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Abstract 
 

Water is “the matrix of life” for its fascinating properties. The well-known simple water 

molecule consists of one oxygen atom and two hydrogen atoms, covering most of planet earth’s 

surface. It is the most studied element in science; however, its properties are still not fully 

understood. Another essential building block of life is proteins, which manifest naturally in 

aqueous environments. The protein activity is controlled by the protein folding process that is 

dependent on the surrounding environment. It is hypothesized that the hydrogen bond network 

of water plays an important role in the folding process. Here, we investigate the protein 

lysozyme in liquid water as well as in the crystalline state ice Ih, exploring various 

temperatures, using FT-IR and XRD. Our main finding is that a transition occurs at 

approximately T=210 K, indicative of the hypothesised protein dynamic “glass” transition 

observed by previous studies in supercooled water at similar temperatures. 

Keywords: 

Water, lysozyme, crystalline water, supercooled water, hydrogen bonds, FT-IR, XRD, 

hydration water, protein folding, protein dynamic transition. 
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1. Introduction 
 

Water has been designated as “the matrix of life” for its fascinating properties. Life 

development is thought to originate from the bottom of the oceans and estimated to have started 

for about 3.8 billion years ago. The central element needed to trigger such an event is water. 

All living organisms still depend on water to continue living, i.e. without water all known 

biological systems would collapse. Water is a transparent and odourless liquid we are very 

familiar with. Despite that, the triatomic water molecule is a complex element that can exist in 

three fundamental states known as vapour, liquid and ice. Water is fundamental in nearly all 

scientific fields such as biochemistry, atmospheric physics, medicine and cosmology, and is the 

most studied molecule in the science community. Unlike any other element, liquid water has 

unique and anomalous physical, chemical and biological properties, in terms of isothermal 

compressibility, isobaric heat capacity and thermal expansion coefficient which are not yet fully 

understood [1],[2]. The prominent 4°C temperature point at normal pressure, when water has a 

density maximum is one typical unsolved behaviour of water that has prevented life from 

freezing to death in oceans and lakes during winters. It is hypothesized that the anomalous 

behaviour of water is connected to the structure and dynamics of the hydrogen bonds network 

in water systems, the exact relation remains elusive [2]–[5].  

Another essential building block of life is proteins, which manifest naturally in aqueous 

environments. There are many different types of proteins, all consisting of amino acid chains. 

Here, we focus on lysozyme, an enzyme that acts as a cellular guardian in the immune system 

in most vertebrae, specialized in attacking bacteria. Lysozyme was first discovered by chance 

in year 1923 by Sir Alexander Fleming, while searching for the first antibiotics the penicillin 

[6]. It is relatively small and stable enzyme consisting of 129 amino acids, which makes it very 

suitable for laboratory research of proteins. The biological activity of a protein is controlled by 

its state of structure, characterised in Figure 1A. The active protein is at the three-dimensional 

native state and loses its functionality when becoming a linear chain at the denatured state. The 

link between is the intermediate state where the folding process take place [7]. The folding 

process may seem straightforward, while it is not. To illustrate the complexity, molecular 

biologist Cyrus Levinthal estimated that a protein with 100 residues has an astronomical 

number of possible configurations in the order of 1070. It would take an eternity of time for a 

protein to fold into a native state, known as the ‘Levinthal paradox’. This paradox has led to 

thinking of the protein folding as a non-random process. A hypothesis has been developed 

according to the funnel energy landscape theory of proteins based on statistical method, stating 

that the protein folding can be described in terms of free energy barriers [8]. A simple 

illustration is shown in Figure 1B.  
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Figure 1. Cartoon of the lysozyme in three different states. (A) The protein can switch between 

the native state to the intermediate state keeping it reversibility. However, going into the 

denatured state can be irreversible. (B) The energy landscape theory illustrated as a graph for 

the three states of proteins. Figures (A) is adapted from reference [7] and is taken from 

reference [9]. 

The intermediate state is an unstable state of being, sometimes leading to incorrect folding 

or misfolding. This folding failure seems to have consequences as development for some 

diseases such as Parkinson’s and Alzheimer’s. 

The important aspects of water and protein research are many. One general point of view 

proposed during the 70’s was to understand the origin of life that is strongly associated with 

water and its properties [10]. We can state that scientists have come a long way in answering 

such questions but are far from finished. More applicable aspects are within cancer research, 

such as cryosurgery in thermal therapies [11]. It is usually done by applicating extreme cold 

from liquid nitrogen or argon gas on cancer cells and tumours [12]. Cryopreservation is another 

important application in medicine with varying purposes. The method strongly depends on the 

protein stability involving draying and freezing and preferably done without any additional 

damages to the sample that can occur during the process [11]. Moreover, modern research 

focused on electron-driven reactions in aqueous solutions, assert that water structure has a great 

impact on the transfer of electrons in DNA, that can cause denaturation of the DNA. Therefore, 

deeper knowledge of water and protein systems provides benefits in the ways of handling 

radiation exposure on biological systems in radiation therapy, nuclear medicine and nuclear 

waste from nuclear power plants [13]. 
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1.1.  Previous studies 
 

Proteins’ stability has an important role in their functionality and folding process. A disturbance 

in the structure of the protein’s native state can cause denaturation which can lead to apoptosis 

(cell death). Denaturation mainly refers to changes that dependent on environmental factors. A 

few examples are thermal changes, radiation exposure, chemical changes in terms of pH-value, 

and mechanical changes such as external stress [11]. At the moment very little is known about 

the folding and denaturation on atomic length scales. It appears that there is a link between the 

protein folding and its hydration based on experimental data. 

During the past decades, there have been different points of views considering the protein 

dynamical transition, also called protein ‘glass’ transition. This transition is observed at 

temperatures near 220 K. In general, it is established that many biochemical processes of 

proteins in aqueous environments tend to slow down at temperature between 200 K-240 K. 

Below this temperature range, proteins lose their biological functionality, entering a ‘glassy’ 

state. This is reflected in the dynamics, which exhibit a cross-over change at the same 

temperature range. One developed hypothesis is that this transition is associated with the 

protein’s degrees of freedom, which lose flexibility below this temperature range [14]–[16]. On 

the other hand, it has been proposed that the origin of this dynamics transition is related with 

the surrounding water molecules, specifically the hydrogen bonds in liquid water which are 

relatively sensitive to external modifications and act as a thin hydration layer around the protein 

playing a major role in the protein folding [5], [17], [18]. 

One approach to study the influence of hydration in proteins has been to investigate 

hydrated protein powders with variable hydration level, denoted as ℎ. The definition of ℎ is 

grams of water per grams of dry protein. According to Rupley and Careri, the impact of the 

hydration level is of great importance for the structure and dynamics of proteins [19]. At ℎ <
0.25 the proteins enzymatic activity is negligible. Above ℎ > 0.25, proteins activity is 

increased where the full hydration occurs approximately at ℎ = 0.38.  

Hydrated proteins have been extensively studied by Infrared (IR) spectroscopy. Fourier-

transform infrared (FT-IR) and Raman spectroscopy are sufficient over a range of temperatures, 

requiring small amounts of protein solution. Studies made by Mallamace and co-workers [4], 

[7] investigated hydrated lysozyme powder with a single monolayer of water covering the 

protein surface with hydration level ℎ ≈ 0.3. Some of their results are shown in Figure 2. A red 

shift is noted with decreasing temperature in the interval 180 K to 350 K of the OH-stretch 

region in Figure 2A. These shifts are assumed as an indication of gradually varying hydrogen 

bond strength and number between the water and lysozyme. The peak positions at each 

temperature are plotted in terms of frequency vs temperature in Figure 2B. At the temperature 

225 K there is an inclination starting and continues up to 320 K where another transformation 

is occurred. For the slope at 225 K, the explanation could be the presence of the dynamic ’glass’ 

transition in the supercool regime at 225 K. What makes this interesting is that the transition 

appears in the same temperature range as the hypothesized fragile-to-strong transition in water 

[20]. Additionally, similar temperatures correspond to the low-  and high-density water 

crossover [1]. In the case of the slope at 320 K, one hypothesis is that the hydrogen bonds 

become unstable when exceeding higher temperatures and the protein folds into the denatured 

state. 



Bachelor’s degree thesis   Rafat Yousif 
 

 8 

 
Figure 2. A) FT-IR measurement of the OH-stretch regime of confined water around lysozyme. 

Showing the temperature dependence in the range of 180-350K, including a measurement of 

bulk water at room temperature (black). B) The peak position of each curve plotted against 

temperature together with a linear fit. Both figures are taken from reference [4]. 

The connection between the protein dynamic transition and water has been proposed 

using several spectroscopic and scattering methods. One established method is the quasi-

elastic-neutron-scattering (QENS) that has been revealing this kind of dynamics transition at 

220 K shown in Figure 3 [5]. However, this has been controversial since a study made by 

Khodadadi et. al using dielectric spectroscopy and neutron scattering, showed no sign of such 

transition in this temperature range [21]. The explanation of this discrepancy has been 

limitations in the experimental resolution. Similar observations were noted by Doster et.al using 

more sensitive measurements with a new neutron scattering spectrometer called SPHERES 

[14], showing that this protein “glass” transition is not necessarily connected with the 

temperature limits 200~230K, since similar transitions were observed at other temperatures. 

All these results imply the onset for the existence of a connection between the crossover 

dynamical transition of the hydrogen bonds and the protein behaviour. This statement could be 

reinforced by the fact that dry proteins (h ≤ 0.2) did not show this kind of dynamical 

transitions. 

In this work, we will investigate the properties and influence of water on lysozyme using 

FT-IR and X-ray diffraction (XRD) methods. For the FT-IR we attempt a different approach, 

by studying the lysozyme in solution and follow the evolution of the FT-IR line shape as the 

solution transitions to the crystalline phase.  
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Figure 3. Evidence for the existence of a dynamic transition at 220K in 

lysozyme. The result is expressed as the average translational relaxation 

times 〈𝜏𝑇〉 in logarithmic-scale vs temperature 𝑇0/𝑇 where 𝑇0 is the ideal 

glass transition temperature. Figure taken from reference [5]. 
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1.2.  Vibration modes of the hydrogen atoms in 𝐇𝟐𝐎  
 

The water molecule consists of two hydrogen atoms and one oxygen with higher 

electronegativity than the hydrogen atoms [22]. These features make the water molecule a 

triatomic dipole. The atoms are constantly in motion, vibrating and rotating. The vibrational 

modes of water molecules are strongly coupled to the hydrogen-bonds. The hydrogen atoms 

have smaller mass in comparison to the oxygen atom. This makes the oxygen atom at a more 

stable position while the hydrogen atoms are displaced. A simplified comparison would be 

seeing the water molecules as paddleball, where the hydrogen is the ball attached to the paddle 

with a string[23].  For a nonlinear molecule as water, the number of vibration modes is 

described as (3𝑁 − 6), where 𝑁 is the number of atoms in a molecule which is 𝑁 = 3 for 𝐻2𝑂, 

meaning that water has three vibration modes. The three well known vibration modes of water 

are symmetric stretch (𝑣1), bend (𝑣2) and anti-symmetric stretch(𝑣3), as well as the so-called 

librational modes showed in Figure 4. 

 

 
Figure 4. Simplified cartoon of the vibration modes of water (𝐻2𝑂) molecules. Figure adapted  

from Water And Structure [24]. 

These vibration modes of water are called normal modes. By definition, normal modes are 

independent of other atoms motion and excitation, meaning that exciting a normal mode will 

not affect other normal modes, without involving any interpretation or rotation of the molecule.  

Each mode has a specific energy, characterized by the type of motion. Involving quantum 

mechanics, the energies of the vibration sates of a polyatomic molecule can be expressed in 

terms of wavenumber as 𝐺(𝑣): 

 𝐺(𝑣) = (𝑣 +
1

2
) �̃�, �̃� =

1

2𝜋𝑐
(

𝑘

𝑚𝑒𝑓𝑓
)

1
2

 (1) 

𝑣 :  the vibration quantum number 𝑣 = 0,1,2,... 
�̃� :  the vibration frequency  

𝑘 : the force constant of the bonds. 

𝑚𝑒𝑓𝑓  : the effective mass of the molecule. 

𝑐: the speed of light (299 792 458 𝑚/𝑠) 

 

Using FT-IR the absorption spectra can be obtained for the different vibration states. 

Irradiating the molecules will cause interaction of the molecules with the electromagnetic field 

of the radiation as absorption or emission. To be able to register these interactions of the 
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vibration states, the electric dipole moment of the molecule must change and the thus these 

vibration states are called infrared active. The absorption intensity of the incident radiation is 

proportional to the square of the transition dipole |𝜇𝑓𝑖|
2
 expressed quantum mechanically as an 

integral in Eq. 2, 

 𝜇𝑓𝑖 = ∫ 𝜓𝑓
∗ �̂� 𝜓𝑖 𝑑𝜏 (2) 

where �̂� is the electric dipole operator, 𝜓𝑓
∗ and 𝜓𝑖 are the final and initial wavefunction, 

respectively, integrating over space 𝑑𝜏. The definition of absorbance 𝐴 and transmittance 𝑇, is 

derived from the Beer-Lambert law as: 

 𝑇 =
𝐼

𝐼0
= 10−𝐴   (3) 

 𝐴 = − log
𝐼

𝐼0
 (4) 

where 𝐼 and 𝐼0 are the intensities of the transmitted and the incident radiation, respectively. The 

Intensity is defined as: 

 𝐼 = 𝐼0𝑒−𝛼𝑥   (5) 

where 𝛼 is the absorption coefficient of a material and 𝑥 is the thickness of the sample. 

The absorption spectra of water look different for the different states of water. For the gas 

state, the spectral absorption lines are discrete and distinguishable by a separation interval less 

than 10 𝑐𝑚−1. However, in the liquid water and ice there is a continuum of states. In this case, 

the spectral lines become broader, overlapping each other and no more distinguishable as an 

effect of the vibrational overtones and intermolecular interactions shown in Figure 5. 

 

 
Figure 5. Infrared spectroscopy of H20 at three different fundamental states; gas, liquid and 

solid, obtained at different temperatures. 
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2. FT-IR 
 

FT-IR spectroscopy is a variant of vibrational spectroscopy and is a method to study the 

structure of a chemical group in molecules and other functional groups. The principle is to study 

the atomic bonds in a molecule. These bonds are always in motion, called vibrational modes. 

Each vibrational mode oscillates at a certain energy, which can be determined by irradiating 

these bonds with infra-red light. Each vibration mode will absorb light at a specific energy 

associated with its own vibration energy. 

2.1. FT-IR Material 
 

The lysozyme protein used is lyophilized chicken egg white lysozyme powder purchased by 

Sigma-Aldrich [25]. For samples containing water, Milli-Q water (purified water: Type 1) was 

used. The Fourier Transform spectrometer used is the Frontier MIR/FIR spectrometer, 

manufactured by Perkin Elmer, Inc. The model of the cryostat used is called VPF-100 Optical 

Cryostat manufactured by Janis Research Company [26]. The VPF-100 cryostat has four view 

𝐶𝑎𝐹2 windows suitable for the type of radiation used in FT-IR spectroscopy. Additional 

specifications of the VPF-100 cryostat are the temperature sensor, the vacuum chamber and the 

super insulated cryogen, filled with liquid nitrogen in our case. To control the temperature, an 

electronic cryogenic temperature controller Model 335, manufactured by Lake Shore 

Cryotonics, Inc, is used [27]. Two different sized circular 𝐶𝑎𝐹2 windows are used to have the 

samples between. The dimensions of the 𝐶𝑎𝐹2 windows are (10 x 2mm) and (20 x 2mm) given 

as (diameter x thickness), purchased from Crystan Ltd [28]. 

2.2. FT-IR method and experimental setup 
 

For simplicity, the experiment setup is divided in three main parts; spectrometer, cryostat 

(shown in Figure 6) and vacuum pump. Each part had its own independent settings. The setting 

of the spectrometer was mostly controlled by a connected computer, described further in the 

following section, while the settings for the cryostat and the vacuum pump were controlled 

manually. 

 
Figure 6. The VPF-100 Optical Cryostat manufactured by Janis Research Company (left) [26]. 

A picture of the sample head attached with a protein powder sample between two CaF2 

windows (right). 
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Having a cryostat and a vacuum pump led to the hindrance of closing the cover hatch of 

the spectrometer during measurements. This would lead to water and ice build-up outside the 

cryostat windows when cooling the sample to low temperatures. The build-up of layers on the 

windows outside was unwanted as it would interact in the same wavelength range of the sample 

affecting the results. Therefore, we built an aluminium foil cover around the cryostat and other 

parts, for the purpose of making a sealed environment inside the cover, free from water vapor 

and 𝐶𝑂2 using dry nitrogen gas flow. 

The cryostat could be divided into additional two pieces; sample chamber and sample 

holder shown in Figure 6. The vacuum chamber was connected to the vacuum pump, creating 

a vacuum around the sample to prevent ice building and other noise contributions, which could 

potentially block the signal. With the provided instruments the accessible vacuum pressure was 

4.0 ∗ 10−3 ± 0.5 ∗ 10−3 mbar. Varying the temperature of the sample to lower temperatures 

was done by pouring liquid nitrogen in the insulated cryogens upper part. Using liquid nitrogen 

is a sufficient way to cool items, as it is non-toxic element, simple to handle and has a boiling 

point at 78 K.  

To control the temperature, a heater is mounted at the end of the sample holder, connected 

to an electronic cryogenic temperature controller. It was possible to control the temperature of 

the sample between 78 K – 300 K with estimated accuracy of ±1 K due to thermal equilibrium 

and stability issues. Therefore, the temperature source of error might be underestimated as 

thermal equilibrium is varying for different samples and with the waiting time between 

measurements. Additional maintenance of the setup was needed, typically after one week of 

use, the rubber gaskets between the different connection needed cleaning and greasing. This 

was mainly because of the impurities accumulating between them, causing vacuum leakage. 
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2.2.1. FT-IR Spectrometer 
 

The radiation from the FT-IR spectrometer used is emitted by quartz halogen bulb, producing 

the near infra-red beam, which contains ultraviolet, visible and mainly infrared radiation. The 

Frontier FT-IR spectrometer operates with electricity supplies in range between 100 V to 230 

V. To read the outcome data, the Frontier spectrometer is connected to a computer (PC). Figure 

7 shows an image of the FT-IR spectrometer used and a schematic diagram of all the different 

components and operation steps of the spectrometer. 

 
Figure 7. A) The Frontier MIR/FIR spectrometer, manufactured by Perkin Elmer, Inc., picture 

taken from reference [29]. B) Schematic diagram of the different components inside the FT-IR 

spectrometer adapted from reference [30]. 

To control the spectrometer and other instrument settings for example the measuring 

resolution, a software called “Spectrum v.10.14.1” was used. One useful tool found in the in-

build help systems was the atmospheric (𝐶𝑂2/𝐻2𝑂) suppression. The software simply makes 

an atmospheric noise correction of the collected spectrum, based on high resolution reference 

spectrums derived from empirical data, using least squares fitting to the collected spectrum. 

Where the so-called atmospheric noise contributed from the CO2/𝐻2𝑂 in air is subtracted. For 

more details it is recommended to read in the “User’s/Administrator’s Guide” provided from 

Perkin Elmer, Inc., [31]. To remove additional background contributions, dry nitrogen gas was 

used.  

2.2.2. FT-IR sample preparation 
 

There were mainly two types of samples; powder and liquid. For the powders, the samples were 

only dry protein without any other substances added. Some powder samples were grinded with 

a mortar grinder to get a finer structure. The liquid samples on the other hand, included both 

only water samples and a mixture of powder in water. The protein powder was handled carefully 

for minimizing contamination by the surrounding air, and hydration. For that reason, the protein 

bottle was opened inside a sealed plastic box with nitrogen gas flow. Moreover, the bottle was 

kept in an icebox after taking it out of the freezer at -20°C to retain enzyme activity according 

to the product shipper [25]. 

The whole process needed to be fast without unnecessary air exposure of the protein 

inside the opened bottle. If the measurement required a liquid solution, a small amount of Milli-

Q water was added to the protein and was gently stirred until the protein had dissolved in the 
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water; when it became transparent. Afterwards, the prepared samples were placed between two 

circular 𝐶𝑎𝐹2 windows. It is recommended to press the 𝐶𝑎𝐹2 windows against each other with 

a small amount of force, to make sure that the layer of solution between is homogeneous and 

thin enough. Otherwise, the signal from the FT-IR spectrometer could be disturbed or in worst 

case totally blocked. The last step before the measurement is to mount the sample on the sample 

holder of the cryostat with help of 4-8 screws, depending on the size of the 𝐶𝑎𝐹2 windows used. 

Note that it is very important to be extra careful with minimal force when screwing, otherwise 

the windows could break. 

2.3.  FT-IR result and discussion 
 
Figure 8 shows the collected air background spectra in the laboratory. The highlighted peaks in 

Figure 8 (left) correspond to the absorption regions of water and carbon dioxide vibration 

modes.  A closeup of the three highlighted regions is presented in Figure 8 (right). It is clearly 

seen that the band spectra have discrete distinguishable absorption lines due to the gas state of 

the molecules in air. The vibration modes of the 𝐻2𝑂 molecules are the OH-bending at 1400-

1800 𝑐𝑚−1 and the OH-stretching at 3600-3900 𝑐𝑚−1. For the 𝐶𝑂2 rotational-vibrational mode 

it is visible between 2275-2400 𝑐𝑚−1. These results are consistent with the textbook physical 

chemistry and results from other studies[22], [32]. 

 

 
Figure 8. The background Spectrum inside the laboratory, measured with the FT-IR 

spectrometer. The visible peaks are primary contributed by the water and carbon dioxide 

molecules in air, highlighted in the (left) figure with a closeup of the highlighted regions in the 

(right) figure. 

The results for the comparison of water and lysozyme are presented in Figure 9. Here are 

compared measurements of pure water (dashed lines) and water with lysozyme (solid lines), at 

four different temperatures as indicated in the figure legend. Note that all presented spectra are 

normalized against the highest peak of the OH stretch. The measurements at room temperature 

(295K) are included to illustrate the phase transition between liquid and solid state, where an 

offset has been used to facilitate the comparison. It is noticeable that the infrared spectra have 

continuous curves, compared with the background spectrum of air in the gas state. The cause 

of this occurrence is discussed section 1.2. Two regions of interest in Figure 9A are within the 

intervals 1300-1800 𝑐𝑚−1 and 2800-3800 𝑐𝑚−1 representing the OH- bending and stretching 

modes, presented in Figure 9B and Figure 9C, respectively.  

Starting with the OH-bending region, showing a few interesting features. Mainly, the 

presence of the additional peaks in the lysozyme spectra, caused by the vibrational modes of 



Bachelor’s degree thesis   Rafat Yousif 
 

 16 

the peptide group in the lysozyme associated with the secondary structure of the protein, located 

within the same bending region of water, called Amide I, II and III. The obtained peak position 

of Amide I is at 1652 𝑐𝑚−1, Amide II at 1547 𝑐𝑚−1 followed by Amide III which is widespread 

between 1500-1300 𝑐𝑚−1. All peak values are in agreement with previous studies[7], [33]. 

Although, the obscurity of Amide III is because it is a superposition of many different other 

modes which has a very complex nature discussed in the following references[4], [7]. 

 
Figure 9. A) Absorption spectrum of water and lysozyme at different temperatures, described 

in the given legend. Each spectrum is normalized to its highest peak. B) OH-bending and amide 

region. C) OH-stretching region. 

Furthermore, note the flatness of the bending mode of liquid water as it transforms to ice and 

lower temperatures, that has been observed by other studies [32], [34].  

Moving on to the OH-stretch in Figure 9C, we can state the peak shift between the phase 

shift from liquid state to solid state (frozen) for both water and lysozyme which is in agreement 

with Figure 5. Comparing water (dashed lines) and lysozyme (solid lines) showed no significant 

difference in curve shape at all temperatures, although a slight red shift is noticeable for the 

lysozyme relative to water. This shift could be an effect of the lysozyme in water, seen in 
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another study of hydrated lysozyme in power form where the peak red-shifted 50 𝑐𝑚−1 with 

respect to bulk water [7]. Additionally, we observe a redshift of the curves both for water and 

lysozyme frozen samples as the temperature drops gradually from 250 K to 78 K, which has 

also been reported before [4]. Further temperature dependence investigations of the OH-stretch 

region were made. The observed three peaks in the OH stretching mode are due to the coupling 

to the hydrogen bond network in crystalline ice Ih also known as the hexagonal ice. The line 

features have more than one explanation.  Earlier interpretation suggesting that the observed 

line shapes were associated with the symmetric and asymmetric vibration modes with 

additional third peak caused from the bend mode overtone amplified by a Fermi resonance with 

the stretch[35]. One modern interpretation is that the line shapes reflects collective crystal 

oscillations, referred to as vibrational excitonic modes [36]. One study done by Mallamace et 

.al were done analysing the line shapes, built on the ‘mixture model’ of water consisting of 

Low-density liquid (LDL), High-density liquid (HDL) and Non-hydrogen bonded (NHB) water 

molecules and the obtained FT-IR spectrums of water were fitted by three gaussian 

distributions[37]. We made similar analysis with three gaussians corresponding to each peak 

by fitting three gaussians within each curve as in Figure 10. 

Figure 10. Six plots illustrating the way the gaussian fit were done using Python. The figure 

includes three plots for lysozyme and water each at three temperatures; 78K, 160K and 250K.      

Seven different sets of measurements were done for different samples, varying the temperature 

from cold to hot and vice versa. The peaks position of the gaussians are plotted in Figure 11 for 

the collected data. The intention here is to compare the temperature dependence of the pure 

water line shape with that of the lysozyme solution. For both the first and second peak, the 

overall trend is quite reproducible. There is growth with increasing temperature at constant ratio 

for all data sets, although some of the measurements started to deviate below 140 K. The sudden 
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jump at ca 270 K is due to the solid-liquid state transition. The deviation between the different 

measurements reflects the temperature uncertainty, as the equilibration time given to the 

cryostat was varied between experiments. Another source of error could be the multiple 

parameters used in the gaussian fit method, which however was minimized by imposing 

constrains on the range that could be used for the peak positions. 

 

 
Figure 11. Seven different sets of measurements with different properties given in the legend 

at the top, where each peaks position is plotted against its temperature. The peaks are fitted 

gaussians in the same way as illustrated in Figure 10. 

Lastly, the third peak shows quite different temperature dependence than the other two peaks. 

Instead of constantly decreasing, like the first and second peak, it exhibits a broad minimum in 

the temperature range between 150 K-250 K. This behaviour is present both for water and 
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lysozyme solutions, shown separately in Figure 12. At lower temperatures between 78 K-140 

K there is some discrepancy between the measurements, just like in the previous peaks. At 140 

K a small maximum is observed for all measurements with one exceptional measurement of 

lysozyme going from hot to cold, which is currently attributed to the cryostat temperature 

controller, which exhibits some temperature uncertainty near liquid nitrogen temperature. 

 
Figure 12. Third gaussian peak for water and lysozyme in the temperature range 140-250K. 

Local minimum at 208K and 211K for lysozyme and water respectively. Obtained by fitting 

seconds degree polynomial fit (dashed lines)  
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3. XRD 
 

X-ray diffraction (XRD) is a powerful tool used for structure identification and gives 

information of unit cell dimensions. XRD can be used for other application as determining the 

structure and atomic spacing of molecules like proteins and DNA. The measuring results are 

often presented as a diffraction pattern in a 2D image of all integrated reflection Bragg peaks 

or diffuse scattering. 

3.1. XRD material 
 

The same type of lyophilized chicken egg white lysozyme used for the FT-IR from Sigma-

Aldrich [25] was used here, and Milli-Q water in the liquid samples. The X-ray diffractometer 

used is the D8-Venture, manufactured by Bruker [38]. Thin quartz capillary tubes were used, 

of the model (QGCT 1.0) produced by ''Capillary Tube Supplies Ltd’’ [39]. The capillaries have 

an outside diameter of 1.0 mm, a wall thickness of 0.01 mm and length equal to 80 mm. An 

electronic weight scale with an uncertainty of 1/1000 g was used to weight the samples when 

preparing the different protein concentrations. For calibration, cerium oxide powder (𝐶𝑒𝑂2) 

was the choice of material. 

3.2. XRD method and experimental setup 
 

When the generated X-ray beam reaches the sample material, it is scattered mostly by the 

electrons (scatterers) of the sample (less likely by the nucleus). Here we used hard-x-rays (λ = 

0.7107 Å) where the interaction is mainly elastic scattering, specifically Thomson-scattering. 

The nature of the Thomson-scattering is that the energy of the scattered photon is conserved 

during the interaction and thereby has the same wavelength before and after scattering. This is 

only probable at higher photon energies as the photon energy is much smaller in comparison 

with the mass energy of the scatterer. 

Moreover, the scattered X-rays are treated as electromagnetic radiation waves, interfering 

with each other to form destructive interference (cancelling each other out) and constructive 

interference (add together), creating higher amplitude waves called Bragg peaks. This 

phenomenon can be described by Bragg’s law in Eq. 6, 

 2𝑑𝑠𝑖𝑛(𝜃) = 𝑛𝜆  (6) 

where 𝑑 is the separation distance between the lattice planes in the sample, 𝜃 is the scattering 

angle, 𝑛 is just any integer and 𝜆 is the wavelength of the incoming beam. Measuring with an 

angle of 2𝜃 gives a diffraction pattern covering all reflection directions.  

The difference of the momentum between the incident beam and the outcoming beam is 

called momentum transfer. Generally, a wave has a momentum vector 

 �⃗� = ℏ�⃗⃗� (7) 

where �⃗⃗� is the wave vector and ℏ is the reduced Planck’s constant. The relation connecting the 

wave vector �⃗⃗� to the wavelength is according to Eq. 8. 

 
|�⃗⃗�| =

2𝜋

𝜆
 (8) 

In the case of XRD, the wave energy of the photon is conserved according to the 

Thomson-scattering properties described above. Momentum conservation is also applied here 

as 𝑘𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝑘𝑜𝑢𝑡𝑐𝑜𝑚𝑒 . Therefore, the wave vector changes direction which is the 

consequential momentum transfer 𝑄, described as: 
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 𝑄 = |�⃗⃗�𝑜𝑢𝑡 − �⃗⃗�𝑖𝑛|  (9) 

 

 
Figure 13. Illustration of how the diffraction pattern is obtained from the XRD including the 

essential parts. 

One method of analysing the 2D image data from an XRD measurement is to calculate 

the intensity of each pixel in the image and plot it against the momentum transfer 𝑄. This 

method is called “angular integration” along the azimuthal angle 𝜙, see Figure 13. But first we 

need to define 𝑄 as Eq. 10, 

 𝑄 =
4𝜋

𝜆
sin(𝜃)   (10) 

where the wavelength of the incoming beam is 𝜆 and 𝜃 is the diffraction angle defined as 

 𝜃 = arctan (
𝑟

𝑑
). (11) 

𝑑 is the distance between the sample and the detector and  𝑟 is the radius of the detector area, 

so expressed in the plane-coordinates 

 𝑟 = √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2 .  (12) 

The angular integration was done by a data analysis program called Fit2D. This program 

is publicly accessible, follow the link in references for further information [40]. 

3.2.1. X-ray Diffractometer 
 

The X-ray diffractometer mainly consists of three main elements; (𝑖) an X-ray tube where 

electrons are created in the tube cathode by heating, (𝑖𝑖) the sample holder and (𝑖𝑖𝑖) the X-ray 

detector. The electrons created are accelerated by applied voltage towards a target material, 

Molybdenum (Mo) in our case. The bombardment electrons excite the inner shell electrons, 

creating characteristic X-ray spectra including photons from the Κ𝛼 and Κ𝛽 shells with a narrow 

probability distribution. These characterised X-rays are filtered to become monochromatic X-

rays to remove the Bremsstrahlung allowing lower limits of detection and faster reading times. 

Thereafter, the beam is collimated and directed towards the sample. The sample holder can 

rotate in various directions to cover all possible diffraction angles. The X-ray detector counts 

and integrates the reflected photons, creating the photon intensity pattern in a 2D-image. 
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Figure 14. Picture of the XRD machine Bruker D8 VENTURE taken during the experiment. 

3.2.2. XRD sample preparation 
 

The sample preparation procedure for the XRD was similar to as for the FT-IR experiment. The 

capillaries used were opened at one side where the material was filled through and sealed with 

epoxy paste afterwards. Several different samples were made with different properties, 

described in Table 1. 

 

Table 1. Brief description of the XRD samples.  

Sample Label Sample Description 

CeO2 Powder form. 

Dry lysozyme Protein powder, prepared inside nitrogen 

gas filled box for minimal air exposure. 

Grinded lysozyme Dry protein powder, ground in a grinder 

mortar. 

Solid lysozyme Dry protein mixed with H2O and let too dry 

to become solidified. 

Liquid H2O Milli-Q water. 

Liquid H2O+lysozyme (𝒊)10mg/ml Mixed liquid solution of water and 

lysozyme with the specified certain amount 

of concentration. 

Liquid H2O+lysozyme (𝒊𝒊) 250mg/ml ” 

Liquid H2O+lysozyme (𝒊𝒊𝒊) 300mg/ml ” 
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3.3. XRD results and discussion 
 

First of all, a background measurement with the empty capillary was performed. A 2D-image 

of the XRD background pattern is presented in Figure 15A, and the angular integrated intensity 

plotted against the momentum transfer Q in Figure 15B. The background data was subtracted 

for all other data measurements, to obtain the pure data, without background noise.   

 
Figure 15. A) 2D-image of an empty capillary XRD pattern with a colour bar of the intensity 

in arbitrary unit. B) The pattern spectrum of the 2D-image in (A) obtained by angular 

integration over the 2𝜃. 

For instrument calibration, 𝐶𝑒𝑂2 was used as a reference, since its XRD pattern is well 

studied and the spectral lines are established with great precision. The obtained diffraction 

pattern of 𝐶𝑒𝑂2 is shown in Figure 16A. Using the analysing program Fit2D the centre of the 

image was found by fitting the 𝐶𝑒𝑂2 diffraction rings, illustrated in Figure 16B, where the 

actual centre is shifted. This small shift of the image centre can give rise to great inaccuracies 

for the angular integrated spectrum of the diffraction pattern and therefore, must be considered. 

 

 
Figure 16. (A) Powder diffraction pattern of 𝐶𝑒𝑂2. (B) Illustration of the image centre 

calibration using Fit2D. Both figures show normalized intensity seen in the colour bar.    
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The angular integration of the 𝐶𝑒𝑂2 pattern is plotted in Figure 17 together with reference 

data (dashed lines) taken from NIST [41]. The experimental results were compatible with the 

reference data. 

 
Figure 17. 𝐶𝑒𝑂2 diffraction spectrum intensity vs Q of the angular integrated 2D-pattern in 

Figure 16. The red (dashed line) are the reference data taken from NIST [41]. 

Figure 18 shows the diffraction patterns of water and dry lysozyme powder, with 

closeups. The intensities are normalized to the maximum intensity point. Although, the intensity 

values are not of interest in this case, but the pattern shape is, nonetheless. Note here that there 

is an inner diffraction ring prominent for the dry lysozyme only, and not for the liquid water. 

The difference is clearly visible in the closeups. Because of instrumental limitations it was not 

possible to measure further than Q-value <0.63 Å−1. This is due to the beam blocker, installed 

in the diffractometer represented by the black part at the centre of the XRD figures.  

The angular integrated spectrum for Figure 18A is presented together with a 300 mg/ml 

lysozyme-water solution in Figure 19. The comparison made in Figure 19 is to illustrate the 

difference between the partially hydrated powder sample and the fully hydrated liquid sample. 

A clear shift of the highest peak is noted between the two samples. Additionally, the second 

smaller peak at 0.71 Å−1 has a higher amplitude for the dry lysozyme. The difference is mostly 

connected to the hydration level of the samples. 
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Figure 18. 2D diffraction patterns of dry lysozyme (A) and liquid water (B). (C) and (D) are 

just closeups of A and B, respectively. 

 
Figure 19. Diffractogram of dry lysozyme and lysozyme-water solution samples. 

Three different concentration samples of lysozyme mixed with water were measured, the 

results displayed in Figure 20. Comparing the obtained results for the 10 mg/ml, 250 mg/ml 

and 300 mg/ml concentrations, all spectra had similar shape features. The main difference is 

seen at the 0.71 Å−1 peak, which has a higher relative amplitude for higher concentrations. This 
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observation is consistent as this peak is mainly associated with the secondary structure of 

lysozyme, whereas the main peak at Q = 2 Å-1 relates to the water first diffraction peak. 

 
Figure 20. Diffractogram obtained from three different concentrations of lysozyme in water. 

To check how sensitive the lysozyme was to the external environment inside the 

laboratory, as well as if the lysozyme kept its functionality with time, we made a comparison 

of three different samples prepared with different protocols (see Table 1). 

The results of the three samples which are labelled grinded, solid and dry lysozyme are 

shown in Figure 21. For the grinded sample, the idea was to grind the protein into a fine powder, 

which is easier to handle experimentally and investigate whether the transferred kinetic heat 

and disturbance by grinding the protein in a mortar causes changes in the protein structure. In 

the case of the solid sample, the protein was mixed with liquid water and let dry in free air at 

room temperature for a few hours. In the last case for the dry sample, we tried to minimize all 

kind of external exposure, as hydration and heat, by filling the samples during a short amount 

of time, inside a dry nitrogen gas filled box. The outcome from Figure 21 shows no major 

differences between the samples. We can confirm that our protein samples kept their stability 

during the experiment at this level of disruption. 

 
Figure 21. Diffraction pattern obtained from three different processed lysozyme samples. 
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4. Conclusions and outlook 
 

In conclusion, The FT-IR measurements allowed us to observe the hydrogen bonds over a broad 

range of temperatures in both water and lysozyme. The main focus was on the vibration modes 

of water during temperature alteration. The liquid-solid phase transition of water was noted 

clearly, as well as the stretching mode becoming more defined in three peaks while the 

temperature dropped, demonstrating the temperature influence on the absorption spectrum. The 

complex nature of the secondary structure of protein made it difficult to analyse the changes in 

the bending mode in a convenient way. Therefore, we chose to make further investigations of 

the stretching mode, which had its own challenges. An interesting cross-over point was found 

in the third gaussian fit of both water and lysozyme, approximately at 210K. Such a transition 

in crystalline water has not been observed before. However, since a transition in hydrated 

protein powders has been realised by other authors at similar temperature regions, it is likely to 

be something real and worth noting for further investigations. Future plans will include 

systematically improving the experimental setup and analytical improvements in the fitting 

procedure. 

The XRD measurements did not give conclusive results, due to the technical 

circumstances such as unavailable temperature dependence measurements. Despite that, other 

parameters were examined. For example, the lysozyme dependence in terms of hydration level, 

sample concentration and biological sensitivity to external environmental exposure. The 

obtained results could establish valuable information about the lysozyme hydration diversity 

and additional clarifications, useful for future research. For future reference, first step would be 

to include temperature dependent XRD measurements of water and lysozyme. Additionally, 

experimental and analytical improvements are also foreseen. For example, reconsidering the 

choice of exposure time, capillary material and background subtraction method. 

The idea of combining other methods is also an option. One method is to use Dynamic 

Light Scattering (DLS) to directly see the protein dynamics. Another method could be using X-

ray Photon Correlation Spectroscopy (XPCS) at synchrotron and free-electron laser facilities, 

to see the dynamics at molecular scale. To obtain higher resolution, Nuclear Magnetic 

Resonance Spectroscopy (NMR) could be used, which is a method that has gone through 

tremendous developments during the past years, broadening its area of use.  

Finally, it is essential to consider this study as the first steps of a bigger project, with room 

for improvements, and innovations for future reference. 
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