle’s velocity and the time of travel. On the other hand, for times much larger than the 

momentum relaxation time but before collisions between particles occur, the colloidal particle’s 

movement is explained by a Brownian motion where it have experienced enough collisions with 

the solvent particles. For times above that where interactions are significant then direct 



53 
 

interactions between the particle’s molecules play a role in determining the nature of the 

diffusion. In other words, as concentration increases 𝐷0 is reduced due to the indirect 

hydrodynamic interactions between the particles at short times and at longer times when the 

particle’s start interacting directly. It is important to mention that the long self-diffusion 

coefficient of colloidal particles are still dominated by hydrodynamic interactions even at a longer 

observing time[100].  For collective diffusion coefficient where it is a collective motion of many 

particles dependent on density fluctuations it similarly can be explained by the observed time 

scales. Also, the collective diffusion coefficient is scale dependent where at short length scales 

(smaller than the nearest neighboring distance) the collective diffusion coefficient goes to the 

self-diffusion coefficient[101].  

The motivation to study and analyze protein solutions and the change in dynamics with 

concentration arise from the fact that the living cells are crowded with protein’s and other 

macromolecules at volume fractions ranging from 20 to 40%[102]. Several studies focusing on 

the dynamics of protein’s in concentrated solutions have been done [102, 103]. Bovine serum 

albumin (BSA) have been studied [102] and showed a reduction in  the self-diffusion coefficient 

with concentration and their finding is described very well in terms of colloidal short-time self-

diffusion outlying the importance of hydrodynamic interactions on crowding behavior. Another 

study on Hemoglobin was investigated using neutron spin echo (NSE) and revealed the fact that 

the collective diffusion goes to the self-diffusion at q values above the structure maximum. They 

showed similar conclusion of the reduction in the self-diffusion coefficient of proteins[101]. The 

collective diffusion coefficient in another study on Myoglobin was found to increase at low q 

values at increased concentrations due to increased direct interactions[104]. It is concluded from 
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several studies on protein solutions that the size of the protein has to be renormalized to an 

effective larger volume fraction. This is due to the fact that proteins are structurally different 

from nano colloids where proteins are defined as macromolecules with non spherical shape and 

nonhomogeneous topology. Therefor it is a challenge to colloid theory [105]. But it has been 

proven that considering a protein as a sphere with equivalent radius in simulations results in 

reasonable approximation to its diffusion coefficient[106]. In this dissertation I use the 

hydrodynamic radius estimated from the perturbed water molecules in the first two hydration 

shells from a previous GFP study [6]on the water dynamics in GFP solutions to be the key to 

normalize the protein volume fraction. 

For biological solutions such as GFP, the question is whether diffusion can be understood based 

on concepts explaining the case for uncharged colloidal particles. For a colloids hydrodynamic 

interaction which is mediated by the solvent acts as an important role. Where basically particles 

suspended in a fluid mediate long-ranged flows while moving and move in response to the 

solvent motion. By reaction to the solvent’s dynamics, the colloidal particles experience what is 

called hydrodynamic interaction with each other. So, particles will experience indirect solvent-

mediated forces, apart from the other direct interactions. The flow velocity due to these 

hydrodynamic interactions decays in a fast rate proportional to the distance scale squared [107]. 

Hydrodynamic interactions explain the equilibrium dynamics of colloidal systems. At equilibrium 

the average distance between particles is determined by the potential energy, therefore the 

overall structure of the system is not affected. However hydrodynamic interactions divert and 

determine the movement of the particles, and this effect influences the crystallization processes 

of such system which will is usually proportional to the solvent viscosity.  
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The Brownian motion strength of particles can be estimated by the diffusion time 𝜏𝐷 which the 

particle takes to travel a distance comparable to its radius or size. For a sphere which has a radius 

a this time is given by: 

𝜏𝐷 =
𝑎2

𝐷0
∝  𝜂

𝑎3

𝑇
                        (2.19) 

where D0 is translational diffusion coefficient 𝐷0 =
𝐾𝑏𝑇

𝑓0
.  

Any flow that is described as a stokes flow can be associated with a fluid stress described in terms 

of a stress tensor 𝜎. This means that a surface dS immersed in the fluid experiences a hydrodynamic 

drag dF exerted by the fluid is given by: 

                                                                          𝑑𝐹 = 𝜎 𝑛 𝑑𝑆                                                                        (2.20) 

In this dissertation I observed the reduced mobility in GFP with increasing volume fractions and 

shows that the reduction in the self-diffusion coefficient is well-explained by the colloidal theories.  

2.11 Crowded Solutions 

Crowded solutions especially protein solutions are of vital importance in the design of 

pharmaceuticals and understanding the natural biological environment within a cell. The 

translational diffusion constant of proteins has been seen to be reduced by five times according 

to NMR experiments [101]. The reduced mobility is believed to be due to excluded volume effects 

in crowded media as mentioned in the previous sections. However, the weak dependence of the 

collective diffusion constant suggests that other factors such as hydrodynamic interaction terms 

are likely to be involved. The dynamic structure factor obtained by NSE can give information 
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about inter-particle correlations and their time evolution. This way we can obtain the collective 

diffusion coefficient by fitting an exponential function.  

2.12 Hydration Water in Green Fluorescent Protein  

Previous work [6] focused on the hydration water in GFP solutions. Where the structurally and 

dynamically perturbed water surrounding the protein was the main aspect of the study. This is 

due to the earlier discussed influence of the water dynamics on the properties and function of 

such biological systems. Therefor the degree of perturbation was studied. It was shown that less 

than two shells were perturbed. The dynamics were found to be 2-10 times slower than bulk 

water as a function of q which reflects the distance from the protein and the probing length 

measurement. This shows that the hydration water undergoes a sub diffusive motion, where in 

case of bulk or neat water it is diffusive behavior. As previously mentioned, two parameters; the 

retardation factor and the hydration number are used to quantify the extent and degree of 

perturbation. For hydration shell information MD simulations were performed to evaluate the 

number of water molecules in the perturbed water shells. For the first shell one of the hydrogen 

atoms of the water molecules must be within 3.3 Angstroms radius from the protein surface, and 

for the second shell it should be located within 3.3 to 5.5 Angstroms. This tells us that around 

863 water molecules are in the first shell and the total of perturbed water molecules was 1706 

within the two shells. The neutron scattering experimental description showed that around 1470 

were perturbed which are slightly less than two complete shells. These water molecules are 

believed to be impacting the protein’s diffusion coefficient and impacting the determined 

hydrodynamic radius. The results showed that water was perturbed by a factor of 4-10 in the first 

shell and 2-5 in the second shell.  
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As a continuation for this project I studied the protein dynamics itself. previous experimental 

observations showed that diffusion coefficients of hemoglobin decreases exponentially with 

concentration [108]. Such reduction in mobility is believed to be due to excluded volume effects 

in crowded media. The independence of the collective diffusion coefficient on concentration 

reflects the fact that there is another interaction playing the role of reduced self-diffusion 

coefficient. The collective diffusion coefficient is considered unaffected, and this is due to the 

equality of osmotic and friction forces. Molecular interactions are established on a length scale 

of few nanometers and this range can be accessed by neutron scattering and particularly neutron 

spin echo technique. In sections 1.9 and 1.10 I discussed the concepts of hydrodynamic 

interaction in colloidal particles. The question I am addressing here is whether such concepts can 

be applied to the GFP solution at high concentration and to understand the molecular dynamics 

that dominate in long range molecular transport. Hydrodynamic interactions dominate at the 

short times and direct forces are significant and formed during the structural relaxation time. It 

is of a great interest to measure prove that hydrodynamic interactions relate to the immobility 

experienced by the protein. the no dependence of the collective diffusion coefficient is a hint 

that there is a hydrodynamic interaction dominating in determining the diffusion coefficient of 

such protein crowded in solution.  

 

2.13 Green Fluorescent Protein 

Green Fluorescent Protein was by coincidence discovered by Shimomura [109] as an associate to 

aequorin from Aequorea jelly fish. It was found during purification of aequorin where a protein 

that gave rise to a greenish solution in sunlight was observed. Also, it shows no toxicity, this  
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Figure 2.2 Structure of Green Fluorescent Protein. A) Green Fluorescent Protein (GFP). B) The 

chromophore [110] 

makes GFP ideal in many investigations and applications. GFP is also known to be resistant to 

heat and high pH[111]. Some of the many applications of the protein are studying protein 

dynamics in living cells using fluorescent microscopy[112]. It is also used in cell biology and 

biotechnology[113], fungal biology[114], in mouse embryos[115], in bacterial protein 

stabilization[116], and many other applications. GFP exhibits a bright green florescent when 

exposed to light in the blue to ultraviolet range [117]. GFP has a beta barrel structure which is 

nearly a prefect cylinder around 42 Angstroms long with a radius of about 24 Angstroms[118]. 

Eleven beta strands result in the beta-barrel and an alpha helix fills the center. The chromophore 

which his responsible for the green light is found in the middle of the beta-barrel which is referred 

to light of the barrel[119]. The structure of GFP is shown in Figure 2.2. 
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Chapter 3 : Methods 

 

3.1 Introduction to Neutron Scattering  

The main tool used throughout my PhD work is neutron scattering, with contributions from MD 

simulation, optical spectroscopy. The molecular scale relaxations of water have been studied 

extensively by simulation. and experimental techniques such as: infrared spectroscopy [1], 

terahertz spectroscopy [2], optical Kerr-effect spectroscopy [3], X-ray scattering [4], and neutron 

scattering [5]. Each technique has specific advantages and distinct time and length scales 

associated with the measurement; with inelastic neutron scattering perhaps the most powerful 

of these methods where it can access up to sub nanometer length-scale and up to nanosecond 

to sub-picosecond time scale.  

Beyond the length-scale resolved spectroscopic description of the molecular motions; the 

inelastic neutron scattering technique can probe both the self-motion of hydrogen atoms within 

water[6], as well as resolving the atomic pair lifetimes associated with the water network; 

depending upon the isotopic variants of water used. The isotopic sensitivity of neutrons to 

hydrogen is a powerful tool [7]– with hydrogen (1H) possessing a high incoherent scattering cross 

section and small negative coherent scattering length; compared to deuterium (2H) which has a 

small incoherent cross section and a large positive coherent scattering length. The way that these 

scattering properties manifest into scattering experiments differs by the type of neutron 

scattering measurements being performed. There are several varieties of neutron scattering will 

be utilized: small angle neutron scattering (SANS), neutron diffraction (ND), quasielastic neutron 

scattering (QENS), and neutron spin echo spectroscopy (NSE).  
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Neutrons produced by either a reactor or an accelerator-based sources typically have 

wavelengths on the order of Ångstroms [8]; and hence are very suitable for probing the 

structures and motions of molecules in soft condensed matter. From the de Broglie relation[9]: 

the neutron has a wavelength: 

                                                                                 𝜆 =
 ℎ    

𝑚𝑣̅
                                                                       (3.1) 

where h is Plank’s constant, m is the mass of the neutron, and v is the neutron velocity. During  

the scattering experiment, the neutrons experience  a change in momentum after interacting the  

sample[10]. This means the scattered neutron had  a change in direction and/or the velocity. This 

momentum change is described by a momentum transfer vector called the scattering vector 

represented by q. and is defined as the vector difference between the incoming ki and the 

scattered vector ks. besides the change in direction, the magnitude of the incident neutron wave 

vector can change too where it means the neutron gained or lost energy due to interacting with 

the sample. Scattering is totally elastic if there is no energy exchange. The absolute magnitude of 

the scattering wave vector is given by the Brag relationship 𝑞 = 2𝜋/𝑑. Where d represents the 

probe length in the sample.This is visually explained in Figure 3.1 

Neutrons penetrate deeply into matter since they are uncharged and scatter primarily from 

nuclear interactions (although they also possess a magnetic moment which does interact in very 

useful ways with magnetic structures)[11]. These nuclear interactions vary with element and 

isotope. This is in contrast with X-ray photons which interact with the electron clouds, meaning 

that the scattering density scale with atomic number[12]. The isotopic sensitivity of neutron 

scattering is especially useful in biological materials due to the high amount of hydrogen. 
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Figure 3.1 Momentum change in neutron scattering [13].  

The high differences in the scattering cross sections and scattering lengths between isotopes 

provides the possibility of using isotopic substitution to emphasize or eliminate the scattering 

from a certain part of a molecule or molecular arrangement.  

3.2 Elastic Scattering 

Here there is no change in the energy of the incident neutron during the scattering. It is the 

direction of the neutron vector than changes not the magnitude. [14]. In other words, scattering 

events in which no energy is exchanged are called elastic scattering events, and for most 

experiments comprises more than 99% of scattering observed. These methods are used for 

structural studies and predominantly observe coherent scattering from atom pairs or 

macromolecules/structures.  

In this work we use cold and thermal neutrons which corresponds to wavelengths on the order 

of 1 -10 Angstroms [10]. It is convenient to explain the difference between elastic and inelastic 

scattering using a comparison of the incident and scattered neutron’s respective wave vectors. 
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These scattering wave vectors are defined by a velocity and direction. The wave vector and the 

velocity vector are correlated by the equation: 

                                                                 
ℎ𝑘

2𝜋
= 𝑚𝑣                                     (3.2) 

  

where h is the planks constant, m is the mass of the neutron and mv is the momentum of the 

neutron.  

The momentum transferred during the scattering event can now be defined as the difference 

between the incident neutron wave vector and the scattered neutron’s wave vector which we 

define it as q. The momentum transfer is then simply 
ℎ

2𝜋
𝑞 =

ℎ

2𝜋
(𝑘𝑖 − 𝑘𝑠). Where ki is the wave 

vector of the incident neutrons and ks is the wave vector of the scattered neutrons. In elastic 

scattering there is no energy exchange between the incident neutrons and the sample, or |𝑘𝑖| =

|𝑘𝑠|. We can now discuss q as it relates to the scattering experiment where it describes both the 

physical angle on the scattered neutron through 𝑞 =
4𝜋

𝜆
sin (𝜃/2), where 𝜃 is the scattering 

angle; and as the physical distance between two scatterers where 𝑞 =
2𝜋

𝑑
 where d is the distance 

separating two scattering centers. In the case where there is a change in energy, the scattering 

is said to be inelastic which is discussed in the next section. 

3.3 Small Angle Neutron Scattering (SANS) 

Small-angle neutron scattering (SANS) is a diffraction study  in the range where the magnitude of 

the momentum transfer, q, is much smaller than the position of the first peak in the structure 

factor[10]. Thus, SANS is used to study structures with dimensions in the range of almost 14 to 

https://www.sciencedirect.com/topics/physics-and-astronomy/neutron-scattering
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6400 Angstroms [15]. SANS is the technique usually used in investigating the structure of 

biological materials as it can probe the shape, size and conformation of macromolecules in 

aqueous solutions and systems on a length scale from ten to several thousand Angstroms[16].  

Compared to Synchrotron X-rays, the single significant disadvantage of neutrons is that neutron 

fluxes are several orders of magnitude less. This translates into much longer experimental times 

and lower throughput. However, neutrons scatter not from the electron density as X-rays but 

from the scattering length density associated with the atomic nuclei. Neutron scattering length 

varies by element and isotope in a non-systematic way [17].   

The SANS experiment is performed by observing the number and angle of scattered neutrons 

from a given sample. Neutrons are generated by a spallation source or reactor first pass through 

a monochromator or chopper that defines the wavelengths [18] and collimating optics define the 

angular divergence of the beam. The observed scattering is expressed as the quantity I(q), where 

q is the scattering wave vector. Scattering measurements are performed in the reciprocal space. 

As noted above, q can be defined as 𝑞 =
4𝜋

𝜆
sin (𝜃/2) , where 𝜃 is the physical scattering angle 

on the detector. The scattering wave vector, q, is also related to the physical spacing of scattering 

centers, d, in the sample via 𝑞 =
2𝜋

𝑑
 [19]. The SANS q range is typically from 0.001 Å-1 to 0.45 Å-1. 

[19]. The configuration of SANS is shown in Figure 3.2. 
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Figure 3.2 Schematic of  SANS instrument [13].  

The scattering intensity reflects the local differences in scattering length density, ƿ, within the 

sample due to the molecular structure. The scattering length density is defined as the sum of all 

coherent lengths of all atoms divided by the volume they occupy. The scattering resulting from a 

given spatial distribution therefore reflects the distribution of the atoms in the sample [20]. The 

most general form to describe the scattering is the Fourier transform of the pair distribution 

function, scaled by the scattering length density:  

                                                          𝐼(𝑞) =  |〈∫ (𝜌(𝑟) − 𝜌𝑠𝑉
〉 𝑒−𝑖𝑟𝑑3𝑟|

2

                                                         (3.3) 

 

In many cases this can be simplified to describe the distribution of atoms or solutes in terms of 

two main factors; a form factor, P(q), that represents the interference of neutron scattered from 

different parts of the same object, and a structure factor S(q), that represents the interference 

of neutrons scattered from different objects. This is seen in the equation below: 

                                                       𝐼(𝑞) =
𝑁

𝑉
(𝜌𝑠1 − 𝜌𝑠2)

2𝑉𝑝
2𝑃(𝑞)𝑆(𝑞)                                  (3.4) 
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where 𝜌𝑠1 and  𝜌𝑠2 are the scattering length density of the scattering and the surrounding 

medium or the solvent buffer respectively, N is the number of scattering centers, V is the volume 

of a scattering center, P(q) is the form factor and  depends on the shape of the object, finally S(q) 

is the structure factor and it depends on the interaction between the objects in the system and 

it is related to the probability distribution function of inter-particles distances, If the system has 

no interparticle interactions, i.e. a dilute solutions, then S(q)=1. In practice, the observed 

scattering is fit against models of the sample molecular structure which are represented in the 

form factor and/or structure factor.  

3.4 Neutron Diffraction 

Broadly, SANS can be classified as neutron diffraction, but here we refer to high q diffraction, 

measuring shorter length scale structure. Here, the scattered intensity is modeled only by the 

structure factor, reflecting atom pairs, rather than molecular structures. Again, there are no 

energy change considered since this is elastic scattering. The measured intensity is therefore 

proportional to the structure factor only which is given by[10]: 

𝑆(𝑞) = ∑ 𝑏𝑖𝑖 𝑒𝑖𝑞.𝑟𝑖                        (3.5) 

where 𝑏𝑖 is the scattering length. 

3.5 Inelastic Neutron Scattering  

In contrast to the case of elastic scattering described above, some collisions between neutrons 

and atoms in a sample result in an exchange of energy. Since we know the energy of the incident 

neutron and we assume mass is conserved, the gained or lost energy must come from the motion 

of the atom in the sample from which the neutron has scattered. In this way, inelastic neutron 
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scattering allows us to directly observe molecular motions of water, macromolecules, and other 

solutes.  

In our case we are mostly concerned with observations of water diffusion, molecular rotation, 

and local vibrations (nanosecond and picosecond time scales) and protein and polymer diffusion 

over tens of nanometers (tens to hundreds of nanoseconds timescale). There are a number of 

techniques under the umbrella of inelastic scattering by which this can be accomplished, each 

probing a specific time and length scale.  

Here, incoherent scattering plays a more significant role than the background seen in elastic 

scattering methods. Here, the inelastic incoherent scattering is associated with the self-motions 

of individual atoms, while inelastic coherent scattering reflects the changing of distance between 

pairs of atoms or structures[21]. Quasielastic neutron scattering is a form of inelastic neutron 

scattering where the energy transfer peak is located around E=0[22]. Which indicates that each 

form of the scattering access different time scales kinetics. Where in quasielastic it is the slowest 

which is set by the width of the instrument resolution. Slower motions must be measured using 

other technologies such as neutron spin echo which encodes velocity in the spin of the neutron. 

The various elastic/quasielastic neutron scattering instruments have specific energy/length scale 

windows shown in the (q, E) space. To have a full information and to access all the dynamics we 

are concerned of we will be using different instrumentation with different resolutions. Figure 3.3 

[23]  shows the different energy window governed by each technique and how the dynamics of 

different biological systems impose more than one window covered by a single instrumentation.  
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Figure 3.3 Energy window for different scattering methods. Back scattering shown in blue, Cold neutron 

chopper in green, and neutron spin echo in grey.  

Combing two instruments of different design allows an expanded dynamical range for our 

observations of water dynamics. I have used two main instruments together in this dissertation, 

the direct geometry instrument CNCS, and the indirect geometry instrument Back Scattering 

Spectrometer (BASIS)) to obtain a dynamic range covering ~100 fs to 3 ns. For both geometries, 

I observe both coherent and incoherent scattering. In conjunction with NSE for longer timescales. 

As mentioned before such a combination was used to construct an experimental description of 

bulk water and compare its motions to those in hydration water around GFP [24]. Dynamics were 

collected with a combination with BASIS and CNCS instrumentation. The two instruments 

measure the dynamic structure factor in an overlapping range. Figure 3.4 from a recent study 

[25]shows how the dynamics range overlap and can be combined to give a susceptibility 

formalism spectrum.   
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Figure 3.4 Water Dynamics. A) Experimental NS spectra of pure H2O registered on the BASIS and CNCS 

instrument. B) Stitched spectra of H2O from the two instruments.  

3.6 Direct Geometry (Time-of-Flight) Inelastic Neutron Scattering  

Direct geometry methods observe the time difference between the incident beam and the 

neutrons traveling faster or slower due to interaction with the sample by the timing of scattered 

neutrons proceeding directly from the sample to a detector array. The resulting energy resolution 

is limited by electronics within the detector and the physical space between the sample and the 

detector bank, while the q range is again defined by angle and wavelength. In general, these 

instruments measure fast dynamics, phonons, and other collective modes, molecular rotation, 

and vibration which result in large changes of momentum in the scattered neutron – i.e. large 

changes in velocity.  

I used one such instrument in this work, the Cold Neutron Chopper Spectrometer (CNCS) at ORNL. 

CNCS is a time of flight spectrometer. It can access sub fs to 50 ps and in a q range from 0.3 to 2 

Å-1. The operation is simple to explain where it receives beam from a cold coupled moderator.  
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Figure 3.5 Cold Neutron Chopper Spectrometer layout. 

Short pulses of a neutron beam are directed onto the sample after defining a certain wavelength 

band and finally the location and the time of flight of the detected neutrons are used to 

determine the energy gained or lost by the neutron or in another word the momentum exchange 

that occurred between the incident neutron beam and the sample. The layout of the CNCS 

instrument is shown in Figure 3.5. 

3.7 Indirect Geometry 

The direct geometry has fundamental limitations in the electronic timing of scattered neutrons, 

so a few more complex geometries have been developed to access smaller energy transfers. 

These instruments measure what is called quasielastic scattering (QENS), or the limiting case of 

energy resolution in which the inelastic scattering is often not fully distinguished from the 

inelastic scattering centered at 𝜔 = 0. Here we primarily use the Back Scattering Spectrometer 

(BASIS)  
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Figure 3.6 BASIS configuration. 

at the Spallation Neutron Source at Oak Ridge National Laboratory. This pulsed source instrument 

utilizes an extremely long beam guide and physical choppers to regulate the incident energy into 

a narrow wavelength band. A pulse of neutron with a defined wavelength band then interacts 

with the sample, and scattered neutrons gain or lose energy and proceed at various angles. These 

scattered neutrons next interact with an analyzer crystal (silicon i111 or i311) which reflects only 

one specific wavelength (speed) of neutron into the detector bank. Combining the time at which 

the neutrons hit the sample detector with the fact that all neutrons hitting the detector have the 

exact same wavelength (velocity), we can back calculate the energy change, benefitting from the 

extremely good resolution of the Bragg reflection from the analyzer crystal. Depending on the 

analyzer crystal type we can have a q range from 0.2 to 2.0 Å-1. And the dynamics range here are 

slower than in CNCS ranging from 10 ps to 10 ns. Just like how discussed above this was used 

along with CNCS to observe the dynamics of water in PEG hydrogels and have an experimental 

description of the perturbation in water dynamics around the polymer chains.  
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3.8 Neutron Spin Echo (NSE) 

NSE is another inelastic scattering technique, unique because it is capable of measuring slower 

dynamic from picoseconds to hundreds of nanoseconds. This time range is useful to observe the 

motion of macromolecules such as proteins (diffusion, rotation, internal motions) and polymers 

(diffusion, chain, and segmental dynamics). NSE achieves this high resolution by measuring such 

small velocity changes via the spin of the neutron. By polarizing incident neutrons and regulating 

their precession through identical, opposing magnetic fields, the neutron spin precession acts as 

a clock by which velocity changes can be measured. The neutrons are allowed to spin in a 

magnetic field before interacting with the sample and encoding of the individual velocities of the 

incoming neutrons into precession angles occurs. In elastic scattering where there is no change 

of energy, a symmetric magnetic field compensates for the precession angle accumulated. This 

leads to the restoration of polarization by spin re-phasing which is why it is called spin-echo. But 

since this is an inelastic scattering measurement and the neutron velocity is changed, the re-

phasing will become incomplete by the asymmetric magnetic field and there will be a  loss of 

polarization, This reflects actually the distribution of differences in the time the neutrons need 

to fly through the magnetic fields. By variation of the detector position and magnetic field 

strength, the intermediate scattering function I(Q, t) can be observed. This is different from the 

dynamic structure factor observed in the other inelastic scattering methods discussed above, 

relaying information about molecular motions in the time domain. A wide q-range is accessible 

by the NSE technique, complementing structural observations in the SANS and diffraction ranges  
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Figure 3.7 Neutron Spin Echo Spectrometer Principle [10]. 

(approx. 0.05 to 2 Å-1). Another important distinction is that NSE typically probes changes in 

coherent scattering – not incoherent scattering as the other methods just discussed. One caveat 

of the NSE instrument at the SNS is a time-of-flight based instrument which results in lower flux 

than continuous source instruments.  

3.9 Dynamic Light Scattering (DLS) 

Dynamic light scattering measures the fluctuations in the scattering intensity from particles in 

solution undergoing Brownian motion. Where the diffusion coefficient and they hydrodynamic 

radius of the particle can be estimated[26]. I used this method specifically to estimate the free-

particle diffusion coefficient of green fluorescent protein at infinite dilution 𝐷0. An estimation of 

the protein’s size is obtained through the Stokes-Einstein formalism. It is an important 

experimental technique in industry and research, and it has the ability to measure the size of 

particles in a range of 0.001 to several microns[27]. The operation is basically a beam is 

illuminated on a sample and what is measured is the intensity of the scattered light 𝐼(𝑞, 𝜃). When 

light hits the sample and as long the particles are smaller than the wavelength, the light is 

scattered in all directions (Rayleigh scattering)[27]. the fluctuation in the intensity is originating 
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from the distance between the particles continuously changing due to random Brownian 

motions[28]. The light undergoes either constructive or destructive interference by the 

surrounding particles and from this intensity fluctuation we access the time dependent 

movement of the particles which leads to a diffusion coefficient which reflects the size of the 

sample travelling in medium with known viscosity. This dynamic information is presented in what 

is called autocorrelation of the intensity recorded during the experimental duration as[29]: 

                                                                     𝑔2(𝑞, 𝜏) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2
                                                         (3.6)                    

where 𝑔2(𝑞, 𝜏) is the autocorrelation function as a function of scattering wave vector q and 

delay time 𝜏 and  𝐼 is the intensity.  

This second order autocorrelation function is converted to a first order autocorrelation function 

through[30, 31]: 

                                                                   𝑔2(𝑞, 𝜏) = 1 + 𝛽𝐷𝐿𝑆[𝑔
1(𝑞, 𝜏)]2                                        (3.7)                                

where 𝛽𝐷𝐿𝑆 is a correction factor depending on the alignment of the laser during the experiment. 

Then simply the first auto-correlation function is treated as a single decaying curve with a 

decaying constant of Γ𝐷𝐿𝑆 = 𝑞2𝐷 [32]. Where the diffusion coefficient is the translational 

diffusion coefficient.  

Figure 3.8 shows the optical configuration for dynamic light scattering. where the detector which 

is in most cases is a photomultiplier tube that measures the intensity of scattered light. The 

amplifier removes the background noise before the pulses being analyzed by the correlator that  
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Figure 3.8 Optical configuration for typical experimental setup for DLS measurements [33].  

auto correlates the rate of the modulated pulses by comparison of the scattered light intensity 

for given periods of time. 

3.10 Brillouin Light Scattering 

The Rayleigh-Brillouin light scattering is an inelastic light scattering technique that allows 

determination of the directional dependence of the  acoustic velocities in materials[34]. It is an 

inelastic scattering of light where thermal motions in the sample results in fluctuations in the 

number density as a function of position and time and the light experiences the particle as a 

dipole that results in a doppler shift of the scattered light[35]. The resultant scattered light has a 

wavevector and frequency that depends on both the incident light and the wavevector and 

frequencies that are present in the sample’s density fluctuations. Brillouin scattering measures 

the density fluctuations that probe elastic properties at micro scale. This results in triplet 

spectrum consisting of a central Rayleigh band at the incident light frequency 𝜔0 which has a 

width determined by thermal diffusivity and Brillouin doublets shifted by a frequency of ± 𝜔(𝑞)  

corresponding to doppler shifts produced by the sound modes. The doublets have a width of 𝑞2Γ 

that corresponds to the attenuation coefficient[28]. The observed intensity, I(𝜔) is a function of 
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frequency 𝜔. The observed spectra in this dissertation was modeled with a damped harmonic 

oscillator [28]. The two doublets are two Lorentzian lines symmetrically shifted and are used to 

obtain the sound velocity through[36]: 

                                                               ±𝜔(𝑞) =  ±𝑐𝐿 𝑞                                                                       (3.8)         

And the width at half maximum is corresponding to the longitudinal kinematic viscosity and the 

thermal diffusivity as[28]: 

                                                               Γ𝐵 = Γ𝑞2 = [
 𝜁 +

4

3
𝜂

𝜌
+ 𝐷𝑇𝐻] 𝑞

2                                                (3.9) 

where the first term in the brackets represent the longitudinal diffusivity and 𝜁 and 𝜂 are the 

bulk and shear viscosities and 𝜌 is the density. Where q in the case of Brillouin light scattering is 

given as: 

                                                               𝑞 =
4𝜋𝑛

𝜆
 𝑠𝑖𝑛 (

𝜃

2
)                                                                     (3.10) 

where n is the refractive index. 
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Chapter 4 : Molecular Origins of Bulk Viscosity in 

Liquid Water 

 

 

4.1 Abstract 

The rapid equilibrium fluctuations of water molecules are intimately connected to the rheological 

response; molecular motions resetting the local structure and stresses seen as flow and volume 

changes. In the case of water or hydrogen bonding liquids generally, the relationship is a non-

trivial consideration due to strong directional interactions complicating theoretical models and 

necessitating clear observation of the timescale and nature of the associated equilibrium 

motions. Recent work has illustrated a coincidence of timescales for short range sub-picosecond 

motions and the implied timescale for the shear viscosity response in liquid water. Here, neutron 

and light scattering methods are used to experimentally illustrate the timescale of bulk viscosity 

and provide a description of the associated molecular relaxation. Brillouin scattering has been 

used to establish the timescale of bulk viscosity; and borrowing the Maxwell approach, the ratio 

of the bulk viscosity, ζ, to the bulk modulus, K, yields a relaxation time, τB, which emerges on the 

order of 1–2 ps in the 280 K to 303 K temperature range. Inelastic neutron scattering is 

subsequently used to describe the motions of water and heavy water at the molecular scale, 

providing both coherent and incoherent scattering data. A rotational (alternatively described as 

localized) motion of water protons on the 1–2 ps timescale is apparent in the incoherent 

scattering spectra of water, while the coherent spectra from D2O on the length scale of the first 

sharp diffraction peak, describing the microscopic density fluctuations of water, confirms the 

relaxation of water structure at a comparable timescale of 1–2 ps. The coincidence of these three 
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timescales provides a mechanistic description of the bulk viscous response, with the local 

structure resetting due to rotational/localized motions on the order of 1–2 ps, approximately 

three times slower than the relaxations associated with shear viscosity. In this way we show that 

the shear viscous response is most closely associated with changes in water network connectivity, 

while the bulk viscous response is associated with local density fluctuations. 

4.2 Introduction  

Water is perhaps the most important and intriguing molecule in the human experience. 

Important because of its ubiquitous presence in daily life, its role as solvent and reagent in biology 

and industrial applications, and as a vital environmental resource. Intriguing because of the 

complex way that structure and hydrogen bonding (HB) combine to produce a rich phase 

diagram[1, 2] and anomalous physical properties[3-5] (especially near surfaces). We call the 

properties of water anomalous because models and theoretical frameworks[3, 6-9] which exist 

to predict local structure, dynamics, macroscopic transport and thermodynamic properties for 

monoatomic liquids[10-14] and Lennard-Jones fluids[15-18], struggle to predict properties of 

water accurately. This is due to the local ordering of the molecules and dynamical complexity 

introduced by electrostatic and HB interactions, including vibrational, rotational, and 

translational components[19, 20] of molecular motions, along with the kinetics of the HB 

itself[19].  

Viscosity is a property of water describing resistance to flow, and it emerges directly from the 

propensity of the molecules to move and reorganize the local structure on the molecular scale. 

On the human scale a relationship can be expressed quantitatively as a pair of coefficients 

relating stress to the rate of strain in the generalized form of Newton’s law of viscosity[21]:   
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                                               σ𝑖𝑗 = μ(
∂v𝑗

∂x𝑖
+

∂v𝑖

𝜕𝑥𝑗
) + (

2

3
𝜇 − 𝜁)(

∂v𝑥

𝜕𝑥𝑥
+

∂v𝑦

𝜕𝑥𝑦
+

∂v𝑧

𝜕𝑥𝑧
)δ𝑖𝑗                           (4.1) 

Here, σij is the stress tensor, and vij is the velocity tensor, both which are a function of the 

Cartesian coordinates x, y, and z. δij is the unit tensor. The two coefficients, μ and 𝜁, are the shear 

viscosity and bulk viscosity respectively. The bulk viscosity is alternately referred to as the volume 

viscosity or dilatational viscosity; reflecting the viscous resistance to volume change.    

The notion that a characteristic internal (molecular) relaxation time determines the viscosity of 

a liquid is quite old. Maxwell[22] proposed the concept, recognizing a fundamental molecular 

relaxation time, τM, emerges as the ratio of shear viscosity, μ, to infinite shear modulus, G∞. This 

relationship distinguishes the timescales at which the mechanical response of a liquid will be 

solid-like (τ<τM) or liquid-like (τ>τM). As nicely articulated in a recent review[23] of dynamics in 

liquids; the molecular scale origin of shear viscosity emerges from the timescale of the shear 

stress correlations within the liquid. This Maxwell relaxation time, τM, can be expressed using the 

Green-Kubo approach within the fluctuation-dissipation theorem[24, 25], formulated as; 

                                                                  𝜏𝑀 = ∫
〈𝜎𝑥𝑦(0) 𝜎𝑥𝑦(𝑡)〉

〈(𝜎𝑥𝑦(0))2〉
𝑑𝑡

∞

0
                                             (4.2) 

where σxy(t) is the shear stress at time, t. This macroscopic conceptualization over generic volume 

V, can in turn be connected to the molecular scale via the relation; 

                                                                    𝑉𝜎𝑥𝑦 = ∑ Ω𝑖𝜎𝑥𝑦(𝑘)𝑖                                                            (4.3) 

where V is the macroscopic volume, Ωi is the molecular volume, and σxy(k) is the shear stress of 

the kth molecule.  
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In this way, the molecular shear stress is connected to the local molecular configuration[26], and 

we can conceive that molecular rearrangements reset local correlations in the shear stress.  

Borrowing the approach for the shear viscosity, Hall [27] uses the ratio of ζ to the bulk modulus, 

K, to yield a relaxation time, τB, of the bulk viscous response. This timescale is obtained 

experimentally here using Brillouin scattering to establish the timescale of fundamental bulk 

viscosity relaxation time at 1–2 ps. Inelastic neutron scattering measurements show the motions 

of water and heavy water at the molecular length scale and the nanosecond to picosecond 

timescale. The individual molecular motions seen via incoherent scattering of H2O are well-

described as a coupled translation/rotation mechanism; the rotational component of which also 

is observed around 2 ps. Coherent scattering of D2O reveals an ∼2 ps timescale associated with 

the lifetime of the intermolecular correlations comprising the first sharp diffraction peak. The 

coincidence of timescales suggests a mechanistic description of coordinated rotational motions 

allowing structural reorganization as the equilibrium motions responsible for bulk viscosity in 

liquid water. 

4.3 Results and Discussion  

Both the local molecular configuration and the lifetime of local molecular correlations[11] are 

experimentally accessible using scattering methods. Here, neutron scattering measurements are 

made to obtain the average molecular structure and dynamics of water/heavy water on length 

scales from approximately 3 Å to 3 nm and timescales from the nanosecond to sub-picosecond 

time range. A schematic depiction of the local structure of water is shown in Figure 4.1, noting 

the approximate atomic distances to near neighbor molecules of liquid water[28-32]. This 

descriptions of the average structure of the fluctuating tetrahedral network in liquid water can  
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Figure 4.1 Schematic description of the local structure of water. 

 (a) X-ray (XRD)[29] and neutron (ND) diffraction data from liquid water (X-ray at 25℃, ND at 23℃). (b) 

Pair distribution functions for atoms pairs in H for liquid water at 25℃ from Soper and Williams[31]. (c) 

Scattering data has contributed to the structural understanding of liquid water, shown here with 

approximate atomic pair distances annotated[28-32], ROOa denotes O-O spacing within the first 

neighboring shell, while rOOb denotes the second shell.  

be experimentally obtained at the molecular/atomic scale using scattering methods. The early X-

ray studies of Bernal[28] provide a surprisingly accurate understanding of the molecular spacing 

and tetrahedral organization of water molecules within the liquid. This understanding has been 

significantly refined using neutron diffraction[30-32] which adds detail about hydrogen positions 

explicitly, as neutrons scatter strongly from both hydrogen (deuterium) and oxygen[33], while X-

rays scatter predominately from oxygen. In Figure 4.1, the static structure factor (the 

experimental quantity we obtain from elastic scattering experiments) of water/D2O at 300K from 

both neutron and X-ray scattering is shown (X-ray data from Hura et al.[29]), in addition to pair 

distribution functions extracted from scattering measurements from the literature[31]. 

This structural picture is relevant in order to define which atomic/molecular correlations 

contribute to the coherent inelastic neutron scattering in our experimental window. This is 
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defined by the scattering wave vector, q, between 0.2 to 2.0 Å-1; and specifically around the q-

range of first sharp diffraction peak of D2O, q<1.3 Å-1.  This equates to real space distances less 

than ~4.5 Å, corresponding to d < 2π/q, and greater than ~3 Å, as defined by our instrumental 

constrains of q<2.0 Å-1. Within this range there are relevant pair-distances of all atom pairs; O-O 

correlations ~2.8 Å, and second shell correlations around 4.2 Å, D-D correlations ~4 Å, and O-D 

correlations ~3.5 Å. Note, many of the smallest correlations such as the O-D spacing of the 

hydrogen (deuterium) bond at ~1.8 Å are outside of the range of the q-range of the inelastic 

measurements presented here. This also illustrates a key difference with respect to X-ray 

measurements which reflect only the O-O correlations between neighboring molecules; indeed, 

this is why the shape of the first sharp diffraction peak in Figure 4.1 differs between the two 

methods. 

The molecular scale relaxations of water have been studied extensively by simulation[7, 19, 34] 

and experimental techniques such as: infrared spectroscopy[35-37], terahertz spectroscopy[38], 

optical Kerr-effect spectroscopy[39], X-ray scattering[40], and neutron scattering[20]. Each 

technique has specific advantages and distinct time and length scales associated with the 

measurement; with inelastic neutron scattering perhaps the most powerful of these methods 

over the sub nanometer length-scale and nanosecond to sub-picosecond time-scale. Beyond the 

length-scale resolved spectroscopic description of the molecular motions; the inelastic neutron 

scattering technique can probe both the self-motion of hydrogen atoms within water, as well as 

resolving the atomic pair lifetimes associated with the water network; depending upon the 

isotopic variants of water used[33]. Hydrogen, 1H (or simply H), has a large incoherent scattering 

cross-section. This means that we observe predominately incoherent inelastic neutron scattering 
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from H2O, reflecting the motions of individual hydrogen atoms and the associated length scale of 

motion. Whereas 2H (or D) has a small incoherent cross-section and larger coherent cross-section, 

meaning that scattering from D2O primarily reflects the lifetime of spatial correlations between 

nearby atoms. 

The inelastic neutron scattering spectra of H2O and D2O were measured at 280 K, 290 K and 300 

K. In this case, we obtain a dynamic range of up to three decades in frequency, ~1 GHz to greater 

than 1,000 GHz, for probe lengths ranging from ~3 Å to 3 nm (q from 0.2 Å-1 to 2 Å-1). The stitched 

inelastic neutron scattering spectra of H2O and D2O at 300 K are shown in Figure 4.2as a function 

of q and υ. The observed quantity from these experiments is the dynamic structure factor S(q,E), 

where E is energy transfer, and q is the scattering wave vector. The energy axis is converted to 

angular frequency, ν, and S(q,E) transformed into the susceptibility formalism, χ’’(q,υ), as 

described in the methods and seen in Figure 4.2. This formalism is advantageous for several 

reasons, such as the emphasis of the inelastic/quasielastic regions of the spectra and the fact 

that well-separated dynamical processes appear as distinct maxima.  

The scattering spectra of H2O in this frequency/probe length range is dominated by the 

incoherent contribution, meaning that these spectra reflect the distribution of times needed for 

individual 1H atoms to move a defined distance relative to their initial position. A strong q-

dependence is observed in the main feature of the scattering; with the peak maxima trending to 

higher frequency with increasing q (or shorter distances). The inelastic spectra of D2O differ from 

that of H2O based on a simple visual inspection of the scattering data in Figure 4.2, with the 

strongest spectral feature emerging around 100 GHz only for the larger values of q, closely 

following that of the static structure factor. This is consistent with the notion that the scattering 
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observed from D2O is primarily coherent scattering reflecting the distribution of atom pair 

lifetimes, with a minor incoherent contribution superimposed that parallels the dynamic of H2O. 

This incoherent contribution is also apparent as a weak, q-dependent, feature visible only at low 

q. A direct comparison of the spectra of H2O and D2O at a common q value highlights these 

differences in Figure 4.2. At low q (q = 0.7 Å-1 for instance), there is a clear parallel between the 

incoherent feature in H2O and the weak incoherent feature observed in D2O. Noting the feature 

for D2O appears at lower frequency in agreement with the lower self-diffusion coefficients of 

D2O[41].  

A quantitative description of the molecular motions has been obtained from modeling these 

spectra. Beginning with H2O, a description can be obtained using three distinct contributions[20]; 

a Debye function to represent the translational motions (analogous to a Lorentzian distribution 

in the intensity formalism), another Debye function to represent the rotational motions, and a 

damped harmonic oscillator (DHO) to account for the intermolecular collective modes of H-bond 

bending motions at ~1500 GHz[42-44]. The DHO is given by the relation: 

                                           𝜒𝐷𝐻𝑂
′′ = ℐ𝓂{Δ𝐷𝐻𝑂𝜔0

2[𝜔2 − 𝜔0
2 − iωΓ]−1}                                                         (4.4) 

where ω0 is the position, Γ is the width, and Δ𝐷𝐻𝑂 is the amplitude.  

 



92 
 

 

Figure 4.2 Inelastic neutron scattering spectra of H2O and D2O at 290 K.  

Spectra of (a) H2O and (c) D2O for a range of q-values. (a) Illustrates the strong q-dependence of the 

incoherent scattering feature; while (d) demonstrates the q-independence of the coherent scattering 

feature with a maximum intensity at the length scale of the first sharp diffraction peak. (b) and (d) show 

the temperature dependence of the scattering, with the peak positions shifting to higher frequency with 

increasing temperature. (e) directly compares H2O and D2O spectra at various q-values.  

  

The results of this data treatment, shown in Figure 4.3 , produce a close agreement with 

literature[20]; with the translational relaxation times, τT,, decreasing with a near q2 dependence 

in agreement with a jump diffusion motions and the rotational relaxation  times, τR, not changing 

greatly with q. The relative amplitudes of these two contributions are inversely related, with the 

translational contribution dominant at longer length scales (low-q) and the rotational 

contribution dominating at shorter length scales (high-q). The observed rotational relaxation 

time at q=1.9 Å-1 was found to vary from 1-2 ps over the range of 280K-303K; while the 

translational motions occurring on this length scale were somewhat slower and varied from ~2-

5 ps in temperature, both in good agreement with prior work[20].  
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Figure 4.3 Fitting of the predominantly inelastic neutron scattering spectra from H2O. 

 (a) A two-Debye model was used with the inclusion of a damped harmonic oscillator to account for the 

vibrational modes at high frequency. This treatment is a frequency domain analog to that performed by 

Teixeira and co-workers[45] and yielded comparable results. (b) Relaxation times for the two Debye 

functions corresponding to translational τT and rotational τR motions. (c) The relative amplitudes of the 

two Debye functions. Note the translational contribution dominates the amplitude of the scattering at 

low-q and the rotational component is larger at high q. 

 

The preceding data treatment decomposes water dynamics into pure translational and rotational 

motions for the purpose of simplifying the nature of the motions. Moreover, this treatment 

seems to imply a decoupling which is not the complete picture of water motions[34]. Translation 

and rotation are actually coupled over the length scales probed in this experiment, weakly at low 

q (≤1 Å-1) and strongly at high q (>1Å-1)[46]. The extended jump model for water reorientation 

proposed by Laage and Hynes[34] suggests a picture of this coupled local reorientation occurring 

on the order of 4 ps, via a concerted mechanism with a water molecule breaking its hydrogen 

bond with an over-coordinated first shell neighbor, and forming a new hydrogen bond with an 

uncoordinated water molecule in the second shell; undergoing a rapid ~60° angular rotation and 
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changing the distance between the initial oxygen-oxygen pair from ~2.8 Å in the first shell to ~4.2 

Å in the second shell.  

Indeed, it is sometimes convenient in this experimental window to treat H2O inelastic spectra 

using a single Cole-Davidson (CD) function, 𝜒𝐶𝐷
′′ = −ℐ𝓂{Δ𝐶𝐷[1 + i𝜔𝜏𝐶𝐷]

−𝛽}, to represent the 

coupled translational and rotational dynamics in this range. The relevant terms in this fitting 

include a stretching exponent β (0.7 used), Δ𝐶𝐷 being the amplitude and 𝜏𝐶𝐷 being the relaxation 

time. The consistency of this approach is illustrated in Perticaroli et al.[47], with  𝜏𝐶𝐷 transitioning 

smoothly between the time reported in the decoupled model, and the amplitude of the coupled 

feature closely resembling the sum of the decoupled components. The approach is especially 

useful to simplify the treatment of two separate water populations (bulk and interfacial) when it 

is practical to replicate the incoherent contribution of water dynamics via a single functional 

form; such as bulk and hydration in analyses of water in the presence of solutes or surfaces[47-

49]. Another useful approach to the fitting of the water spectra is the relaxing cage model [50-

52] which has proven valuable to some investigators seeking to understand structural dynamics 

of water from the perspective of mode coupling theory or within a continuous random walk 

model[50]. This approach is used in the treatment and separation of the bulk and hydration water 

in Polyethylene glycol hydrogels in the next chapter. 

To quantify the timescale of the observed scattering for D2O – physically the superposition of 

atom pair lifetimes at the length scale of the scattering wave vector – a fitting procedure was 

used where the coherent scattering is represented as an additional Debye function, with the 

vibrational motions at high frequency again represented with a DHO, and the incoherent 

contribution represented by two Debye functions as seen in the case of H2O. The two incoherent 
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contributions are clearly minor contributions at high q and can be constrained in the fitting 

process by fixing the respective time constants based on the observations from H2O and the 

observed diffusion constants in literature[53]; as well as fixing the amplitude of the incoherent 

contributions at high q based upon observed amplitude of the incoherent translational feature 

at low q in D2O where the incoherent feature is apparent and can be scaled to that observed for 

H2O. 

The amplitude of the observed coherent feature emerges in line with the first sharp diffraction 

peak at q > 1.3 Å−1, corresponding to real space atomic correlations of 2.5 to 4.2 Å. There is a 

clear amplitude agreement with the static structure factor, confirming the coherent nature of 

the observed feature. The observed time scale at which these correlations are broken varied 

between ∼1 and ∼2 ps over the 280 K to 303 K temperature range, very much in line with what 

could be expected by obtaining the peak maximum. The observed timeframe agrees with the 

slower mode reported by Iwashita et al.[40] using inelastic X-ray scattering on H2O and was 

assigned to the local molecular rearrangements between the second shell oxygen atoms. Here, 

the large coherent scattering length of both deuterium and oxygen mean that the correlations 

observed in this study include D–D and O–D, in addition to O–O. Despite of well-known 

differences in the structure and hydrogen/deuterium bond between H2O and D2O [54], the 

observation of a coincidence in approximate timescales for the molecular rotation of water, and 

the disruption of local structure seen in the first sharp diffraction peak of D2O clearly identifies 

the 1–2 ps timeframe as relevant to the structural relaxation controlling bulk viscosity. 
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Figure 4.4 Fitting of the inelastic neutron scattering spectra from D2O.  

(a) The fit is comprised of two Debye functions representing the incoherent scattering (shown together in 

grey), an additional Debye function representing coherent inelastic scattering, and a DHO representing 

the vibrational component. (b) The average relaxation time from the coherent contribution was observed 

at ∼2 ps. (c) The amplitude of the coherent component (cyan square) clearly follows the static structure 

factor of D2O, supporting the notion that this feature is coherent in origin – reflecting the average lifetime 

of correlations making up this structural feature; namely, O–O, D–O, and D–D correlations noted in Figure 

4.1. 

 

Both the bulk viscosity, 𝜁, and the bulk modulus, K, can be obtained experimentally from Brillouin 

scattering[55]. Brillouin scattering is an inelastic light scattering technique which can be used to 

probe sound waves propagating in a medium. The observed spectra, Figure 4.5(a-d), were 

collected as observed intensity, IB(ν), as a function of frequency, ν. The longitudinal mode 

apparent in the observed spectra can be modelled using a damped harmonic oscillator model, 

(DHO)[55, 56]: 

 

                                                               𝐼𝐵(𝜈) = 𝐴
Γ𝐿Ω𝐿

(𝜈2+Ω2)2+(Γ𝐿𝜈)2
+ 𝑦0                                              (4.5) 
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where ΩL is the oscillator frequency and ΓL is the full width at half-maximum of the spectral 

feature. A and y0 are the amplitude and background. The spectra are collected on both the Stokes 

and anti-Stokes regions but have been fitted only on the Stokes side. The fit parameters, ΩL and 

ΓL are used to obtain the longitudinal sound velocity, cL, the bulk viscosity, 𝜁, and the bulk 

modulus, K. In the backscattering geometry, the sound velocity can be calculated as: 

                                                                        𝑐𝐿 =
Ω𝐿𝜆

2𝑛
,                                                                         (4.6) 

 

where λ is the incident wavelength and n is the refractive index. The bulk modulus, K, can be 

calculated using the calculated cL, the constant volume and constant pressure heat capacities, CV 

and CP, and the density, , using:  

                                                                        𝐾 = 𝑐𝐿
2𝜌

𝐶𝑉

𝐶𝑃 
,                                               (4.7)  

 

The bulk viscosity is obtained from the damping of the longitudinal mode observed here as the 

linewidth. For the case of H2O and D2O in the temperature range considered here, the ratio of 

constant volume to constant pressure specific heat is close to unity, so contributions from 

thermal conductivity can be neglected, resulting in the simplified relation: 

                                                                     𝜁 =
𝜌𝑐𝐿

2Γ𝐿

4𝜋2Ω𝑏
2 −

4 

3
𝜇,                                                        (4.8) 

 

The relevant time scale for the molecular motions governing the bulk viscosity of water can now 

be estimated using the relation 𝜁/K = τB.  All calculated parameters have been summarized in  
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Figure 4.5 Brillouin scattering measurements can be used to measure the longitudinal sound velocity, cL, 

bulk modulus, K, bulk viscosity, 𝜁, and associated relaxation time, τB. 

 (a) Representative spectrum from H2O showing the symmetric Stokes and anti-Stokes features. (b) The 

spectra can be described as a damped harmonic oscillator (DHO), extracting the oscillator frequency and 

the full-width at the half-maximum of the feature. (c) and (d) show the temperature dependences of the 

spectra for both H2O and D2O. (e) Computed properties obtained as a function of temperature, identifying 

the relevant timescale of molecular relaxation for bulk viscosity.  

Figure 4.5 as a function of temperature. The sound velocity is seen to increase with temperature, 

and as expected for both H2O and D2O; the bulk modulus goes through a maximum above the 

temperature range considered here. The resulting time scales of molecular relaxation are found 

on the order of ∼1 to 2 ps, significantly slower than the motions governing the shear behavior of 

water as seen recently by Iwashita et al.[40] That study investigated the timeframe of local 

molecular rearrangements in water using a real-space analysis to extract the van Hove [57] 

function from inelastic X-ray scattering experiments. This allowed the authors to follow the time 

and space correlations of the oxygen atoms, showing the loss of correlation between oxygen 
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atoms of neighboring molecules. The observations seem to identify a distinct decay time for the 

correlations of the neighboring oxygen atoms; providing a dynamical time scale comparable to 

the predicted Maxwell relaxation time from shear viscosity for liquid water below the viscosity 

crossover temperature ∼60 °C, [23] in potential agreement with ultrafast spectroscopy [37] 

The dynamic hydrogen bond network in water constantly changes connectivity in a complex 

dance of this attractive interaction and rapid molecular motions. The breaking of a single 

hydrogen bond is associated with local reorientations of water molecules on the sub-picosecond 

timescale [19], which appear to provide sufficient molecular flexibility to relieve the molecular 

scale shear stress within the network. Moreover, the rapid motions associated with shear 

viscosity are consistent with the translational jump timescale predicted from a jump diffusional 

model [40, 45, 58]. This makes a logical and expected connection of translational diffusion and 

shear viscosity. 

Alternately referred to as the volume viscosity or dilatational viscosity; the bulk viscosity 

describes the viscous resistance to volume change. It is reasonable then to consider that the 

timescale of microscopic density fluctuations within the material will be relevant. Indeed, 

coherent neutron scattering observations of D2O at the length scale of the first sharp diffraction 

peak reflect a weighted average lifetime of the correlations contributing to the structural peak, 

providing an experimental description of the lifetime of microscopic density fluctuations at 1–2 

ps, coinciding closely with the bulk modulus relaxation time. 

The further coincidence of rotational dynamics of water identifies a timescale of molecular 

motions as well. As we have emphasized earlier, the assumption of pure rotational dynamics 
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made in this analysis is based on a common[59] and classical approach[45] of analytical simplicity 

and does not reflect recent development such as the extended jump model for water 

reorientation proposed by Laage and Hynes[34]. As noted above, a more generic localized motion 

within a cage, or local energy basin, is a common alternate interpretation of the observed proton 

motions in incoherent inelastic neutron scattering. This concept is extensively developed by 

Qvist, Schober and Halle[50] and leads into a number of recent analyses of water properties[52]. 

The reader should be clear that many more models of water dynamics are proposed than are 

discussed here, however. Regardless of any existing debate about the exact nature of these 

motions, it is clear that protons in water are moving in a highly localized (<1 Å) fashion on the 

timescale of 1–2 ps, and that these motions coincide with the bulk viscous response. 

4.4 Conclusion 

As can be seen in Figure 4.6 , the timescale observed for bulk viscosity, on the order of 1–2 ps, 

compares favorably to the structural reorganization occurring on the order of 1–2 ps in D2O at 

temperatures ranging from 280 K to 303 K. The approach of Hall [27] to the calculation of a 

Maxwell time for bulk viscosity predicts a timescale for molecular rotations or localized motions 

to act as density fluctuations which permit a reset of the local volume to conform to the local 

pressure. This is in parallel to shear viscosity, where the molecular configurations reset the local 

stress tensor. The first sharp diffraction peak reflects a collection of atomic correlations resulting 

from the local molecular spacing, and it is logical that the lifetime of the correlations is intimately 

connected to the bulk viscous response. The rotation of the water molecule can be understood 

to disrupt many of the atomic correlations within liquid water. Specifically, considering those just  

 



101 
 

 

Figure 4.6 Comparison of rheological timescales for bulk and shear viscosity.  

Here, τcoh and τB are reported for D2O while τM and τLC are reported from Iwashita et al.[40] for H2O. This 

figure illustrates that rapid fluctuations on the sub-picosecond timescale are sufficient to relieve local 

shear stress, whilst slower motions related to water rotation control reset structure on the order of the 

first sharp diffraction peak and limit the viscous response to local volume changes. 

noted as comprising the first sharp diffraction peak for neutrons. O–H, O–O, and H–H atom pairs 

in Figure 4.1. All would all disrupted by a 60 degree rotation of the water molecule, consistent 

with the mechanism of rotation and coincident with the timescale identified as resetting of the 

local volume. The implications of this work are twofold. Firstly, I have illustrated the fundamental 

molecular timescale of bulk viscosity in liquid water and correlating it to a specific molecular 

spacing and relaxation using light and neutron scattering methods. The results illustrate a 

connection between rotational motions on the length scale of the first sharp diffraction peak for 

neutrons; and the viscous response to rapid volume changes. Secondly, I show that the motions 
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associated with the bulk viscous response occur two to three times slower than those associated 

with the shear viscous response; with the connectivity of the fluctuating hydrogen bond network 

varying faster than the local density fluctuations. 

4.5 Methods 

Neutron diffraction measurements were conducted at the Nanoscale Ordered Materials 

Diffractometer (NOMAD)[60] at the Spallation Neutron Source, Oak Ridge National Laboratory. 

D2O was measured in a 2.5 mm quartz capillary tube 30°C. Diffraction spectra were obtained in 

the q range from 0.2 to 50 Å-1. Data were normalized against a solid V rod, and the capillary 

background was subtracted. Data from all detector banks were combined to improve the 

counting statistics in the low q region.  

The inelastic neutron scattering spectra of H2O and D2O were measured at 280 K, 290 K and 300 

K, using two spectrometers, BASIS[61] and CNCS[62] at the Spallation Neutron Source, Oak Ridge 

National Laboratory, Tennessee, USA. The energy axis is converted to angular frequency, ν. These 

spectrometers were utilized in a configuration which results in an overlapping q-ν range, allowing 

the datasets to be combined. The observed spectra were first processed into slices along the 

energy axis, binning the data at defined q-values common to both instruments, and then 

transformed into the susceptibility formalism, χ’’(q,υ), as seen in Figure 4.2, according to the 

relation: 

 

                                                              𝜒′′(𝑞, 𝜈) ∝ 𝑆(𝑞, 𝜈)/𝑛𝐵(𝜈)                                                          (4.9) 

where S(q,ν) is the measured dynamic structure factor and: 
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                                                             𝑛𝐵(𝜈) = [exp(ℎ𝜈 𝑘𝑇⁄ ) − 1]−1                                           (4.10) 

 

is the Bose occupation number[63].  This formalism is advantageous for several reasons, such as 

the emphasis of the inelastic/quasielastic regions of the spectra and the fact that well-separated 

dynamical processes appear as distinct maxima. The later point facilitates the stitching of neutron 

data from different spectrometers at common q-values to achieve a larger dynamic range than 

possible from a single spectrometer. In this case, we obtain a dynamic range of up to three 

decades in frequency, ~1 GHz to greater than 1,000 GHz, for probe lengths ranging from ~3 Å to 

3 nm (q from 0.2 Å-1 to 2 Å-1).  

Brillouin scattering measurements were performed in a polarized, backscattering configuration 

using a Sandercock tandem Fabry-Perot interferometer with a 532 nm single-mode solid state 

laser. A 6mm mirror separation was used, giving a free spectral range of 24 GHz.  300 μL samples 

of H2O and D2O were sealed and placed in a Linkam temperature control cell. The samples were 

allowed to equilibrate for a minimum of 30 minutes at each temperature prior to measurement. 

Spectra were collected over approximately 60 minutes. 
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Chapter 5 : Origin of Apparent Viscosity Effects 

and Nonergodicity in PEG Hydrogels 

 

5.1 Abstract  

Polyethylene glycol (PEG) hydrogels are a flexible class of materials with diverse applications 

across the chemical, biomedical and consumer products communities. PEG hydrogels are able 

meet the demands of these many applications by tuning material properties through basic 

parameters such as volume fraction, cross-linking density, polymerization conditions or choice of 

molecular weight; along with more complex strategies such as co-polymerization and 

compositing.  Of the many varieties of PEG hydrogel, those formed from multi-arm PEG 

prepolymers are especially useful for detailed study, due to their homogeneous structures and 

defined molecular weight between cross-links. In this work, we have investigated the structure 

and molecular motions of a series of 4-arm/8-arm PEG hydrogels as a function of volume fraction. 

Using neutron scattering methods, supported with molecular dynamics simulation and swelling 

studies, we describe the non-ergodicity of the hydrogel network and its hydrodynamic 

environment. Small angle neutron scattering shows changes in the average network structure 

and local polymer conformation as a function of polymer volume fraction, while neutron spin 

echo measurements show uniform polymer motions as a function of volume fraction matching 

the predictions of the Zimm model. Incoherent inelastic neutron scattering was then used to 

measure the dynamical changes in water within the hydrogel. A population of dynamically 

perturbed water was identified, amounting to 8 to 9 water molecules per PEG monomer. This 

water population was found to have sub-diffusive dynamics with a decreased self-diffusion 

coefficient of around two times relative to neat water. This follows closely the increase in specific 
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viscosity extracted from observations of the polymer chain motions, which was also 

approximately two times that of neat water. This indicates a close coupling of the sub-diffusive 

water dynamics and picosecond to hundreds of nanoseconds Zimm dynamics of the polymer 

chain at all measured volume fractions, while the observed polymer chain conformations show 

differences in persistence length as a function of volume fraction. The implication of this non-

ergodicity is that approximations of chain flexibility from polymer confirmation may not be 

appropriate in hydrogel materials where the polymer chain itself is not under tension.  

5.2 Introduction 

The mechanical properties of hydrogels depend largely on their water content which is the main 

component of the system. Water molecules which are interacting with the solute will experience 

a thermodynamic effect by the solute [1], which can range from complete immobilization of water 

molecules on the solute to perturbation of the translational and/or the rotational motions of 

water by the solute. Therefore, hydrogels will contain two types of water bound or hydration 

water and a free or bulk neat water. The water activity which can be thought as the amount of 

water available for hydration which will decrease with increasing concentration and therefore 

water activity too[2]. This is another way of looking at the two populations but this time in terms 

of different water activity with a reduced one in the hydration population or in terms of osmotic 

pressure with a lower one in the bulk population[3].  

In this project I am using neutron scattering techniques to study the dynamics of water molecules 

in Polyethylene Glycol (PEG) hydrogels and observe the effect of polymer concentration on the 

dynamics of water and the corresponding local viscosity changes due to such perturbation. The 

chemistry and biological applications of PEG hydrogels have been the subject of increase interest 
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in both academics and industry. One of the most focused applications is the use of PEG hydrogels 

in cell encapsulation, drug delivery and wound covering [4] [5] [6] [7]. Due to the availability of 

PEG in different multifunctional derivatives it is used to form cross-linked PEG hydrogels [8]. The 

suitability and performance of such hydrogels depend on their bulk structure [9]. This chemically 

cross linked polymer chains swell in a certain specific way and conclude its final bulk structure 

[10]. This swelling process is defined by the polymer-water interaction which is the heart theory 

in explaining the physical properties of hydrogels [11]. Competing interactions which resist, or 

favor swelling will be the decider of the final swelling amount of the hydrogel. The swelling driving 

force is the gain in entropy by mixing the polymer and the solvent while the swelling resistant is 

the loss of entropy in network chains as they are stretched. This is very well presented by Flory-

Huggins model for mixing and the rubber elasticity theory for the entropic stretching component 

[12, 13]. The total free energy of the gel is determined by the amount of water entering the gel 

and is minimized by the competing entropic changed mentioned above and equilibrium is 

achieved when the chemical potential is same as outside the gel.  

For the purpose of describing the perturbation of water in the system, two parameters are 

typically used; the extent of the perturbation is defined by the hydration number NH in terms of 

the water molecules in the hydration population or surrounding the polymer chains and have 

perturbed dynamics. While the retardation factor 𝑅𝐻 quantifies the magnitude of perturbation 

as the ration of the characteristic relaxation times of the hydration water (𝜏𝐻) relative to the bulk 

(𝜏) [14].  

Neutron Scattering (NS) spectroscopy is an powerful two-dimensional technique used here to 

resolve the atomic correlations and motions in both time and space domains. with suitable 
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accessible length scales from Angstroms to nanometers; with broad dynamics ranges from 

hundreds of nanoseconds to femtoseconds that can be accessed by accessing different energy 

windows from different instruments and combing them. Moreover, The isotopic sensitivity of 

neutrons to hydrogen is a powerful tool [15]– with hydrogen (1H) possessing a high incoherent 

scattering cross section and small negative coherent scattering length; compared to deuterium 

(2H) which has a small incoherent cross section and a large positive coherent scattering length. 

The way that these scattering properties manifest into scattering experiments differs by the type 

of neutron scattering measurements being performed, in this project it is used to distinguish the 

dynamics of the solvent (diffusion, rotation, collective motions and other interatomic 

interactions) from those of the polymer chains in the hydrogel. There are several varieties of 

neutron scattering thar are utilized: small angle neutron scattering (SANS), neutron diffraction 

(ND), quasielastic neutron scattering (QENS), and neutron spin echo spectroscopy (NSE).  

In this work I study the effect of water dynamics on the properties of PEG hydrogels. A range of 

concentration in the semi dilute region of the system is used. 

Neutron scattering allowed us to access the perturbation in the hydration or bound population in 

each gel with an estimate of the water molecules perturbed. Around 8 to 9 water molecules were 

perturbed per monomer of PEG and the retardation factor was around two for all the gels. This 

shows that the factor by which the water molecules are perturbed is independent on the 

concentration, but the amount of water molecules perturbed increases with increasing 

concentration. Also, it was found that the perturbed water follows exactly the polymer dynamics 

at high q values which represents the closest water molecules to the polymer surface. Also, the 

bulk structure of the hydrogels was dependent on concentration this is due to the increased 
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resistance to swelling via the entropic equilibrium which will reduce the amount of swelling when 

concentration is increased. Structural measurement via SANS showed that the mesh size which is 

the length between cross-links decreases with increasing concentration which explains the 

swelling and structure of each gel. The gels also showed different persistence lengths which 

reflects into different flexibility and end-to-end distance between cross-links.  The dynamics of 

the protein were shown to be not altered in this concentration range which confirms that water 

is the main key in explaining the difference in macroscopic properties of hydrogels, those 

dynamics were perfectly explained by the Zimm polymer dynamics. The amount of perturbed 

water molecules per monomer of PEG was independent on the concentration but obviously there 

will be more water molecules perturbed in the system overall. Moreover, the retardation factor 

was found to be independent on length scale of the observation which was not the case in a 

previous study on green fluorescent protein (GFP) where it was strongly dependent with an 

increasing 𝑅𝐻 as a function of probe length. This is due to the obvious differences in the topology 

between the protein and the cross-linked polymers of PEG. In proteins topological disorders of 

the biomolecule surface plays an important role in the different dynamics of water [16] [17]. Also, 

the water molecules in the hydration population near the polymer chains were found to behave 

sub diffusive ( 𝜏𝐻 ∝ 𝑞−2.25 ~ 𝜏𝐻 ∝ 𝑞−2.45 ) compared to diffusive motions of bulk water 𝜏 ∝

𝑞−2.0. where q is the scattering wave vector.  

5.3 Gels Preparation and Swelling Experiment 

The PEG gels are synthesized and generated using a photo-initiated Thiol-ene click reaction. The 

monomer 4 Arm-PEG-SH (MW:20 KDa) was purchased from Laysan Bio and cross-linked with an 

8 Arm PEG Norbornene (MW 20 KDa) purchased from JenKem Technology USA and all other 
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materials used in the synthesis were purchased from Sigma-Aldrich. Five different hydrogels were 

made by weighing out dry monomer precursors in a 1.67:1 functional group ratio standing for 

thiol: alkene and then adding appropriate deionized water and a solution of the photo-initiator 

Lithium phenyl-2,3,4, -trimethylbenzoylphosphinate (LAP). The final concentration of LAP in the 

precursor solution needs to be around 0.05% w/v. For each individual solution the solution was 

thoroughly mixed using a vortex mixer until a clear solution is achieved. For the purpose of 

swelling studies 200 micro liters were placed on a customized molds with a Teflon sheet base. 

Three gels were prepared for each polymer volume fraction at preparation 𝜙0. The solution was 

then cross-linked in a UV Crosslinker from fisher scientific (Model 13-245-221) with an energy of 

12000 joules for 20 minutes. After cross-linking the gels were transferred into tubes containing 

5ml of PBS solution and allowed to swell for 24 hours. The gels were weighed after tapping it with 

weighing paper to remove any remaining buffer. The gels were then transferred to deionized 

water to swell for 72 hours with the solution being changed every 12 hours in order to remove 

excess salt from the hydrogels and ensure complete exchange of solvent. The hydrogels were then 

weighed after gentle dry with a weighing paper. The hydrogels were then frozen and lyophilized 

in order to determine the dry weight of the gels. The gel preparation experiment was all done at 

night in complete dark. It is important to note that the cross-linking density is not changed in the 

gels used here. Figure 5.1 Shows the chemistry of the polymers used in preparation of the crossed-

polymer network. 

The mass swelling ratio 𝑄𝑀 is defined as [18, 19]: 

                                                                                𝑄𝑀 = 
𝑀𝑆

𝑀𝐷
                                                                                  (5.1)                                           
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where 𝑀𝐷 is the dry unswollen polymer mass and  𝑀𝑆 is the hydrogel mass at equilibrium swelling 

(determined by continuing the swelling period until ensuring no increase in mass was observed). 

The mass swelling ratio was converted to volume swelling ratio 𝑄𝑉  via [19] : 

                                                                             𝑄𝑉 = 1 + 
𝜌𝑝

𝜌𝑠
(𝑄𝑀 − 1)                                                             (5.2)          

       where 𝜌𝑝= 1.12 g cm-3 for PEG and the solvent density 𝜌𝑠  is 1 g cm-3 for water and 1.02 g cm-3 

for PBS. Finally the polymer volume fraction after swelling was calculated as [20]: 

                                                                       𝜙 =  
1

𝑄𝑉
                                                                                                      (5.3) 

 

With those parameters estimated the longitudinal  modulus was calculated according to the 

following model [21] [22] [23]: 

                                              𝑀𝑜𝑠 =
𝑅𝑇𝜙 2

𝑉1
(

1

1−𝜙
− 2𝜒) + 𝑣𝑒𝑅𝑇 [

1

2
(
𝜙

𝜙0
) + (

𝜙

𝜙0
)

1

3
]                                             (5.4)                                           
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Figure 5.1 Chemistry of the multi-arm PEG network. A). 8 arm Polyethylene glycol Norbornene. B) 4 arm 

Polyethylene glycol thiol. C) The cross-linked network.  

where 𝜙 and 𝜙0 are the polymer volume fraction after and before swelling respectively, 𝑉1 is the 

solvent’s molar volume, 𝑣𝑒 is the concentration of elastically active chains, and 𝜒 is the solvent-

polymer interaction parameter which has a value of 0.475 for the multi arm 20KDa                                

molecular weight PEG used in the synthesis of the studied gels[23] compared to a value of 0.43 

for linear PEG chains in water[24].  Figure 5.2 shows swelling experiment results along with the 

estimated longitudinal modulus. The elastically active chain concentration was estimated from 

stoichiometry. It is known from our chemistry ratio that the 4 ARM PEG Norbornene is the limiting 

reactant for the cross linking, so the number of elastically active chains was estimated as: 

 

                                                                        𝑣𝑒 = 
4 𝐶𝑃𝐸𝐺−𝑆𝐻𝑁𝐴 

𝜙0
𝜙

                                                                   (5.5) 
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where,  𝐶𝑃𝐸𝐺−𝑆𝐻 is the concentration of 4-Arm PEG thiol at preparation, 𝑁𝐴 is the Avogadro 

constant, and  
𝜙0

𝜙
 represents the change in volume upon swelling. This gives reasonable 

concentration comparable with other multi arm PEG hydrogels studies where 𝑣𝑒 was estimated 

using the modified Flory-Rehner equation assuming complete cross-linking for all arms present 

[25] [26]. The elastically active chains concentrations used for the estimation of the longitudinal 

modulus are shown in Table 5.1. 

The longitudinal modulus model in equation 5.4 is obtained by 𝑀𝑜𝑠 = 𝐾𝑜𝑠 +
4

3
 𝐺. Where, 𝐾𝑜𝑠 is 

the osmotic modulus and G is the shear modulus. It is known that in polymer gels, there are two 

contributions to the osmotic pressure. The first is from the free energy of mixing which is clearly 

representing the first term in the longitudinal modulus estimation in equation 5.4, and the second 

is from the elasticity of network chains which is the second of the longitudinal modulus equation 

[27]. It is clear in the results that the hydrogels swollen in PBS have lower osmotic modulus and 

hence longitudinal modulus this is due to the higher contribution from the free energy of mixing 

in water compared to in PBS. The number of elastically active chains per volume is slightly more 

in PBS which is due to less swelling degree compared to water where more solvent was absorbed 

into the network and lead to less number of  𝑣𝑒. At equilibrium the two contributions in gels are 

equal [27, 28]which leads to the estimation of  𝑣𝑒 for networks which is the previously mentioned 

Flory-Rehner model. 
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Table 5.1 Elastically active chains in the PEG hydrogel network in water and in PBS. 

 

𝜙0 𝑣𝑒[𝑚𝑜𝑙 𝑚
−3] 

in water 

𝑣𝑒[𝑚𝑜𝑙 𝑚
−3] 

in PBS 

0.036 1.23 1.86 

0.050 1.60 2.14 

0.071 2.03 2.45 

0.143 2.46 3.27 

0.286 3.68 4.72 

 

Figure 5.2 shows the volumetric swelling ratio which is the increase of volume compared to 

volume of the polymer which indicates the total amount of water intake into the hydrogels while 

Figure 5.2 shows the swelling degree 
𝜙0

𝜙
 where, 𝜙0 is the  
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Figure 5.2. Swelling experiment results. A) the volumetric swelling ratio. B) dependence of the swelling 

degree for the cross-linked multi arm PEG gels. C) Longitudinal Modulus of the Hydrogels. D) Shear 

Modulus of the Hydrogels. 

polymer volume fraction at preparation estimated from the molar volume of PEG. The overlap 

concentration c* is estimated through[29]: 

                                                                   𝐶 ∗=  
𝑀

𝑁𝐴
(2𝑅𝑔

3)                                                                   (5.6)                                                

where M is taken to be Mc the molecular weight between cross-links 7500KDa and Rg is taken 

from literature to be 4.3nm [30]. The estimated overlap concentration is 0.05 corresponding to 

𝜙0 = 0.08. it means a uniform gel was prepared even with as half of the overlap concentration 
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which network formation occurs by spontaneously due to chain stretching and reacion of the end 

groups. The swelling results and structural analysis agree systematically with other swelling 

studies done on similar multi-arm PEG hydrogel [26] [25] [23] [31] [32]. 

 

Table 5.2 Prepared PEG Hydrogels Parameters 

Gel 4 Arm-PEG 

SH  

     [mgml-1] 

8 Arm-PEG 

Norbornene 

              [mgml-1] 

𝜙0 𝜙 𝑓  polymer 

mole 

fraction 

swollen    

state 

Hub-Hub 

Distance 

estimated [Å] 

Mc     

[gmol1] 

1 12.5 7.5 0.036 0.018 9.26E-06 

 

93.05  ± 4.45 7500 

2 17.5 10.5 0.05 0.023 1.18E-05 

 

85.19  ±6.32 7500 

3 25 15 0.071 0.029 1.51E-05 

 

78.77  ±4.02 7500 

4 50 30 0.143 0.035 1.83E-05 

 

73.89±4.23 7500 

5 100 60 0.286 0.053 2.83E-05 

 

64.57 ±3.17 7500 

Table 5.2 shows all the gels that were prepared and that will be discussed in preceding sections 

using neutron scattering techniques.  
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5.4 Structural Analysis on Polyethylene Glycol Hydrogels 

PEG hydrogels were first characterized with small angle neutron scattering (SANS). Measurements 

were carried out at EQ-SANS [33] at the Spallation Neutron Source, Oak Ridge National Laboratory 

(Tennessee, USA). Over a q-range 0.03-0.45 Å-1  shown in Figure 5.3; The spectra was fitted with 

SASview suite [34] using the Gel Fit Model providing a good fit with the mesh sizes ξ estimated. 

[35]. The Gel Fit in origin corresponds to Ornstein-Zernike function: 

 

                                             𝐼(𝑞) =
(∆𝜌)2𝑅𝑇 𝜙2

𝑁𝐴𝑀𝑜𝑠
 (

1

1+𝜉2𝑞2
+ 

𝐴𝑖𝑛ℎ𝑜𝑚

1+(𝜖2𝑞2)2
)                                                     (5.7)       

                                     

The model is suitable for PEG hydrogels [21] [22] [23] because according to the de Genne’s C* 

theorem, the scattering function for polymer is similar as in polymer solutions [21, 36]. So, The 

scattering intensity of a gel is given by Ornstein-Zernike function with a second term describing 

the static concentration fluctuations due to these inhomogeneities. This model will provide the 

correlation length (mesh size)  at known polymer volume fractions studied [23]. While the main 

Ornstein-Zernike formalism describes the describes the thermal fluctuations in a semi dilute 

polymer solutions[36]. For swollen gels, the polymer concentration lies typically in the semi dilute 

regime. Hence the scattering function for a polymer solution can be used and excess scattering 

from cross-links can be neglected [37] This means the Ornstein-Zernike formalism can be used on 

the PEG hydrogels to estimate the mesh sizes, the model successfully describing the scattering is 

shown in Figure 5.3. The values are shown in Table 5.3.
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Figure 5.3 Small angle neutron scattering on PEG hydrogels. Measurements were taken at 290 K.  

A) raw data of SANS for PEG hydrogels with different polymer volume fraction at swollen state. The spectra 

show no upturn at low q value which indicates no presence of inhomogeneity; Ornstein-Zernike Fit on the 

hydrogels to estimate mesh sizes.  B) Mesh sizes as function of polymer volume fraction at preparation. C) 

cross-linked network with an indication of the mesh size.

 

Table 5.3 Polymer Volume Fractions in Swollen Gels and Mesh sizes 

ϕ Mesh size (Å) 

0.018 70.2 ± 0.3 

0.023 60.5 ± 0.2 

0.029 47.2 ± 0.1 

0.035 26.4 ± 0.1 

0.053 24.1 ± 0.1 

 

The most important parameters used in describing the bulk structure of hydrogels are the 

polymer volume fraction after swelling  (𝜙), the molecular weight of the polymer between cross-

links (MC), and the polymer free space or the  mesh size (ξ) [9]. The above parameters provide a 

complete description of the way the solvent is stored in the hydrogel. Also, it provides a measure 
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of the space or volume between crosslinks and the degree of cross-linking. There were no 

inhomogeneities observed since the frozen correlation lengths were out of the range of a high 

value which shows it is not existing, also for confirmation the model was fitted without the second 

term and the exact mesh sizes were obtained with the model fitting very well. The molecular 

weight between cross links is fixed in our case because we are not altering any cross-linking 

density. It is only the entropic effect in stretching that affects the length between cross-links which 

also reflects amount of swelling. Our molecular weight between cross links is 7.5 KDa which 

corresponds to an extended chain length of 596.6 Å through simply multiplying the length of a 

PEG monomer (𝐿𝑃𝐸𝐺= 3.5 Å) [38] by the number of monomers between crosslinks (170.45 

monomers).The SANS results showed that the mesh size decrease with increasing polymer 

concentration which corresponds to lower swelling or water intake.  Figure 5.3 shows the mesh 

sizes for all the Gels. the corresponding osmotic modulus previously mentioned showed that the 

amount of pressure required to squeeze out water out of the polymer network increased with 

increasing polymer volume fraction. It makes sense because it is basically the reverse of swelling 

and should have similar dependence. The mesh sizes on the other hand shows a decrease in value 

with increasing polymer volume fraction which shows the degree of swelling is less which caused 

less stretching of the polymer chains. 

Another macroscopic parameters that can be estimated from structural analysis is the shear 

moduli where the difference in moduli between  the hydrogels is due to the amount of water in 

the hydrogel and the modulus can be expressed as [39, 40]: 
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                                                              𝐺 = 𝑣𝑒𝑅𝑇
𝜙

𝜙0

1

3
                                                                                   (5.8)                                                                                                                                      

where, ve is the previously calculated elastically active chains concentration. 

In the above model the volume fraction after swelling 𝜙 decides the factor by which the moduli 

are increased which reflects the amount of water or degree of swelling which also reduces the 

amount of elastically active chains per volume of gel. Equation 5.8 also states that each elastically 

effective chain contributes to the energy required to stretch the chain by a factor of kT[40]. Table 

5.4 shows the estimated shear modulus for the gels prepared.  

Table 5.4 Shear Modulus of the Gels at 290 K Estimated from Swelling Experiment. 

𝜙0 

Shear Modulus [KPa] 

In Water 

 Shear Modulus [KPa] 

In PBS 

0.036 2.34 ± 0.38  4.05 ± 0.84 

0.050 2.98 ± 0.45  4.39 ± 0.89 

0.071 3.62 ± 0.49  4.65 ± 0.70 

0.143 3.72 ± 0.30  5.43 ± 0.51 

0.286 5.05 ± 0.31  7.03 ± 0.50 

 

In the case of Poisson ratio of 0.5 which is normally assumed in hydrogels the Young Modulus is 

basically three times the shear modulus [25, 41-43]. The estimated shear modulus for the PEG 

hydrogels are in agreement with similar multi arm PEG hydrogels studies [44, 45]. The hydrogels 

studies here consist of different multi-arms configuration and hence different elastically active 

chains and overall structure. The above swelling study shows a direct relationship between the 
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structure of the hydrogel and the mechanical properties. Thus, the network architecture which is 

defined by the molecular design of the hydrogels whether it is the type of polymer, or the degree 

of swelling and elastic active chains present in the hydrogel is a direct way of producing hydrogels 

with controlled mechanical properties. 

It is also important to introduce the persistence length of this cross-linked polymer network 

because rheology is effected by the local persistence of the chains [46]. The persistence length is 

a basic mechanical property quantifying the flexibility or in other words the bending stiffness of 

a polymer. For polymer chains the polymer will act as a rigid rod for distances shorter than the 

persistence length. This behavior breaks beyond the persistence length and behave as a flexible 

chain. The Kratky/ Porod model is usually used for chains with large persistent length [47] [48]. 

where, the chain is composed of an average linear segments of some length 𝑙𝑘 called the Kuhn-

step length which is twice as the persistence length 𝑙𝑝 [49]. The persistence length can be 

observed in neutron scattering experiment where the persistence length here is a reflection of 

the local conformation of the polymer chains. As described by Kratky, the persistence length 

property is observed in a small angle scattering as a regime of dimension 1. In scattering the mass 

fractal dimension of an object (df) is defined as 𝐼(𝑞) = 𝐵𝑞−𝑑𝑓  [50]. A power law of -2 is expected 

for the Gaussian regime (or a random coil conformation) and a power law of -1 is expected for 

the persistence length regime (or a rigid rod conformation). The intersection of the two power-

law regimes on a log-log scale of I(q) vs q is correlated to the persistence length by  

 𝑙𝑝 =
6

𝜋𝑞𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛
 [51]. We observed a -1.5 scaling which is actually more suitable for a good 

solvent like water. 
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Figure 5.4 A) Kratky Plot for the hydrogels to obtain persistence length.  B) Persistence length estimated 

from SANS. 

For the persistence length region, we observed a deviation from -1 to -0.8 which is attributed to 

noise in the measurement at this high q values. To give a better visualization to the reader we use 

the Kratky plot where it has the tendency to show the behavior in the Gaussian regime tend 

toward a horizontal asymptote. From observing the deviation of this asymptotic behavior we can 

access the persistence length by taking the reciprocal. Both the Kratky plot method and the two-

power law model was fit to the SANS data at q range up to 0.6 Å-1. The results were consistent 

with a better visualization using the Kratky plot. This is shown in Figure 5.4. 

The results show that the cross over systematically shifts to a lower q for the gels with higher 

polymer volume fraction. The shift observed was from around 0.24 to 0.20 Å-1 which reflects to 

an increase of 1.5 in persistence length Å which is equal to 43% of the length of a PEG monomer. 

Figure 5.4B shows the Persistence length estimated from SANS 
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5.5 Polymer Chain Dynamics 

With this structural information in hand, we can move to the dynamical part of the study, where 

the description of the hydration water and the perturbation extent and degree are to be accessed. 

Also, it is important to observe the polymer chain dynamics over the used concentration range 

and observe any changes in the dynamics if any. So, we have utilized Neutron Spin Echo (NSE) to 

measure polymer chain dynamics as a function of concentration in context to the degree of 

slowed water dynamics. Measurements were carried out at the Spallation Neutron Source, Oak 

Ridge National Laboratory (Tennessee, USA). Over a q-range 0.05-0.30 Å-1 covering length scales 

where the mesh size, and polymer chain motions between cross-links dominate the scattering. 

NSE is an ideal method to describe these motions, which occur at 10’s to 100’s of nanosecond 

timeframe. NSE was performed on each of the hydrogel materials using a 100% D2O background. 

The measurement was carried out at 303K. The results are shown for Gels 1-4 in Figure 5.5. 

In Figure 5.5 The observed experimental quantity is the intermediate scattering function which 

reflects the fraction of pair correlations still in existence after a given time interval. The relaxation 

times 𝜏0 are extracted then as a function of scattering wave vector. Over here it takes the shape 

of a stretched exponential decay. The extracted relaxation times showed a cubic dependence with 

q. In this case, the diffusion coefficient is not simply proportional to the exponential decay 

constant and the square of the length scale probed; but rather a sub-diffusive length scale 

dependence is seen 𝜏0 = 0.015 ± 0.0027 𝑞−(−2.8 ±0.1). This is shown in Figure 5.6. 

Upon comparison, Figure 5.6 shows that the dynamics of the polymeric chains are not altered 

significantly in the concentration range studied for the PEG gels experimentally. This comes 

despite the clear structural changes in the gel at the level of polymer network mesh size and the 
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Figure 5.5 Intermediate scattering functions obtained from Neutron Spin Echo measurements. A) 𝜙 =

0.018. B) 𝜙 = 0.023.  C) 𝜙 = 0.029. D) 𝜙 = 0.035. For all samples there is an exponential decay with the 

time constant decreasing as q increases. 

persistence length changes which defines that the chains have different flexibility at different 

volume fractions.
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Figure 5.6 Extracted polymer relaxation times from Neutron Spin Echo measurements for the PEG 

hydrogels.  

We conclude that the polymer chains are not interacting with nearby chains in this concentration 

regime, nor is there significant internal chain deformation being induced. This correlates directly 

into the network elasticity concepts [52] [53] and show that water interaction – and entropy gain 

- is the primary driver of swelling and the mechanical properties of the gel. It is interesting finding 

that the polymer relaxation time follows a cubic dependence with the scattering wave vector. This 

shows that the dynamics of the cross-linked polymer chains in this concentration regime follows 

similar dynamics to the Zimm dynamics of polymer solutions where a cubic dependence of q is 

observed [54]. Where in the Zimm model where the case is dominant by hydrodynamic 

interaction and the dynamic structure factor depends on the viscosity of the pure solvent and 

varies with the third power of q [54]. The dynamics of flexible polymers can be explained by the 

Zimm-Rouse models as mention in the introduction chapter [55] [56] [36] [57]. The Zimm model  
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Figure 5.7 The Zimm master curve for A) 𝜙 = 0.018 and B)  𝜙 = 0.035.  

This shows that the zimm model perfectly explains the polymer dynamics independent on volume fraction 

neither. C) shows the master curve for all the hydrogels at q= 0.13 Å-1. This shows all gels exhibit similar 

Zimm behavior and the dynamics are not altered with increasing the polymer volume fraction.

describes the chain dynamics in dilute solutions where direct interaction are non-significant and 

length scales where hydrodynamic interactions are not screened. On the other hand the Rouse 

model explain the polymer dynamics in concentrated solutions where hydrodynamic interaction 

are screened [58].  

Figure 5.7 shows all the decay curves fall into a one master plot following the Zimm model of the 

polymer dynamics. This is true for both different q-values and over the concentration range 

studied here. The apparent viscosity was extracted from the relaxation times of the polymer from 

NSE fits with 
𝑆(𝑞,𝜏)

𝑆(𝑞,0)
= 𝑒𝑥𝑝(−𝜏𝑍𝑖𝑚𝑚)−0.85 . a value of 𝛽 = 0.85 is typical for Zimm dynamics [59]. The  

Zimm diffusion coefficient can be calculated from 𝐷𝑍𝑖𝑚𝑚 = 
𝑞−3

𝜏𝑍𝑖𝑚𝑚
  which has the units of 

Å3

𝑛𝑠
 and 

is related to the apparent viscosity via the famous Stokes-Einstein relation 𝜂𝑎𝑝𝑝 =
𝑘𝑏𝑇

6𝜋𝐷𝑍𝑖𝑚𝑚
 [60] 
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Where it is appropriate to represent it in specific viscosity which is a dimension less number to 

the change in the solvent’s viscosity due to the polymer contribution. it is defined as:      

                                                       𝜂𝑠𝑝 =
𝜂𝑎𝑝𝑝−𝜂𝑠

𝜂𝑠
                                                                                    (5.9)                                                                     

where 𝜂𝑠 is the solvent’s viscosity which in this case is water [61, 62]. 

From Figure 5.6 the average fit value over the concentration range studied is 0.015 
𝑛𝑠

Å3
 which is 

the reverse of the Zimm diffusion coefficient. The corresponding 𝜂𝑎𝑝𝑝 is calculated as 2.27 mPa.s. 

which gives a value of 𝜂𝑠𝑝=1.85 where the viscosity of water at 300K is 0.797. This shows the 

origin of the viscosity in PEG hydrogels which is mediated by the perturbation to the neat water 

dynamics. The amount of perturbation and the dynamics of bulk and hydration water is studied 

in more details in the next section 

The Zimm model gives a description of the dynamics of polymer solutions, where it focuses on 

the hydrodynamic interactions between the beads of a Gaussian chain which is called the Zimm 

chain as explained above. The model has mainly two essential basis, the first is modeling actual 

polymer into statistical segments where the equilibrium distribution of end-to-end distance of 

each segment is taken as Gaussian which motivates the introduction a harmonic oscillator model. 

The second fact is the use of averaged hydrodynamic interaction. We observed in the structural 

analysis that the flexibility of the Gaussian chain is changing with the polymer volume fraction 

even at very low concentrations where the time average structure parameters specifically the 

persistence length changes upon increasing polymer volume fraction. On the other hand, the 

polymer dynamics from NSE. This is an interesting observation which indicated the non ergodicity 

of the system studied. This is because it breaks the main definition of an ergodic system where 
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the existence of a connection between the time average of a phase function and a time average 

of its correlation function [63] which is obviously not observed between the structural time 

averaged results and the polymer dynamics that depends on this time averaged polymer 

structure. It indicates that PEG hydrogels are non ergodic aqueous systems. Polymer gels are 

stated to be non ergodic in previous polymer studies [64] but there is no experimental evidence 

of such fact. This combined molecular scale structural and dynamical study proves the non 

ergodicity of hydrogels. Since the dynamics of the polymer show Gaussian dynamics which are 

independent of the structure of the polymer chains, it can be safely stated that this polymer 

dynamics are non ergodic. 

5.6 Water Dynamics Using Quasi-Elastic Neutron Scattering 

Moving to the water dynamics and how it differs from the bulk to the bound population. And 

what are the equilibrium amount of water molecules that are perturbed compared to the ones 

unperturbed. To compare the two populations, we need to first measure neat water. Neat water 

was measured at 280 K, 290 K and 303K in a previous study on bulk water [65]. Dynamics data for 

both neat water and the hydrogels were collected from two NS spectrometers, BASIS  [66] and 

CNCS [67]. The spectra from both instruments are stitched together for being analyzed [14]. The 

stitched inelastic neutron scattering spectra of H2O at 303 K is shown in Figure 5.8  [65] as a 

function of q and υ. The dynamic structure factor S(q,E) is again converted into the susceptibility 

formalism, χ’’(q,υ) for the reason explained before. 
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Figure 5.8 Inelastic neutron scattering spectra of H2O at 303 K.  

Spectra of A) H2O for a range of q-values. A) Illustrates the strong q-dependence of the incoherent 

scattering feature. B) The model fit of one CD and one DHO functions fitted on water at 303K and 1.1 Å-1. 

C) Coupled translational-rotational relaxation time of water at 303 K. it is clear it has a square dependence 

with q (diffusive). 

Aqueous solutions and hydrogels contain hydrogen rich molecules which in turn means that we 

are predominantly observing incoherent scattering reflecting self-correlation function of 

hydrogen atoms in the sample[68]. We are taking the rotational and translational motions of 

water to be coupled instead of the decoupled formalism used in our previous work on bulk neat 

water. Teixeira  and co-workers have clearly shown the contribution of both translational and 

rotational motions of water to the NS spectra of neat water[69]. The translational motions were 

shown to dominate at low q values while the rotational motions influence is seen at high q values. 

There are also collective vibrational motions seen at higher q values. The decoupling formalism is 

used for purpose of tracking specific motions of water [65, 69]. But the most realistic description 

of water molecules is the coupled translational-rotational motions of water, where it is known to 

be strongly correlated at high q values [70, 71] . therefore, we use a single functional form to 

obtain water relaxation times using a Cole-Davidson (CD) function, { 𝜒𝐶𝐷
′′ = −ℐ𝓂{𝛥𝐶𝐷[1 +
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𝑖𝜔𝜏𝐶𝐷]
−𝛽} , where 𝛽 is a stretching component of 0.7. A damped harmonic oscillator (DHO) [72, 

73]  is also used to account for the intermolecular collective modes of H-bond bending motions 

at ~1500 was also used [74, 75].The DHO is given by the relation; 𝜒𝐷𝐻𝑂
′′ = ℐ𝓂{𝛥𝐷𝐻𝑂𝜔0

2[𝜔2 −

𝜔0
2 − 𝑖𝜔𝛤]−1}, where ω0 is the position, Γ is the width, and 𝛥𝐷𝐻𝑂 is the amplitude. It is shown in 

Figure 5.8 how the model is used on water specifically 290K which is illustrated in Figure 5.8. The 

coupled translational-rotational relaxation times were extracted from the fit and it was shown 

that water molecules have a diffusive motion behavior water 𝜏 ∝ 𝑞−2.0. Also, the diffusion 

coefficient of water at 303 K was calculated from the relaxation times observed 𝜏 =
1

𝐷
𝑞−2  from 

where the viscosity of the solvent was estimated to be 0.75 mPa.s which is in consistent with the 

literature and the estimation of the specific viscosity in the previous section. PEG Hydrogels were 

measured at 303K. The analysis of this data followed the approach in Perticaroli et al.[76] with an 

addition of one Cole-Davidson function governing the polymer dynamics in the window. The 

polymer relaxation times extrapolated to the q range in this measurement window shows that 

the polymer has close dynamics to the probed relaxation times, therefore it is appropriate to take 

into account the contribution of the polymer to the measured intensity in the quasielastic 

window, the contribution to incoherent scattering was estimated by the scattering cross section 

of PEG and the volume fraction in the sample. 
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Figure 5.9 Hydration water dynamics in PEG hydrogels.  

Typical fit on the spectrum (circles) at q=1.1 Å-1, q=1.3 Å-1 and 303 K. Relaxation processes of hydration 

water, bulk water, and PEG polymer are shown in blue, grey, and orange respectively. DHO for polymer 

chains and water vibration in green. A) Inelastic neutron scattering spectra of PEG hydrogel  𝜙 = 0.029 at 

303 K. B) The model fit on PEG hydrogel with   𝜙 = 0.029  at 1.1 Å-1. C) The model fit on PEG hydrogel with   

𝜙 = 0.035  at 1.3 Å-1. It is clear there is an increase in both the PEG polymer contribution and the 

population of hydrated water for the gel with higher polymer volume fraction.

The water dynamics are addressed as two populations; one bulk water population representing 

water that is structurally and dynamically unaffected by the solute, and a ‘bound’ or hydration 

water population representing water which is dynamically altered by its proximity to the polymer 

chains. Two Cole Davidson Function were used one for each population of water. The fitting on 

the gels with 𝜙 = 0.029 and 𝜙 = 0.035 and q values of 1.1 Å-1 and 1.3 Å-1 respectively is shown 

in Figure 5.9.  

Relaxation times 𝜏, for hydration and bulk water in the gels along with the polymer relaxation 

times are reported in Figure 5.10 A as a function of q, along with the retardation factor. Also, 

Figure 5.10 C shows the perturbed water molecules per monomer of PEG is ranging from 3 to 16 

molecules with an average of 8 to 9 across all gels independent on concentration. Comparing this 

observation with a simulation study on Polyethylene glycol solution[77] where a cutoff of 2 kbT 

was used to estimate the hydration radius per monomer of PEG which corresponds to 1.5 water 
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molecules, we observe the lowest number of water molecules perturbed to be around 3 

molecules at high q values and an average of 8-9 molecules over the whole q range, this is because 

we are observing the slow down in dynamics not the water molecules permanently attached to 

the PEG monomer, this dynamic observation is an average of the motions of water molecules 

around the PEG monomer for specific length scales (q values).  First thing to notice is that water 

molecules in the bulk are faster than in the bound or hydration population. Also, bulk water shows 

diffusive behavior 𝜏 ∝ 𝑞−2.0, while bound water shows sub-diffusive behavior 𝜏𝐻 ∝

𝑞−2.25 ~ 𝜏𝐻 ∝ 𝑞−2.45 ). It is very clear that the perturbed water follows the polymer at high q 

values (short distances) and has a relaxation time between the bulk and the polymer at low q 

values (large distances) this shows a clear transition from following polymer dynamics close to 

the polymer surface all the way to have neat water dynamics at large distances away from the 

polymer. The amplitude of the two Cole Davidson functions is used to estimate the number of 

water molecules perturbed per monomer basis according to the equation 𝑁𝐻 =  ∆𝐻𝑌𝐷𝑅(∆𝐻𝑌𝐷𝑅 +

∆𝐵𝑈𝐿𝐾)
−1𝑓−1, where f is the solute mole fraction in the gel. This calculation shows that the ratio 

of water molecules perturbed in the system is directly proportional to the solute mole fraction, 

but the water molecules perturbed per monomer are independent on concentration. Where the 

ratio of increase in the perturbed population is exactly equal to the ratio of increase in polymer 

mole fraction.  
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Figure 5.10 PEG Hydrogel dynamics outcome.  

A) average relaxation times of hydration (Solid Grey) and bulk (hollow) as a function of q. the bulk water 

follows a square q dependence while the hydration water does not and is an evidence of sub diffusive 

behavior. B) retardation factor where at q values below 0.9 Å-1It is clear all the perturbed water is showing 

a slow down to the polymer’s relaxation time. the q dependence is also very weak. This is due to the 

homogeneity in the topology or structure of the hydrogels. C) the amount of water perturbed per 

monomer for each gel with an average of 8-9 across all gels.
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Figure 5.11 Summary of Dynamics.  

A) Relaxation times from QENS and NSE instruments. It is clear that the perturbed water in the hydration 

layer follows the polymer dynamics. The figure shows the measurements for the gel with the polymer 

volume fraction of 0.029 at 300K. B) Estimated diffusion coefficient for the perturbed water population 

compared to bulk populations along with the apparent viscosity compared to bulk viscosity of water at 

303K. 

This slowdown in the dynamics of water near the polymer surface translates into macroscopic 

properties or transport and viscoelastic properties of the gels. The observation of the perturbed 

water dynamics following the polymer’s dynamics is shown in Figure 5.11B. We start by 

calculating the diffusion coefficient of water in the bulk population and in the bound or perturbed 

population. The diffusion coefficient was calculated for the perturbed water population similarly 

to previously mentioned for neat water. The ratio of DBulk/DHYDR shows it is a similar decrease in 

diffusion coefficient of water molecules which reflects the retardation factor to the water 
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relaxation time compared to the neat water. it is interesting that the diffusion coefficients are 

reduced by a factor of 2 similar to the retardation factor of the water molecules in the bound 

population.  The diffusion coefficient in the bound is lower than in the bulk this is because the 

dynamics of water are perturbed by the presence of polymer chains that reduce the rate at which 

the water molecules are diffusing. Not only that but also the diffusing behavior becomes sub-

diffusive as mentioned before. This hints for an increase in the local viscosity near the PEG 

polymer surface at the hydration or perturbed layer.  

Also, the number of perturbed water molecules increase with increasing concentration this is 

because more water molecules are in contact with polymer chains in the hydrogel network. It was 

increased from 7% of water molecules in the gel with lowest concentration to 12.8% of water 

molecules in the gel with the highest concentration. This means that the ratio of perturbed water 

molecules increased by around 2 times when the polymer volume fraction was increased by 

around 2 times. This should be an identification that increasing the polymer volume fraction by a 

certain factor increase the perturbed water molecules ratio by the exact same factor. It is a key to 

controlling the amount of desired perturbation to the water molecules in the hydrogel according 

to the application it is used in. Such control on the dynamics along with specific structural features 

are keys factors in applications.  

Since diffusion is altered this also means the viscosity of the hydrogel changes since a certain 

percentage of water molecules are diffusing at a lower rate. Since the perturbed water is 

observed to follow the dynamics of the polymer it is clear that the origin of the apparent viscosity 

and the contribution of polymer to the viscosity of the PEG hydrogel system is seen from the 

perturbation of the neat water dynamics near the surface of the polymer this was evaluated in 
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the NSE section where it was found that the specific viscosity (The contribution of polymer to the 

solution viscosity) is 1.8. 

Since the viscosity is related to diffusion coefficient, they have a similar trend. It is seen in the 

specific viscosity estimation that the viscosity of the gels increased by a factor of 1.85 which is 

close to the perturbation and the change in the local diffusion coefficient of the water molecules. 

this is higher than the observed increase in viscosity in pastor’s study which may be due to the 

different perturbation in the polymer network in the cross-linked PEG hydrogel system where it 

is reasonable that the gel will have a higher viscosity due to closer contact of water with the 

polymer network which explains the difference in the viscosity of polymer solutions and gels[77]. 

If we take the ratio of the apparent viscosity to neat water viscosity at 300K, this value is 2.84 and 

is clearly shown in Figure 5.11C. It is then a question to raise is how the gels have different 

viscosities if the increase in local viscosity is similar. The answer is simply that the population that 

is perturbed and has a diffusion coefficient twice less than the bulk neat water or has a higher 

viscosity than bulk water is different, the population depends on the amount of polymer present. 

Whereas mentioned before the percentage of perturbed water molecules varies linearly with the 

polymer volume fraction. Figure 5.11B summarizes the whole dynamic window of the experiment 

where we see that the perturbed water follows the polymer dynamics at high q and start to 

deviate at q values below 0.9 Å-1. The bulk water has dynamics around 2 times faster than the 

perturbed water. This perturbation is reflected in the diffusion coefficient and the local viscosity 

near the polymer surface. 

Since the population of bulk and bound water are in equilibrium that is driven by entropic 

competition as explained earlier. The ability of accessing the number of water molecules in each 
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population is a great advantage for us in explaining the origins of different macroscopic properties 

of the hydrogels. Since another way of looking at the equilibrium of the two populations is looking 

at the water activity of the whole aqueous system where water activity is considered as the ratio 

of water molecules available for hydration. We all know that as explained by Van Hoff model [3] 

the water activity is related to the osmotic pressure build in the system due to swelling. So, if we 

can take into consideration the amount of water molecules available for hydration as a measure 

of the equilibrium or as a measure of the extent to which the polymer-solvent interactions are 

valuable then we are referring to the degree of swelling because the osmotic pressure is the 

opposite of swelling where it is the pressure needed to squeeze out a water molecule out of the 

hydrogel network. The weight fraction of the polymer in the hydrogels used for this dynamic 

experiment ranges from 0.01 to 0.02 wt% in the swollen state, according to an experimental 

measurement of water activity this shows [78] that the water activity is above 0.999 for a solution 

with molecular weight of 7000 similar to our molecular weight between cross-links. By estimating 

the water molecules that have different water activity than neat water this is very negligible value 

of less than 1 water molecule per PEG monomer which reflects that PEG is non perturbing to the 

aqueous system to a degree that changes the water activity. Hence the water molecules are 

experiencing a slowdown in the dynamics but are still available for hydration. There is an 

exchange in the two populations which are perturbed by a factor of 2.  

If for this work, we consider the water molecules dynamically perturbed by a factor of 2 to be the 

water molecules assigned for the estimation of the hydrodynamic volume per PEG monomer 

then simply this volume is estimated by 𝑉𝐻 = 𝑉𝑃𝐸𝐺 + 8𝑉𝐻2𝑂. As appropriate the shape of the PEG 

monomer is taken to be a cylinder so the Volume is 𝑉𝑃𝐸𝐺 = 𝐴𝑃𝐸𝐺𝐿𝑃𝐸𝐺 , Where 𝐿𝑃𝐸𝐺  is the length  
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Figure 5.12 MD simulation of extended PEG chain. 

(A) MD simulations were performed on a PEG chain which was forced to adopt an extended configuration. 

The extended chain (black) is shown with the first (red, 3.4 Å cutoff) and second (red, 5 Å cutoff) shells of 

water highlighted. (B) A parallel analysis of polymer and water dynamics has been performed. The mean 

square displacement has been computed as a function of correlation time, and a power law fit applied. 

The bulk water was found to have diffusive motions, while water in the first hydration shell of the polymer 

chain exhibited slower sub-diffusive motions. The nanosecond scale polymer dynamics resembled the 

Zimm prediction with a Zimm pre-factor on the order of the sub-diffusion pre-factor calculated for the 

first hydration shell water population. (C) The number of close contact waters has been computed to 

compare to the experimentally determined hydration number, NH, to the simulation defined number of 

close water contacts. A close agreement between the experimental estimate and number of close 

contacts in the first shell was observed. 

of one PEG monomer known to be 0.35nm [38]. The volume of one PEG monomer calculated 

from its molar volume is 64.75 Å3. This gives us a radius of 0.2426nm. The volume of water 

molecule at 300K is calculated from the density to give a volume of 30 Å3. The total estimated 

hydration volume is 304.75 Å3. So, for the 170 monomers between crosslinks, we take the 

summation over the whole chain 170 𝑉𝐻 .The estimated hydration radius is 𝑅𝐻 = 3.843 Å  for 

the polymer of 7500 between crosslinks. Which is reasonably close to the definition of the cutoff 
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distance from the polymer for the second hydration shell in MD simulations[79] . The MD 

simulations results is shown in Figure 5.12 . 

Molecular dynamics simulations for a PEG molecule with 170 monomers with a restrained end-

to-end distance of 160 Å in the Z direction. The system was prepared by CHARMM GUI Polymer 

Builder[80, 81]. The water box for the simulation has side lengths of 70 Å, 70 Å, and 200 Å for x, 

y, and z directions, respectively. The estimated volume fraction for both simulations is around 

0.01. After equilibration, 400 ns production simulations were run and repeated three times in an 

NPT ensemble at 300 K and 1 atm. The time step is 2 fs, and frames were saved every 10 ps. 

The polymer dynamics were analyzed by calculating the Mean Square Displacement (MSD) for 

each monomer. To remove the global motion of the polymer chain, the center of mass motion 

was removed before calculating MSD. The MSDs were then averaged for all monomers. The 

diffusion in three-dimensional space was modeled as: 

                                                                    𝑀𝑆𝐷 = 6𝐷 ∗ 𝑡𝛼                                               (5.10) 

where D is the generalized diffusion coefficient and 𝛼 is the anomalous diffusion exponent. D and 

𝛼 were obtained by linear fitting for the log MSD - log t curve in a range from 10 ps to 1 ns.  

The water dynamics were analyzed from a subset of the simulation trajectory run with a 1 fs 

timestep and frames saved every 20 fs for a duration of 10 ns, with other conditions kept the 

same. These simulations were also repeated three times. The MSD of water molecules were 

calculated again as a function of time and used to obtain the generalized diffusion coefficient D 

and anomalous diffusion exponent 𝛼. The water dynamics exhibit different dynamical regimes, 
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with ballistic motions at short times (up to 100 fs) and slower diffusive motions at times greater 

than 1 ps.  

Water was classified into different hydration shells based on its distance to the nearest polymer 

atom. The first solvent shell is defined to be within 3.4 Å from the polymer, and the second solvent 

shell in the range of 3.4 Å to 5.0 Å from the polymer. Water molecules that are 8.0 Å farther from 

the polymer are defined as bulk water. The numbers of water molecules in the first and second 

hydration shells were counted and averaged on a per monomer basis.  The residence time was 

then calculated by counting the time when a water molecule enters the first solvent shell until it 

leaves the second shell.  

The simulations show approximately 6 water molecules in the first hydration shell and an 

additional ~10 molecules in the second shell. This puts the experimental of 6-10 molecules of 

water being perturbed in context. Similarly, Figure 4.12 shows the dynamics of both water and 

the PEG chain. Here, we see that the MD result supports our model of polymer and water 

dynamics from the experiments. We see polymer motions following the same power law 

dependence in terms of their local diffusion. We also see that the water dynamics in the first 

hydration shell are significantly slowed when compared to bulk and again approach the 

diffusional time scale of the polymer dynamics. 

 

5.7 Conclusion  

As a conclusion we have studied experimentally the perturbation of water molecules in 

Polyethylene glycol hydrogels at different concentrations. The concentration range was dilute to 

see any changes in the dynamics of the polymer chains itself, the polymer showed a clear Zimm 
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model dynamics and no differences in the dynamics were observed over the concentration used 

although there are clear changes in the structure and flexibility of the Gaussian chain. This study 

utilized two-dimensional NS data, presented in susceptibility obtained from different 

instruments. This allowed us to study the dynamics over an extended window. We observed that 

water molecules are perturbed by about two factors and the amount of water molecules 

perturbed was directly related to the increase in polymer concentration of the gels. We saw a 

clear effect on the macroscopic properties and the swelling degree due to the increase in polymer 

concentration only without any change in the cross-linking density. Around 8 to 9 water molecules 

were perturbed per monomer of PEG. It was clear and seen that the amount of water molecules 

perturbed is what really defines the properties of the hydrogels. This is all controlled 

thermodynamically via competing entropic forces which defines the final bulk structure of the 

hydrogel. The increase in the apparent viscosity was calculated and this is assigned to the 

presence of the polymer and perturbing the water dynamics in close to the polymer surface. The 

fact that the time averaged structure of the chains between cross-links was dependent on the 

concentration of the polymer and the degree of swelling but there were no changes in the Zimm 

dynamics outcomes of the polymer dynamics study is a clear prove of non ergodicity in PEG 

hydrogels.  
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Chapter 6 : The Role of Hydrodynamics in the Self 

Diffusion of Green Fluorescent Protein 

 

6.1 Introduction 

Macromolecule’s diffusion dependence on concentration play an important role in 

understanding biological processes. Molecules diffuse within the cell through a crowded media 

such as the cytoplasm where macromolecules make up to 40% of the available space for 

diffusion[1]. Studying this macromolecular crowding is required especially on the cell membrane 

[2], where barriers created by actin filaments hinder the displacement of membrane bound 

molecules[3, 4]. Also, in mitochondria more than 60% of the space can be assigned to enzymes 

and proteins[5]. Other crowded examples are the extracellular space between brain cells[6] and 

red blood cells that filled with hemoglobin with a volume fraction of about 25% [7]. Due to this 

packed environment, macromolecules will move around obstacles and hence the diffusion rate 

is reduced compared to infinite dilution diffusion [8]. This may either accelerate or decelerate 

the rate of reaction rates taking place in the cell. Where, diffusion limited reactions rates are 

decreased and transition state limited reactions are accelerated[9]. The question of the diffusion 

mechanism of proteins in such crowded media is a subject of ongoing research [10]. The 

reduction in the diffusion rate may be assigned to excluded volume effects but the reality is that 

hydrodynamic interactions is what causes such change while the excluded volume effect on 

biological reactions rates is a thermodynamic consequence[11]. In this chapter I present 

experimental evidence that the self-diffusion coefficient of a protein is not equal to the mutual 

or collective diffusion coefficient, where this is explained by different self and collective frictional 

factors. The first being dominated by hydrodynamic interactions that explain the reduction in 



 

diffusion coefficient as a function of concentration. The collective diffusion coefficient shows no 

dependence on concentration while the self-diffusion coefficient shows a decrease even at low 

concentrations addressed in this study.  

The collective diffusion (mutual) coefficient 𝐷𝑐  measures the flow resulted from a concentration 

gradient, while the self-diffusion (tracer) 𝐷𝑠 coefficient refers to a flow of a labeled molecule 

through a solution of uniform concentration. The collective diffusion coefficient is obtained from 

thermodynamical models combined with the Einstein equation which related the molar mobility 

to a molecular friction coefficient 𝑓𝑐  [12, 13]. This leads to collective diffusion coefficient as a 

function of both a friction coefficient and osmotic compressibility 𝐾𝑜𝑠 = 
𝜕𝑐𝑝

𝜕Π
.  Where, Π is the 

osmotic pressure and 𝑐𝑝 is the molar concentration of the macromolecule. The relationship is 

shown in the equation below: 

                                                                             𝐷𝑐 =
1

𝑁𝐴𝑓𝑐
(
𝜕Π

𝜕𝑐𝑝
)
𝑇

                                                                           (6.1) 

where 𝑁𝐴 is the Avogadro number. The osmotic compressibility acts as a driving force where a 

low compressibility in the solution will enhance the process of restoring a uniform local 

concentration. The increase in osmotic pressure is linear with concentration in the case of dilute 

solutions: Π = RT𝑐𝑝 which leads to 𝐷𝑐 = 
𝑘𝐵𝑇

𝑓𝑐
. As concentration increases compressibility 

decreases, causing faster collective diffusion. On the other side increased particle interactions 

increase the friction experienced by the macromolecules which acts as a compensation for the 

osmotic effect which reflects in a concentration independent collective diffusion coefficient. The 



 

self-diffusion coefficient on the other hand is independent of 𝐾𝑜𝑠 and involves only the self- 

friction coefficient 𝑓𝑠 [14]. 

                                                                        𝐷𝑠(𝜏) =  
𝑘𝐵𝑇

𝑓𝑠
                                                                                            (6.2) 

The long-time self-diffusion coefficient is what the tracer experiment represents. And the 

collective diffusion coefficient can be measured using dynamic light scattering. Our purpose here 

is to show that the collective and self-diffusion coefficients are not equal at non-zero 

concentration and explain the origin of this observation. Tracer experiments using neutron’s 

sensitivity to isotopic substitution can be used to obtain the self-diffusion coefficient. This will be 

explained in the experimental section. With this technique we answer the question whether GFP 

diffusion can be explained by the same theories of colloidal solutions [15, 16]. Where 

hydrodynamic interactions that are actually mediated by the solvent, play an important role in 

explaining the diffusion of colloidal particles. Each molecule experiences a hydrodynamic drag in 

the direction mediated by the neighboring molecules and those hydrodynamic interactions 

dominate at short times. Whereas direct interactions start evolving during structural relaxation 

time of the colloids. It is shown that in colloidal solutions the self-diffusion coefficient is not 

affected by direct interactions and is explained by hydrodynamic interactions while on the other 

hand collective diffusion is explained by direct interactions[17, 18]. In the following we 

investigate whether this is correct for GFP solutions at non-zero concentrations.  

Macromolecular diffusion which in this case is GFP results in concentration fluctuation which 

reflects the local density in the solution. Neutron spin echo measures the intermediate scattering 



 

function, 𝑆(𝑞, 𝜏), which is a measure of the intermolecular density fluctuations due to relative 

protein displacement 𝑟𝑖 − 𝑟𝑗 [19, 20]: 

     𝑆(𝑞, 𝜏) =
1

𝑁
∑ 〈𝑒𝑥𝑝[−𝑖𝑞. (𝑟𝑖(𝜏 = 0) − 𝑟𝑗(𝜏))]〉𝑖𝑗                                                     (6.3) 

where q is the scattering wave vector which is related to the length scale probed through the 

famous Brag relationship 𝑞 = 2𝜋/𝑑. Also 𝜏 is the time shift, N is the total number of particles and 

the brackets 〈… 〉 is averaging over the initial positions of the particles. With considering the 

proteins as spherical particles just like in the case of colloidal solutions and without internal 

degrees of freedom equation (6.3) simplifies to equation (6.4): 

                                                      𝑆(𝑞, 𝜏) = 𝑆(𝑞, 0). exp [−𝑞2. 𝐷𝑐 . 𝜏]                                                                 (6.4) 

where the displacement is considered as Gauss distribution with the assumptions made above. 

S(q,0) donates the static structure factor and 𝐷𝑐  is the collective diffusion coefficient that is 

discussed earlier and goes to 𝐷𝑠 when the interparticle interactions are vanished in the case of a 

static structure factor of 1. Here we are assuming Brownian motion. This means that the 

collective diffusion coefficient can be found by a simple exponential decay function fit. Following 

Ackerson [21] , it is also possible to define the hydrodynamic structure factor as 𝐻(𝑞, 𝜏) =

 𝐷𝑐(𝑞, 𝜏). 𝑆(𝑞, 0)/𝐷0. Where 𝐷0 is the free particle diffusion coefficient given by: 

 

                                                                                      𝐷0 = 
𝑘𝐵𝑇

𝑓0
                                                                           (6.5) 

where 𝑓0 is the protein-solvent friction.  



 

The above approach to find a hydrodynamic factor gives a description of direct and hydrodynamic 

interactions between protein molecules. This way we will get to know the main origin of reduced 

mobility and show that it is proposed that not only excluded volume phenomenon. Such 

computation requires a structure factor, so this is the approach at higher concentrations than 

what is studied here. For our simple case we will show the deviation from free particle diffusion 

at infinite dilution 𝐷0.  

So as mentioned the self-diffusion coefficient will be evaluated from the tracer experiment which 

will be explained in the following in more details and the collective diffusion coefficient is found 

experimentally from dynamic light scattering which gives an experimental approximation of the 

hydrodynamic radius of the protein.  

6.2 Small Angle Neutron Scattering (SANS) and Tracer Experiment 

The function of a protein is directly tied to it structure. The structure of protein can be estimated 

by different methods including NMR, X-ray diffraction and electron[22]. Such experimental 

techniques lack features which makes neutron scattering more powerful.  Such features 

limitations include the limited small length scales involved, the lack of phase contrast. The main 

experimental skill used in this work is a tracer sample contrast matched so that the neutron 

visualizes mostly the self-interactions in the dynamic window of neutron spin echo NSE and to 

reduce the collective contribution as much as possible. This is achieved upon the isotopic variants 

of water used. The isotopic sensitivity of neutrons to hydrogen is a powerful tool [23]– with 

hydrogen (1H) possessing a high incoherent scattering cross section and small negative coherent 

scattering length; compared to deuterium (2H) which has a small incoherent cross section and a 

large positive coherent scattering length. The way that these scattering properties manifest into  



 

 

Figure 6.1 Small angle neutron scattering measurements performed on 5 mg/ml GFP in various buffer 

conditions ranging from 0 to 100%. 

 Intensity spectra for the buffer and the sample at different buffer conditions. The buffer is subtracted 

from the sample and scaled by the volume fraction of the protein in the sample. (A) GFP in 90% 

deuteration (B) GFP in 85% deuteration. (C) Forward scattering I (0) estimated. 

scattering experiments differs by the type of neutron scattering measurements being performed. 

For the purpose of this work partially deuterated GFP was generated to achieve a contrast match 

condition as close to 100% D2O as possible. This is confirmed by observing the scattered intensity 

of natural deuterated GFP at 100% D2O which is reduced to less than 1%. GFP was produced at 

different culture conditions to optimize contrast. Contrast series measurements were used to 

finalize the culture conditions that were used in the tracer experiment. The contrast series was 

performed using shorter measurements at only one low q configuration. This is shown in Figure 

6.1. 

Small angle neutron scattering was performed on a low concentration of 5 mg/ml GFP in various 

buffer conditions 0%, 15%, 35%, 60%, 80%, and 100% as shown in Figure 6.1. To estimate the 



 

match point of the deuterated GFP two approaches were used. The first approach considers the 

forward scattering intensity or the intensity at q=0. The difference between the forward 

scattering of the sample and the buffer scaled to the volume fraction of the protein in the sample 

estimated the contribution of the protein to the forward scattering in the sample. As seen in 

Figure 6.1 the scattered intensity drops predictably with the fraction of D2O in the sample. 

indicating contrast is diminished in both deuterated versions of GFP (85% or 90% D2O culture 

medium). The second approach used Porod’s invariant, q*[24]. This quantity was calculated using 

an integration range from 0.008 Å-1 to 0.04 Å-1 and results in a similar observation of steadily 

decreasing sample contrast at increasing amounts of D2O in the buffer.  

The results of both the approaches are shown in Figure 6.2. The square root of the invariant or I 

(0) previously obtained are plot against the volume fraction of D2O in the buffer and a linear fit 

was used to obtain a null scattering condition for both the cases where the intercept with the x-

axis indicated the contrast match point of the deuterated GFP. For the 85% deuterated GFP the 

match point found is around 0.97 volume fraction of D2O while for the 90% deuterated GFP the 

match point was around 100% D2O. The results were consistent in both the approaches.  

 

 



 

 

Figure 6.2 Contrast match point analyses for both 85% and 95% deuterated GFP.  

(A) Forward scattering approach for 90% growth D2O. (B) Forward scattering approach for 85% growth 

D2O. (C) Porod’s invariant approach for 90% growth D2O. (D) Porod’s invariant approach for 85% growth 

D2O. (E) Match points for both the method. (F) Scattering length density match point for the 90% D2O 

growth GFP. 

The growth condition for the study was chosen to be 100% D2O solvent condition and 95% D2O 

growth GFP where the concentration of protein ranged from 5 mg/ml to 25 mg/ml. Table 6.1  

shows the samples prepared and the estimated protein volume fractions φp from dry specific 

volume of the protein.  

 

 

 

 



 

Table 6.1 GFP samples prepared and the corresponding volume fractions 

Concentration [mg/ml] φp [%] 

1 

 

0.09 

  5 0.45 

  10 0.91 

  17.5 1.59 

  25 2.27 

 

Protein solutions were characterized with small angle neutron scattering (SANS). Measurements 

were carried out at EQ-SANS [25] at the Spallation Neutron Source, Oak Ridge National 

Laboratory (Tennessee, USA). Over a q-range 0.03-0.45 Å-1. First, it is confirmed that contrast 

match point is reasonable which is clear in the observed reduced scattering at the 100% D2O 

contrast match point of deuterated green fluorescent protein produced in 90% D2O. This is 

confirmed also for the 85% growth condition GFP. SANS measurements were also performed at 

the 35% buffer condition which is the nominal match point for hydrogenated GFP. This is clear in 

Figure 6.3. Where the results show a clear scattering pattern at 35% D2O, with the 85% D2O 

conditions exhibiting a reduction of the scattered intensity at 35% D2O buffer. This is expected as 

there will be more hydrogen in this version of the deuterated protein. Both samples showed 

drastically reduced scattering at 100% D2O, which is near their match-point.  
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Figure 6.3 Small angle neutron scattering of GFP solutions at different D2O contrast. Measurements are 

performed at 290 K.  

 For structural analysis the spectra of 90% deuterated GFP with a concentration of 5 mg/ml was 

fitted with SASview suite [26]. The molecular weight was previously estimated by Perticaroli and 

others to be 29.8 kDa [27]. The spectra were fitted using the elliptical cylinder fit and it resulted 

in a height of  53.5 ± 1.1 Å with one major radius of 19.6 ± 0.9 Å and a minor radius of 13.6 ±

0.6 Å. This is in good consistency with previous SANS measurements on GFP solution [27]. The 

results are shown in Figure 6.4.  



 

 

Figure 6.4  Elliptical Cylinder fit on dGFP SANS spectra gives consistent results with previous work [27]. 

 (A) solution scattering from dGFP at 35% buffer was found to be well modeled using elliptical cylinder. 

(B) dimensions of the elliptical cylinder fitted to GFP.  

SANS measurements were also performed on hydrogenated version of GFP which was produced 

using only natural abundance water. This version presents a strong contrast at the 100% D2O 

condition which will be used to see the diffusion at the series of concentrations shown in Table 

6.1. So, varying the amount of hydrogenated GFP and deuterated GFP at 100% D2O is the key tool 

in the tracer diffusion experiment studied in neutron spin echo measurements. Where in the 

tracer experiment only 5 mg/ml will be used as hydrogenated GFP while the rest of the 

concentration will be filled using the deuterated GFP which is not visible to neutrons due to the 

contrast match at 100 D2O. This way the collective contribution will be greatly minimized. The 

samples measured were the concentration shown in Table 6.1. With one set of data using all 

hydrogenated GFP while the second set uses only 5 mg/ml of the total concentration as 

hydrogenated GFP visible at 100 D2O. SANS performed on the samples are shown in  

 

Figure 6.5.  



 

 

 

Figure 6.5 SANS measurements at different GFP samples and concentrations. 

 A) hydrogenated GFP at 100% D2O, clearly shows increase in the intensity with concentration. B) 

hydrogenated GFP normalized to concentration. C) Samples used in the tracer experiment clearly shows 

that the contribution to the intensity is not altered with the increase of deuterated GFP in the sample.  

The results clearly show that the intensity of the spectra increases with the amount of 

hydrogenated GFP used and that deuterated GFP can be used as a crowder without contributing 

to the intensity of the NSE measurement.  

6.3 Obtaining the Self-Diffusion Coefficient using Neutron Spin Echo (NSE) 

The mentioned mixture of samples was studied for the diffusion of GFP in solution using neutron 

spin echo. So, we have utilized Neutron Spin Echo (NSE) to measure GFP dynamics as a function 

of concentration in two set of data. Both the data are the same concentration range, the only 

variation is that in the second measurement only 5 mg/ml of GFP was used in the hydrogenated 

form to be used as a tracer experiment to observe only indirect interactions or self-interactions. 

Measurements were carried out at the Spallation Neutron Source, Oak Ridge National Laboratory 

(Tennessee, USA). Over a q-range 0.05-0.16 Å-1 covering length scales where only self-

interactions are observed at the higher q range. NSE is an ideal method to describe these 

motions, which occur at 10’s to 100’s of nanosecond timeframe.  



 

 

 

Figure 6.6 Normalized intermediate scattering function of GFP on a log time scale measured with neutron 

spin echo. 

 A) 5 mg/ml hGFP B) 25 mg/ml hGFP C) mixture of 5 mg/ml hGFP and 20 mg/ml dGFP. Each sample shows 

a clear exponential decay with the time constant of the decay deceasing as a function of q.  

 

 

Figure 6.6 displays the normalized intermediate scattering function 𝑆(𝑞, 𝜏)/𝑆(𝑞) of selected 

samples. The diffusion coefficient was estimated using equation 6.4. The resultant long time 

diffusion coefficient is displayed in Figure 6.7. It is clear that the diffusion coefficient increases 

with decreasing q while above q= 0.09 Å-1 a plateau is reached. This is an indication that only self-

interactions is observed and an average above q= 0.09 Å-1 can be used to estimate the self-

diffusion coefficient of GFP. This is taken from the tracer set of experiment where the collective 

contribution is minimized. We believe that any collective contribution is negligible this is clearly 

seen in Figure 6.8 where the difference between the 10 mg/ml h-GFP diffusion coefficient and 5 

mg/ml h-GFP + 5 mg/ml d-GFP shows no difference. This is an indication that the collective 



 

contribution from the excess 5 mg/ml h-GFP is negligible and hence the tracer experiment shows 

solely self-interactions which will be explained by hydrodynamic interactions in the next section.  

 

Figure 6.7 Diffusion coefficients obtained from NSE for all samples. 

 A) hydrogenated GFP with high contrast at 100% D2O shows higher diffusion coefficient, this is reasonable 

due to the higher contribution from the collective interactions in agreement with SANS higher intensity. 

B) Tracer experiment where it shows lower diffusion coefficient, and the plateau is the self-diffusion 

coefficient since collective contribution is vanished at high q values.  
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Figure 6.8 Diffusion coefficients obtained from averaging above q= 0.09 Å-1.  



 

The tracer diffusion coefficient is the self-diffusion coefficient with minimum contribution from collective 

interactions. The diffusion coefficient from hydrogenated GFP shows a higher value at higher 

concentration this is due to higher contribution to the intensity just as observed from SANS and reflects 

direct interactions that start showing at higher concentrations.  

it is also clear that the difference seen in the diffusion coefficient between the tracer and the 

fully hydrogenated GFP is scaling with concentration difference in h-GFP in the sample. This is 

not seen at the difference of only 5 h-GFP for the total of 10 mg/ml measurements which make 

us more confident to assign the diffusion coefficient from the tracer experiment to be solely the 

self-diffusion coefficient of GFP. The reason for the observed higher diffusion coefficient in the 

fully hydrogenated GFP even at high q values is due to the increased rotational motions which as 

mentioned in previous chapters is coupled with the translational motion of the protein. 

6.4 Dynamic Light Scattering DLS to Obtain the Diffusion Coefficient at Infinite Dilution 

Dynamic light scattering was performed on very dilute samples of 0.6 mg/ml of dGFP and 

0.5mg/ml of hGFP to observe the scattered intensity varying with the same time scale as the 

motions of the solutes in the solution owing to Brownian motion. The excess polarizability by the 

concentration fluctuation, where the intensity fluctuation can be measured. The characteristic 

relaxation rate ꚌC for the concentration fluctuation is related to the diffusion coefficient  τ𝑐 =

 𝐾2𝐷𝑐  [28], where the scattering field amplitude is proportional to the concentration fluctuation. 

The free particle diffusion coefficient was found to be 8.915 ±1.8 Å2 ns-1 for the hGFP and 6.72± 

0.65 Å2 ns-1 for the dGFP. The hydration shell was taken into account for the volume fraction 

occupied by the protein to estimate the protein volume fraction. This is done by considering the 

water molecules perturbed in the first and second shell around GFP evaluated in quasielastic 

previous study. Where it was found that 1706 water molecules are within two hydration shells 



 

around GFP. If we consider, the addition to the protein’s volume due to the water molecules 

moving along with it. We obtain a higher volume fraction through 𝑣ℎ = 𝑣𝑑 + 𝛿𝑣𝑠. Where, 𝑣ℎ is 

the hydrodynamic specific volume of GFP, 𝑣𝑑 is the dry specific volume of GFP, 𝑣𝑠 is the specific 

volume of D2O and 𝛿 is the fraction of water contributing to the protein’s volume. This yields to 

an increase in volume fraction of GFP of 2.15 and an estimation of the hydrodynamic radius to 

be around 2.85 nm with great agreement with literature value of 2.82 nm[29]. The following table 

shows the adjusted volume fraction of GFP which is necessary to be compared with colloidal 

particles theories of lager size. Introducing this normalization will reduce the discrepancy 

observed between theoretical and experimental values of long-time self-diffusion coefficient of 

colloidal protein solutions. Table 6.2 shows the adjusted polymer volume fractions.  

 

Table 6.2 GFP samples prepared and the corresponding volume fractions including the hydration shell 

Concentration [mg/ml] φp [%] 

1 

 

0.195 

  5 0.976 

  10 1.952 

  17.5 3.416 

  25 4.879 

 



 

6.5 Comparison of 𝑫𝒔 and 𝑫𝒄 

Figure 6.9 shows the normalized 
𝐷𝑠

𝐷0
 where 𝐷0 the free particle diffusion coefficient at infinite 

dilution was found in the previous section. The collective diffusion coefficient at this 

concentration range is basically equal to the free-particle diffusion coefficient and even at higher 

volume fractions/concentrations it will decrease by a slight factor for the osmotic compensation 

explained in the first section of this chapter. It is obvious that the self-diffusion diverges with 

increasing protein volume fraction. Where the collective diffusion coefficient decreases only 

slightly in a linear dependence, a roughly exponential decrease is observed for the self-diffusion 

coefficient. The small dependence of the collective or mutual diffusion coefficient is explained by 

the compensation of osmotic and friction effects. The osmotic compressibility is known to decline 

in parallel with the tracer or self-diffusion coefficient for similar studies on hemoglobin and 

myoglobin [30] with a slight difference which reflects the nonequivalence of the self and 

collective friction factors.  

 



 

 

Figure 6.9 Reduction in the self-diffusion coefficient of GFP as a function of volume fraction.  

These results are consistent with work done on other proteins like haemoglobin in red blod cells. 

The results obtained from the study are shown in Figure 6.10 Collective and Self-Diffusion coefficients 

for haemoglobin in red blood cells [34]. . In each case there is a linear decrease in the collective 

diffusion coefficient as concentration increases and the decrease is much less than that found in 

measurements for tracer diffusion which reflects the self-diffusion coefficient [31-33]. It is clear 

that even at low concentrations 𝐷𝑠 shows a deviation from 𝐷0 which is an indication of the long-

range interactions known as the hydrodynamic interactions. At this low concentration we are  

 



 

 

Figure 6.10 Collective and Self-Diffusion coefficients for haemoglobin in red blood cells [34].  

 

also expecting minimum direct interactions. At higher concentrations which is used to study the 

environment in cytoplasm and human cells where it is crowded by a volume fraction of around 

30-40% [9, 35, 36]we are expected to see even further deviation and reduction in self-diffusion 

coefficient which is assigned to hydrodynamic interactions [37] which is well explained by the 

colloidal Brownian motion dynamics with hydrodynamic interactions [38]. The collective 

diffusion shows a much less deviation from 𝐷0 due to the compensation by osmotic pressure and 

higher concentrations. In the tracer experiment all other molecules act as obstacles which is a 

good comparison with the reduction of the diffusion coefficient of globular proteins in living cells 

[39-41] which not only reduces the rate of diffusion but also been proved to induce a sub diffusive 



 

behavior seen at small times to diffusive behavior seen at larger times[42, 43]. Protein being 

structurally different from nano colloids where proteins are defined as macromolecules with non 

spherical shape and nonhomogeneous topology. Therefor it is a challenge to colloid theory [44]. 

But it has been proven that considering a protein as a sphere with equivalent radius in simulations 

results in reasonable approximation to its diffusion coefficient[39]. The dynamics of a colloidal 

suspension is explained by diffusion which occurs at different time scales with corresponding 

different regime of diffusion [38]. In real systems where direct interactions give rise to additional 

time scales, hydrodynamic interactions are seen on time scales 𝜏𝐻𝐼 greater than the diffusive 

time scale of the dissolved particles 𝜏𝑃 where it depends on the colloidal volume fraction and the 

solvent density where this is the short time diffusive regime. On higher time scales of 𝜏𝐼 where 

structural relaxation time where direct interactions are seen and found to affect the long-time 

center of mass diffusion. This clearly suits well in explaining the reduction in the self-diffusion 

coefficient where we know we are only seeing self-interaction where the structure factor is equal 

to 1 and collective interactions are vanished at high q values above the structure factor maximum 

peak. One main consideration to be addressed when explaining proteins using colloidal theory is 

mapping the protein on an effective sphere [45]. The resultant actual radius has to be larger than 

R (the radius of equivalent sphere) due to hydration shell surrounding the protein that increase 

the size of the protein. When we took into account the hydration shell water molecules to be 

contributing to the volume fraction of the protein the experimental reduction in the self-diffusion 

coefficient agreed very well with the normalized self-diffusion coefficient of non charged 

colloids[16]. Where, hydrodynamic interactions is the main origin in explaining the dynamics of 

concentrated hard sphere suspensions for the whole time range where local hydrodynamic 



 

interactions dominate at short time and non local hydrodynamic interactions arise at longer 

times and direct interactions are dramatically reduced by hydrodynamic interactions[16, 46]. This 

clears the concept of reduced mobility in crowded solutions.  

6.6 Conclusion   

We have clearly demonstrated the different dependence of the collective and self-diffusion 

coefficient of GFP on concentration. Which can be explained by concepts developed for colloidal 

suspensions. The main consideration to be addressed here is the difference in effective volume 

fractions which was normalized by taking into consideration the volume of water molecules in 

the hydration shell. The conclusion reached here that the reduction in the self-diffusion 

coefficient of GFP is explained by hydrodynamic interactions just like the case of non charged 

spherical colloidal suspensions. This conclusion is based on the fact of the greater reduction in 

the tracer diffusion coefficient where direct interactions are believed to be neglected and the 

fact that this is more in the dilute regime and direct interactions are not developed and only long-

range interactions are dominating (hydrodynamic interactions). On the other hand, the collective 

diffusion coefficient where it is known to be controlled by direct interactions is nearly 

independent on concentration which is explained by the osmotic compensation. This is constant 

value of 𝐷𝑐  is also seen in hard sphere colloids at short times where hydrodynamic interactions 

dominate. This concluded that the collective diffusion coefficient is controlled by direct 

interactions while the self-diffusion coefficient is controlled by long range hydrodynamic 

interactions.  
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Chapter 7 : Conclusions and Other Neutron Scattering Work 

 

7.1 Conclusions and summary of findings  

My dissertation resulted to many valuable findings and estimations, serves as a full data base for 

research with aqueous solutions. This work focused on both the solvent and the solute from 

structural and dynamical prospective. Neutron scattering was the main tool I used in estimating 

important properties of the systems I studied. 

The following is a summary of my specific findings: 

1) I have successfully experimentally illustrated using neutron and light scattering methods 

the timescale of bulk viscosity in liquid water at a temperature range of 280-303K and 

provided a description of the associated molecular relaxation. This can be summarized in 

few main points as: 

➢ The timescale observed for bulk viscosity is on the order of 1-2ps. 

➢ A connection between rotational motions on the length scale of the first sharp 

diffraction peak for neutrons and the viscous response to volume change was 

illustrated.  

➢ A clear comparison to the molecular motions associated with the shear viscous 

response is shown. Where the motions associated with the bulk viscous response 

are 2-3 times slower. 

➢ The dynamics of bulk water were studied on three different temperatures 280,290 

and 303K. 



 

➢ Properties like the speed of sound, bulk modulus, and bulk viscosity in H2O and 

D2O were estimated at a range of temperature of (7-50 ℃).  

➢ It was shown that bulk viscous response is associated with local density 

fluctuations while shear viscous response is most closely associated with changes 

in water network connectivity.  

2) I have successfully prepared a multi-arm PEG hydrogel and studied its structure in detail 

along with the water dynamics in the system as two populations: bulk and hydration 

water. The change in apparent viscosity due to the presence of polymer was estimated. 

Main findings are: 

➢ A multi arm PEG hydrogel network was prepared from a 4 arm-PEG thiol and an 8 

arm PEG Norbornene from a range of initial polymer volume fractions of (0.036-

0.286) and a full swelling study was done in both water and PBS. 

➢ Shear Modulus, Longitudinal Modulus and the Young Modulus were estimated for 

both in water and PBS. 

➢ The mesh sizes and polymer volume fraction at fully swollen equilibrium were 

estimated. The mesh size ranged from 7 to 2.4 nm.  

➢ The persistence length of the polymer chain was found to decrease with increasing 

polymer volume fraction. 

➢ The dynamics of the polymer were found to follow the Zimm dynamics for dilute 

polymer solutions. 



 

➢ The water dynamics were classified into two different population and the 

corresponding diffusive behavior were illustrated.  

➢ The change in apparent viscosity due to the polymer was calculated using a 

unitless specific viscosity parameter and it was found to be 1.85. This is assigned 

to the increase in immobility of the hydration water population. 

➢ A unique experimental prove of non-ergodicity in hydrogels was established.  

➢ The number of water molecules perturbed per PEG monomer was found to be 8 

to 9 water molecules and the amount of perturbation was found to be around 2. 

➢ MD simulations with collaborators was obtained to reinforce my findings.  

3) I have studied the dynamics of Green Fluorescent Protein solution in a tracer experiment 

to observe the reduction in self-diffusion coefficient and explain in it in colloidal theories 

where hydrodynamic interactions control the self-diffusion coefficient. This work had 

interesting results and findings: 

➢ The structure of GFP was found to be well explained by an elliptical cylinder model 

and results in a height of 53.5 Angstroms and a major radius of 19.6 Angstroms 

and a minor radius of 13.6 Angstroms.  

➢ A tracer experimental approach was successfully done where isotopic sensitivity 

of neutrons was used to have a contrast match GFP solution invisible to the 

neutrons. 



 

➢ The diffusion coefficient of GFP was estimated as a function of protein volume 

fraction and this was normalized to a hydrodynamic radius using perturbed water 

molecules in the first two hydration shells. A hydrodynamic radius of 2.85 nm was 

found with great agreement with literature.  

➢ The reduction in self-diffusion coefficient was explained by the hydrodynamic 

interactions theories from colloidal solutions. 

➢ The free-particle diffusion coefficient at infinite dilution was found using dynamic 

light scattering. 

This work clearly showed the importance of studying the hydration/perturbed population of the 

solution where it plays an important role in explaining the increase in apparent viscosity due to 

the solute-solvent interactions. The immobility of water molecules around solutes results in 

increased viscosity. The perturbed water molecules contribute to the hydrodynamic volume of 

the solute. The PEG hydrogels project is being left with a full description of the dynamics and the 

structural parameters required in applications of PEG hydrogels. The GFP project serves as a 

prove for the influence of hydrodynamic interactions on the diffusivity of the solute. The size of 

the protein used in the study and the volume fractions suit well for a future study of solute 

diffusion with the PEG hydrogel network studied where the mesh sizes serve as a good channel 

for the diffusion of GFP in it where it can be used as a model of solute diffusion in such network.  

7.2 Future work  

My suggestions as to the future of this project would be on the applications of a such well-studied 

system of PEG hydrogels. Where it can be used as a system to study protein diffusion in the 



 

system. I believe GFP can be used as a good protein to check the diffusivity of a solute in the well-

studied PEG hydrogel system in this dissertation. Where a combination of the fifth and sixth 

chapters of this dissertation serve as a database for all the analysis needed. I believe we will 

observe a diffusion coefficient dependent on the apparent viscosity found in this dissertation. 

Both neutron spin echo NSE and SANS can be used to see the diffusion coefficient of GFP in the 

hydrogel. It will be useful to observe whether the diffusion coefficient will always be dependent 

on the apparent viscosity or will there be a cross over from a diffusion coefficient dependent on 

the apparent viscosity to a diffusion coefficient where the protein experiences hydrodynamic 

interactions with the polymer at length scales beyond the mesh sizes. My other suggestion is to 

study the GFP protein solution at higher volume fractions to be able to extract a hydrodynamic 

factor. 

7.3 Other work 

During my PhD studies I have had the opportunity to participate in several other projects which 

have resulted in or will result in peer reviewed publication. While these are not germane to my 

proposed thesis work, they do represent work at the University of Cincinnati during my doctoral 

studies.  

• Lipid Rafts: Buffers of Cell Membranes Physical Properties [1]: 

Lipid rafts are considered as platforms for proteins in cells. In this work another role of lipids 

rafts was proposed and demonstrated by means of molecular simulations and neutron 

scattering. It was found that lipid rafts can stabilize the physical properties of the membrane 

with changes in temperature.  



 

 

Figure 7.1 Lateral diffusion coefficient and bending modulus obtained from MD Simulations for DMPC and 

DMPC/DSPC mixtures representing the fluid boundary composition.  

(A) a plateau in the lateral diffusion coefficient between 35 and 45 °C. (B) An Arrhenius plot demonstrates 

the effect of compositional changes. (C) The bending modulus exhibits a decrease with temperature while 

it shows a plateau for the temperature range of coexistence.  

The idea rises from the fact that the membrane composition itself controls the viscous and 

mechanical properties of the bilayer of the membrane. Due to different melting points of the 

lipids in the membrane, the composition is dependent on temperature depending on the 

movement of high or low melting points membrane components. So, this allows the lipid rafts to 

be functioning as buffers for the membrane physical properties by basically varying the changes 

in the environment through changes in composition. This is seen as a higher melting point lipid 

portioning to the fluid phase when temperature is increased; this results in higher bending 

modulus and viscosity. To give an insight of how this buffering phenomena, neutron scattering 

technique along with molecular dynamics simulations were performed on a phase separated 

model membrane. The observed outcomes demonstrated the buffering effect seen in both the 

bending modulus and the lateral diffusion coefficient of the fluid phase when temperature is 

changed. The work was published, and the results are shown in Figure 7.1 [1]: 



 

The clear plateau in both the lateral diffusion and the bending modulus in the case of phase 

coexistence is shown in Figure 7.1. This clearly shows the temperature dependent buffering 

effect of the phase separated lipid bilayers. Our group also performed experimental observation 

of the lateral diffusion coefficient using neutron spin echo technique as a coherent inelastic 

neutron scattering to observe the collective motions of the bilayer structure and/or the lipids. 

The observed experimental quantity is the intermediate scattering function which shows us the 

fraction of pair correlations in the system still existing after a certain probing time. The expected 

shape is an exponential decay due to the less correlations still existing at the longer times. The 

diffusion coefficients were obtained by multiplying the constant extracted from the exponential 

decay by the square of the length scale probed. The results agree with the simulations and 

highlight a deviation from the usual Arrhenius behavior at temperature below the coexisting 

temperature.  

• Acetone Diffusion in Nafion [Presented to Collaborators]: 

Quasielastic neutron scattering measurements were performed on Acetone by itself and in 

Nafion and Vanillic acid treated Nafion polymer materials. For liquid acetone, a typical three 

component fit in the intensity versus energy spectra obtained from BASIS was utilized. It consists 

of a vanadium spectrum representing the elastic scattering, a quasielastic spectra modeled by a 

Lorentzian fit, and a flat background was utilized to represent thermal background and fast 

dynamics beyond BASIS window. A q2 dependence in the half-width at half max of the Lorentzian 

function was observed. From the observed linewidths, the full width at half max (FWHM) of the 

Lorentzian function can be converted to the time domain via Plank’s constant, ħ. The diffusion  



 

 

 

Figure 7.2 QENS spectra of acetone diffusion in nafion materials as a function of scattering wave vector, 

q and the appropriate fit.  

coefficient can be obtained then as a function of scattering wave vector where 𝐷(𝑞) =

𝐹𝑊𝐻𝑀(𝑞)/2ħ𝑞2. The acetone dynamics in nafion are treated in the same manner as above. The 

only consideration here is the elastic dynamics that are accounted by measuring the appropriate 

nafion spectra without acetone. The analogous use of nafion with vanillic acid spectra was used  

 



 

    

 

Figure 7.3 (A) The FWHM of the Lorentzian feature describes the diffusive motions of acetone, 

experiments performed at 296K (B) Acetone diffusion coefficients versus observed length scale of the 

measurement. 

in the fitting of acetone diffusion in those samples. Below is an illustration of the analysis done 

on acetone in nafion and the final diffusion coefficients evaluated for all the three cases. The 

broader linewidth of liquid acetone indicates the substantially greater diffusion coefficient in the 

liquid. The observed acetone diffusion within the Nafion polymer are reduced by over one order 

of magnitude from the self-diffusion coefficient of acetone in solution. Diffusion coefficients at 

this short length scale appear to be on the order of 1-2 x 10-10 m2/s. The liquid acetone self-

diffusion coefficient is in reasonable agreement with literature. These diffusion terms can be 

averaged, from which a few trends might be inferred. Firstly, that acetone has a greater diffusion 

coefficient when water is also present in Nafion, and secondly that acetone appears to have a 

greater diffusion coefficient when vanillic acid is not present. 



 

• Transition Between Different Diffusion Regimes and Its Relationship 
with Structural Properties in Nafion by High Field Diffusion NMR in 
Combination with Small-Angle X-ray and Neutron Scattering [2][Published]: 

This work reports a PFG NMR observations of an observed upon increasing water 

concentration transition from disconnected domains of water channels to fully 

interconnected water channels. This work allows quantifying the permanence of the domain 

boundaries, the diffusion of water in Nafion within the domain loaded with both water and 

acetone, and finally the average size of the domain. In the case of acetone there was no 

evidence of finite domains where there are resistant to transport at the boundaries; this was 

observed from the self-diffusion coefficient of acetone. This is not the case with water where 

there is a clear dependence of the self-diffusivity of water in the case of small water loadings; 

the diffusion showed time dependence, and this is due to the finite domains existing made 

up of interconnected channels of water with several micros of size. This is formed in Nafion 

in the presence of acetone. My contribution to this work was utilizing small angle neutron 

scattering (SANS) in order to illustrate and explain the relationship between the observed 

diffusion behaviors and the corresponding structural properties.  This structural insight can 

be accessed by SAXS and SANS on Nafion loaded with acetone. Whereas mentioned in 

previous chapters and contents the peak position has reciprocal units of length scales. Where 

here we addressed the length scales of the water channel walls or crystalline regions. SAXS 

showed for the ionomer/water channels there is a clear parallel increase of the size of the 

channels and the concentration. While for a constant water concentration there is a 

significant decrease in the size of the channels with increasing acetone concentration. The 

same observation was achieved with SANS. For the crystalline region there was no clear 



 

dependence of the peak value and the effective size with water concentration. But there is 

a notable increase in the peak value with increasing acetone concentration. This dependence 

is explained by the accumulation of acetone at the perfluoro ether regions at the interface. 

The swelling of this interface region seemed to decrease the water channel diameter with 

increasing acetone concentration. This also caused the separation of the crystalline regions 

further apart from each other. All the measurements suggest that the acetone is located 

outside of the water channels in the interfacial regions. By now we can tell this is why the 

diffusion coefficient did not have time dependence when it was observed for water. The 

location of acetone outside the water channels means that the connectivity of the channels 

itself will not alter the role of acetone in the diffusion process. The structural analysis using 

SANS an SAXS also provide an explanation of the increase in the domain size with increasing 

acetone concentration at a constant water concentration. This is seen as a shrinking process 

of the water channels which causes the water molecules to collaboratively distribute 

themselves in regions where little water is present or immobile water molecules are located. 

This results in a longer water channel with more mobility of the water molecules and reflects 

in an increased domain of interconnected channels.  

7.4 Final statement  

The conclusion I have reached after studying specific aqueous solutions is that the water 

population can be divided into two populations: bulk water and perturbed water. The two 

populations have different diffusive behavior and relaxation times. This translates into different 

local viscosities near solute surfaces. Which in the case of hydrogels is important in determining 

the diffusion coefficient of a solute in the polymer network. Also, I have concluded that the bulk 



 

structure of the hydrogels which is determined by the swelling degree estimated macroscopic 

properties of the system. I was also able to conclude that the perturbed water follows the 

dynamics of the polymer chain. In protein solution I concluded that a protein if normalized to a 

volume fraction including the perturbed water population its self-diffusion coefficient can be 

modeled and explained by colloidal solution theory where hydrodynamic interactions control the 

tracer diffusion. Moreover, I was able to define the molecular origin of bulk viscosity of water 

and compare it to the molecular origin of shear viscosity. which explains why the viscosity of the 

perturbed water molecules near solutes is altered; this is due to change in the dynamics of the 

water population and structural reorganization.  
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