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Abstract 

Experimental Study on Hydration Water 
of Lipid Bilayers Probed by Terahertz 

Spectroscopy 
 

Dahye Choi 

Department of Physics and Astronomy 

The Graduate School 

Seoul National University 

 

 

Terahertz wave can monitor the changes in the hydrogen bond network of water 

molecules near bio-molecular surfaces in picoseconds (ps) time scale. The water 

molecules showing different behavior from pure water are called hydration water. In 

THz region, two types of water motions are observed: slow and fast relaxation motion. 

In this thesis, the changes in the hydrogen bond network of water molecules near 

lipid bilayers surfaces is investigated by means of THz time domain spectroscopy 

(TDS).  

 First, the hydration water of lipids is examined during the gel-to-fluid phase 

transition of lipids. By measuring the dielectric constants of lipid solution, pure water, 

and lipid film, and applying appropriate models, we find out that the hydration water 

ratio increases from 0.3 to 0.6 during the phase transition. The hydration water shows 

slower reorientation time compared to that of pure water. However, the slow water to 

fast water fraction is not changed during the phase transition of lipids and is same as 
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that of pure water. We conclude that overall hydrogen bond network of water in lipid 

solution is not changed, although hydrogen bond strength between lipid-water is 

stronger than the bonding strength between water-water molecules.  

When salt (NaCl) solutions are added to the system, the hydrogen bond 

network is changed. The absorption coefficient of NaCl solutions was subtracted 

from the absorption of lipid solutions (lipids dissolved in NaCl solutions). The 

absorption difference ∆α increased with increasing NaCl concentration which means 

that terahertz absorption of hydration water is increased. The deviation is noticeable 

only in high frequency region, showing the fast water fraction is increased. 

Furthermore, by combining the THz TDS results with small-angle X-ray scattering 

(SAXS), we find a strong correlation between multilamellar spacing increase and the 

increase of fast water. This suggests a new concept of hydration force which affects 

in the nanometer scale. 
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bilayers, Phase transition, NaCl  
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1. Introduction 

Terahertz (THz) wave is electromagnetic wave spectrum region located between 

millimeter wave and far-infrared light. Until recently, THz region has been remained 

as ‘THz gap’ (Fig. 1-1) because this region is in the boundary between electronics 

and photonics. However, recent technological innovation is now enabling THz 

research to be applied in many fields [1]. Today, THz technology is finding use in an 

increasingly wide variety of applications: biology and medical sciences; non-

destructive evaluation; homeland security; quality control of food and agricultural 

products; global environmental monitoring. 

 

 

Figure 1-1 Terahertz (THz) gap 
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For the biological applications, fundamental understanding of the 

mechanisms that govern THz interactions with biological systems is essential. THz 

wave is non-ionizing radiation and uniquely probes inter-molecular motions of 

biomolecules [2, 3]. THz wave can monitor the water property change near bio-

molecular surfaces which is called hydration water. 

The cell membrane forms a stable barrier between the inside and outside of 

the cell. The lipid bilayer is a major component of the cell membranes. Lipids form 

the physical barrier of cells and regulate the functions of cells. Lipids are naturally 

occurring organic compounds with hydrophilic head group and hydrophobic tail(s). 

Lipids spontaneously form multi-lamellar lipid bilayer vesicle structure in liquid 

water. This structure is maintained by the balance of the forces between inter-bilayers: 

van der Waals attraction, hydration force, bending fluctuation [4]. When ions are 

inserted in the system, the modification in the force balance occurs. Among them, 

hydration force, the oldest but least understood force, is considered to be related to 

the hydrogen bond structure of water molecules at lipid surfaces. Typically, its length 

scale is ~2Å [5]. However, MD simulations predicted that more water molecules are 

influenced by lipids [6], and it was recently verified with Terahertz (THz) 

spectroscopy [7, 8]. The objective of this thesis is to understand interaction between 

THz wave and the hydration water of lipid bilayers which are the building blocks of 

cell membranes. 
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1.1. Outline 

In Chapter 2 of this thesis, theoretical basis of the interaction between THz wave and 

water molecules is introduced. The experimental technique used in this thesis for 

observing liquid sample is investigated in the following chapter. First, THz time 

domain spectroscopy (TDS) is introduced. Generation and detection principles are 

summarized. Analytical processes including focused beam effect, multiple reflections 

inside the liquid samples is presented. Also, temperature control system is showed. In 

Chapter 4, self-assembled lipid structure examined and the property of hydration 

water of lipid bilayers is investigated during gel-to-fluid phase transition of lipids. 

Finally, ion-induced change in lipid hydration is investigated in Chapter 5.  
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2. Terahertz-Water Interaction 

2.1. Water 

A water molecule consists of two hydrogen atoms and one oxygen atom, forming 

H2O. The typical tetrahedral hydrogen bonding of a water molecule with its neighbors 

is shown in Fig. 2-1. These hydrogen bonds (H-bonds) are weaker than covalent or 

ionic bonds, but stronger than a van der Waals interaction. Liquid water exhibits a 

variety of anomalies, such as stable liquid state, high heat capacity, a density 

maximum in the liquid state. The ability of water to form up to four hydrogen bonds 

per water molecule explains many of the 70 presently known anomalies of water [1]. 

Hydrogen bonding thus lies at the heart of the physical and chemical properties of 

water that occur despite the simple molecular composition of water. One important 

property of water is its ability to break and form hydrogen bonds very rapidly, 

resulting continuous rearrangements of the liquid. This is associated with water 

reorientation, which occurs on picosecond (ps) time sales [2]. 

In living systems, water is called the “matrix of life”, playing essential roles 

[3, 4]. Many biological processes, such as protein folding and enzymatic reactions, 

are inactive in the absence of water. Water molecules also enable the conformation of 

DNAs and cell membranes [5, 6]. The cell is very crowded and biomolecules are 

typically separated by only 1-2nm. This confinement is expected to change the 

structure and dynamics of water compared to those of bulk water. The water H-bond 

network is perturbed as there are interactions with the surface of biomolecules. The 

change in water reorientation near lipid surface is the main subject of this thesis. 

 

 

 



6 

 

 

 

Figure 2-1 A water molecule surrounded by four  

hydrogen-bonded water molecules. 
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2.2. Electromagnetic Waves 

Light can be described as an electromagnetic (EM) wave, which obeys Maxwell’s 

equations [7] 

(a) ∇��⃗ ∙ 𝐷��⃗ = 0              (c) ∇��⃗ × 𝐸�⃗ + 𝜕𝐵�⃗

𝜕𝜕
= 0                       (2.1) 

(b) ∇��⃗ ∙ 𝐵�⃗ = 0              (d) ∇��⃗ × 𝐵�⃗

𝜇
− 𝜕𝐷��⃗

𝜕𝜕
= 0 

These equations hold for any nonmagnetic medium without free charges. Here 𝐸�⃗  is 

the electric field, 𝐵�⃗  the magnetic field, 𝐷��⃗  the dielectric displacement and 𝜇 the 

magnetic permeability. Furthermore ∇��⃗ ∙ 𝐴  takes the divergence of 𝐴  and ∇��⃗ × 𝐴 

takes the curl of 𝐴. The dielectric displacement 𝐷��⃗ = 𝜀𝐸�⃗ , where 𝜀 is the electric 

permittivity, takes into account the electric field that is generated by a polarization 𝑃�⃗ . 

Taking the curl of Eq. 2.1c and substituting Eqs. 2.1a and 2.1d, result in the wave 

equation. 

 

∇2𝐸�⃗ (𝑟, 𝑡) = 𝜇𝜀 𝜕
2𝐸�⃗ (𝑟,𝜕)
𝜕𝜕2

                                          (2.2) 

 

Here is the space coordinate and t is time. We will solve this equation in the 

frequency domain by Fourier transform 

 

F�𝑘�⃗ ,𝜔� = ℱ�𝑓(𝑟, 𝑡)� = ∫ ∫ 𝑓(𝑟, 𝑡)𝑒𝑖(𝑘�⃗ ∙𝑟−𝜔𝜕)𝑑𝑟𝑑𝑡∞
−∞

∞
−∞                  (2.3) 

 



8 

 

The dielectric displacement 𝐷��⃗  and polarization 𝑃�⃗  are related by 

𝐷��⃗ (𝜔) = 𝜀0𝐸�⃗ (𝜔) + 𝑃�⃗ (𝜔) = 𝜀(𝜔)𝐸�⃗ (𝜔)                            (2.4) 

which relates the polarization to the applied field. 
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2.3. Orientational Polarization of Water 

In the previous section, the polarization that originates from microscopic processes in 

the system, was linked to the dielectric function through: 𝑃�⃗ = (𝜀 − 𝜀0)𝐸�⃗ . In this 

section, we will discuss the microscopic processes that give rise to the polarization 

and how the frequency dependence of the dielectric function and provide information 

on these microscopic processes. 

Orientational polarization is usually associated with the reorientation of 

permanent dipoles in a system, such as the permanent dipoles of water molecules, 

which leads to a relaxation mode. When an electric field is applied to molecules 

which have permanent dipole moments like water molecules, the dipole polarization 

is as follows. 

 

Figure 2-2 Orientational polarization of water molecules by external electric field 
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A dipole of moment µ at an angle θ to an electric field E has potential energy 

U =  −µFcosθ                                                     (2.5) 

where F is local E-field, and dipoles follow Boltzmann distribution. 

As a result, the average value of cosθ is  

< 𝑐𝑐𝑐𝑐 > =  ∫
𝑐𝑐𝑐𝑐 𝑒−𝑈/𝑘𝑘𝑐𝑖𝑠𝑐𝑠𝑐𝜋

0
∫ 𝑒−𝑈/𝑘𝑘𝑐𝑖𝑠𝑐𝑠𝑐𝜋
0

                                   (2.6) 

When µF ≪ kT as is in the experimental condition,  

< 𝑐𝑐𝑐𝑐 > →  𝜇𝜇
3𝑘𝑘

                                                   (2.7) 

Finally, the polarization due to the dipoles is  

𝑃𝑠𝑖𝑑𝑐𝑑𝑒 = 𝑁𝜇 < 𝑐𝑐𝑐𝑐 > = 𝑁𝜇2𝐹/3𝑘𝑘                                (2.8) 

When the applied fields are oscillating F =  𝐹0𝑒−𝑖𝜔𝜕 the dipole polarization is [8] 

𝑃𝑠𝑖𝑑𝑐𝑑𝑒 = 𝑁𝜇2𝐹/3𝑘𝑘(1 − 𝑖𝜔𝜏′),                                     (2.9) 

Here, 𝜏′ =  𝜁
2𝑘𝑘

 is called microscopic relaxation time, ζ the resistive constant.  

If we assume, with Debye, that the moment µ on which the orienting couple 

acts is the permanent moment of a molecule which has polarizability α, the total 

polarization (electric moment per unit volume) is 
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P = N �α +
𝜇2

3𝑘𝑘(1 − 𝑖𝜔𝜏′)
�𝐹 

= N �α +
𝜇2

3𝑘𝑘(1 − 𝑖𝜔𝜏′)
�
𝜀 + 2

3
𝐸 

=  𝜀0(𝜀 − 1)𝐸                                                (2.10) 

As a result,  

𝜀−1
𝜀+2

=  𝑁
3𝜀0

{𝛼 + 𝜇2

3𝑘𝑘
1

(1−𝑖𝜔𝜏′)
}                                     (2.11) 

In the low frequency limit (ω𝜏′ ≪ 1),  

𝜀𝑆−1
𝜀𝑆+2

=  𝑁
3𝜀0

(𝛼 + 𝜇2

3𝑘𝑘
)                                           (2.12) 

In the high frequency limit (ω𝜏′ ≫ 1) 

𝜀∞−1
𝜀∞+2

=  𝑁𝑁
3𝜀0

                                                   (2.13) 

𝜀−1
𝜀+2

=  𝜀∞−1
𝜀∞+2

+ {𝜀𝑆−1
𝜀𝑆+2

− 𝜀∞−1
𝜀∞+2

} 1
(1−𝑖𝜔𝜏′)

                              (2.14) 

Which can be rearranged to give 

𝜀−𝜀∞
𝜀𝑆−𝜀∞

=  1
1−𝑖𝜔𝜏

            where        τ =  𝜀𝑆+2
𝜀∞+2

𝜏′              (2.15) 

Finally, we get Debye relaxation model,  
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ε(ω) =  𝜀∞ + 𝜀𝑆−𝜀∞
1−𝑖𝜔𝜏

                                              (2.16) 

Since the frequency-dependent dielectric function can be determined 

experimentally, Eq. 2.16 makes it possible to determine a microscopic property of the 

sample: the reorientation time constant. If a system has more than one reorientation 

time, each time is associated with a similar term as the first one in Eq. 2.16. The 

reorientation of bulk water shows two relaxation processes [9-11] and the dielectric 

function is 

ε(ω) =  𝜀∞ + 𝑆1
1−𝑖𝜔𝜏1

+ 𝑆2
1−𝑖𝜔𝜏2

                                     (2.17) 

Here, the time constant 𝜏1 is main relaxation time, which is about 8ps in the room 

temperature. The second process has much smaller relaxation strength and a time 

constant of 0.2ps. Adding species such as lipids or ions changes the reorientation time 

and/or the relaxation strength which will be further discussed in the following 

chapters. 
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Figure 2-3 The electromagnetic spectrum with the slow and fast reorientation of 

water molecules in the microwave and terahertz range respectively, and the 

intramolecular stretch mode of water in the mid-infrared region. 
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3. Experimental Techniques 

3.1. Terahertz Time-Domain Spectroscopy 

Terahertz (THz) time-domain Spectroscopy (TDS) is a powerful tool for measuring 

optical properties of various materials in THz region [1-3]. It simultaneously provides 

both real and imaginary part of the dielectric constant without using the Kramers-

Kronig relations. 

3.1.1. Femtosecond Lasers 

Femtosecond lasers are used for typical THz-TDS setups. The predominant gain 

medium of femtosecond laser systems is titanium-doped aluminum oxide 

(Ti:sapphire), in which Ti3+ ions substitute Al3+ ions in a sapphire. Ti:sapphire has 

several properties to produce ultrashort laser pulses. First, the gain spectrum is broad 

ranging from 650 to 1100 nm. Second, the crystal can take high optical pumping 

power (∼20 W) due to its high thermal conductivity, Third, the carrier lifetime 

(∼3.2 ms) is relatively short. The absorption and the gain spectra of Ti:sapphire 

crystal in shown in Fig. 3-1.  
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Figure 3-1 Normalized absorption and gain spectra of a titanium-doped aluminium 

oxide crystal [4]. 

 

 

The femtosecond laser used in the experiment in presented in Fig. 3-2. It is 

tunable in the range from 750 to 850nm. The power is larger than 700mW, and the 

pulse width is shorter than 100fs with 80MHz repetition rate. The laser power supply 

and the laser chiller are shown in Figs. 3-3 and 3-4 respectively.  
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Figure 3-2 Ti:sapphire femtosecond laser 

 

Figure 3-3 Laser power supply 
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Figure 3-4 Laser chiller 
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3.1.2. Generation and Detection of Terahertz Waves 

There are two widely used techniques for generating terahertz pulses, all using 

Ti:sapphire lasers; photoconductive (PC) antenna  and nonlinear crystal based 

techniques. Here, we used PC antennas for generating and detecting the terahertz 

waves. A PC antenna is an electrical switch which is consists of two metal electrodes 

deposited on a semiconductor substrate.  

 

Figure 3-5 Schematic diagram of THz pulse emission from a photoconductive 

antenna excited by a femtosecond laser pulse 

 

Femtosecond optical pulses with photon energy larger than the bandgap of 

the semiconductor generate electron-hole pairs in the gap between the electrodes. The 

applied DC bias between electrodes accelerates the carriers. The impulse current from 

the acceleration and decay of carriers is the source of the THz radiation. The radiation 
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source from the emitter can be modelled as a Hertzian dipole antenna [4]. The THz 

dipole radiation in free space can be expressed as 

ETHz(t) =  µ0
4π

sinθ
r

d2

dtr2
[p(tr)] θ�                                       (3.1) 

Where p(tr) is the dipole moment of the source at the retarded time tr = t-r/c. The 

time derivative of the dipole moment is 

dp(t)
dt

=  d
dt

 ∫ρ(r´, t)r´d3r´ =  ∫ r´ ∂ρ(r´,t)
∂t

d3r´                           (3.2) 

where ρ(r´, t) is the charge carrier density. Using the continuity equation 

∇ ∙ J + ∂ρ
∂t

= 0                                                     (3.3) 

and integration by parts, we simplify the integration. 

dp(t)
dt

=  −  ∫ r´∇ ∙ J(r´, t)d3r´ =  ∫ J(r´, t)d3r´                          (3.4) 

Under the assumption the carrier transport is one dimensional,  

dp(t)
dt

=  ∫ J(z´, t)d3r´ =  ∫ IPC(z´, t)dz´ =  ω0IPC(t)ω0/2
−ω0/2                 (3.5) 

where ω0  is the spot size of the optical beam, and IPC  is the photocurrent. 

Subsequently, the THz electric field is written as 

ETHz(t) =  µ0ω0
4π

sinθ
r

d
dtr

[IPC(tr)]θ�  ∝  dIPC(t)
dt

                             (3.6) 
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which is proportional to the time derivative of the photocurrent in the PC gap of the 

antenna.  

Almost identical process occurs in THz detection with PC antennas. The THz 

pulse induces a current in the PC gap when the carriers are injected by the optical 

pulse. The photocurrent is proportional the field amplitude of the THz radiation. 

 

 

Figure 3-6 Schematic diagram of THz pulse detection with a PC antenna 

 

J(t) =  ∫ 𝜎𝑐(𝑡 − 𝑡′)𝐸𝑘𝑇𝑇(𝑡′)𝑑𝑡′𝜕
−∞                                  (3.7) 
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3.2. Data Analysis 

3.2.1. Multiple Reflections inside Liquid Samples 

The typical THz wave form is presented in Fig. 3-7. By measuring reference THz 

wave form and the wave form with sample respectively, and applying Fast Fourier 

transform (FFT), we get the absorption coefficient (𝛼) and refractive index (𝑛) of 

the sample.   

𝛼 = − 2
𝑠

log �𝐸𝑠𝑠𝑠
𝐸𝑟𝑟𝑟

�                                                (3.8) 

𝑛 = 𝑛𝑎𝑖𝑟 + 𝛥𝜙
2𝜋𝜋𝑠/𝑐

                                                 (3.9) 

where 𝐸𝑐𝑎𝑠, 𝐸𝑟𝑒𝜋 are the THz electric field with and without sample. And 𝑑 is 

sample thickness, c the speed of light, 𝛥𝜙 the phase difference.  

 

 

Figure 3-7 THz waves from PC antennas (left) and the corresponding spectra (right) 
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However, when dealing with liquid sample especially highly absorbent material 

like water, much complicated data processes is needed. In the transmission setup, the 

liquid samples are place in a liquid cell with Teflon spacers between two windows 

(Fig. 3-8). Precise sample thickness determination is the most important factor for the 

accurate optical parameter extraction of the sample. And multiple reflection removal 

is another key factor because, in many cases, samples act like Fabry-Perot resonator 

in the THz time window [5-7]. 

 

 

(a) 

 

(b) 

Figure 3-8 (a) A liquid cell with PTFE spacer sandwiched between two z-cut quartz 

windows. (b) Side view of a liquid cell. 



24 

 

The transmission function including the Fresnel coefficients, wave propagation 

function and multiple reflections inside the sample is 

 

𝐸𝑐𝑎𝑠
𝐸𝑟𝑒𝜋

 =
(𝑛�1 + 𝑛𝑎𝑖𝑟)2𝑛�2 exp �𝑖 2𝜋𝜋𝑑2

𝑐 (𝑛�2 − 𝑛𝑎𝑖𝑟)�∑ ��𝑛�1 − 𝑛�2
𝑛�1 + 𝑛�2

� 𝑒𝑒𝑒 (𝑖 2𝜋𝜋𝑑2
𝑐 (𝑛�2))�

2𝑠

𝑠

(𝑛�1 + 𝑛�2)2 ∑ ��𝑛�1 − 𝑛𝑎𝑖𝑟
𝑛�1 + 𝑛𝑎𝑖𝑟

� exp (𝑖 2𝜋𝜋𝑑2
𝑐 )�

2𝑠

𝑠

. 

(3.10) 

 

 By comparing this theoretical transmission function and the function which 

is experimentally measured, we get the optical parameters of liquid sample. Optical 

parameters of pure liquid water obtained using the transmission function well match 

with the theoretical values from ref [4].  

 

Figure 3-9 Optical parameters of pure liquid water. Solid lines are obtained from Ref. 

[4]. 
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3.2.2. Focused Beam Effect 

Appropriate beam characteristic which illuminate the investigated samples should be 

also considered. Tightly focused beam is frequently used as the wavelength of the 

THz wave is not small enough compared to the typical sample dimensions. But, plane 

wave approximation is typically used for the optical parameters extraction. Previous 

studies showed that [8, 9] focused electromagnetic pulses experience dramatic phase 

change which is called Gouy shift. And a recent study [10] shows that plane wave 

approximation leads to the overestimation of the refractive index of low absorbent 

materials when focused beam is used for the optical parameter extraction explained 

by Gouy shift. But plane wave approximation didn’t lead inaccurate absorption 

coefficients of the samples. In order to characterize the optical parameters of high 

absorbent materials depending on the beam characteristic, an experimental setup was 

made as indicated in Fig. 3-10.  

 

Figure 3-10 Experimental setups for measuring focused beam effect 
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Although refractive index is overestimated with focused beam, no 

measurable difference is observed in absorption coefficient. Theoretically, the beam 

propagation of Gaussian beam (Fig. 3-11) is described by ray matrices [11]. 

At z=0 (original focus location);  

1
q0

=  1
R0
−  i λ

πn0ω02
→  q0 =   i πn0ω0

2

λ
 (∵  R0 →  ∞ at focal plane)      (3.11) 

A dielectric with thickness n is placed at z =  −l2. 

At z =  −l2; q2 =  q0 −  l2 =  − l2 +  i πn0ω0
2

λ
                         (3.12) 

At z =  −l2 +  d ; q1 =  − l2 + n0
n
∗ d +   i πn0ω0

2

λ
                     (3.13) 

Let’s say the new focus location lN, then 

At z =  −lN; qN =  lN −  d +  n0
n
∗ d +   i πn0ω0

2

λ
                      (3.14) 

The focal plane is shifted to the right which results 

lN = �1 − n0
n
�  ×  d.                                               (3.15) 

In the similar way, when we insert the liquid sample in the Gaussian beam pathway, 

the focal plane shift is as bellows. 

lN = (d1 +  d2 +  d3) −  �n0
n1

d1 + n0
n2

d2 +  n0
n3

d3�                     (3.16) 

If n1 =  n3,  
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lN = ((d1 + d3) +  d2 )  −  �n0
n1

( d1 +  d3 ) +   n0
n2

d2�                 (3.17) 

 

 

Figure 3-11 Gaussian beam parameters 

 

 

For example, 100 µm-thick water between 2mm-thick quartz windows, leads to the 

focus location change of 2.2mm to the right. And the transmission function in 

Gaussian-beam approximation is changed as follows. 

 

exp �𝑖 2𝜋𝜋𝑠2
𝑐

(𝑛�2 − 𝑛𝑎𝑖𝑟)� →  exp  (𝑖 2𝜋𝜋𝑠2
𝑐

((𝑛2 − 𝑛𝑎𝑖𝑟)(1 +  𝛽
𝑠2

) + 𝑖𝑘2))   

(3.18) 
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∑ ��𝑠�1−𝑠�2
𝑠�1+𝑠�2

� 𝑒𝑒𝑒 (𝑖 2𝜋𝜋𝑠2
𝑐

(𝑛�2))�
2𝑠

𝑠 →    

∑ [�𝑠�1−𝑠�2
𝑠�1+𝑠�2

� ∗ exp (𝑖 2𝜋𝜋𝑠2
𝑐

 �𝑛2(1 −  𝛽
𝑠22

) + 𝑖𝑘2�)]2𝑠 [1 −𝑠

 1
2

 𝛽2  4𝜋
2𝜋2 𝑠22 
𝑐2𝑠22

((𝑛2 −  1)2  −  4𝑚(𝑛2 − 1)  +  4𝑚2)]                      

(3.19) 

∑ ��𝑠�1−𝑠𝑠𝑎𝑟
𝑠�1+𝑠𝑠𝑎𝑟

� exp (𝑖 2𝜋𝜋𝑠2
𝑐

)�
2𝑠

𝑠 →  

∑ [�𝑠�1−𝑠𝑠𝑎𝑟
𝑠�1+𝑠𝑠𝑎𝑟

� ∗ exp (𝑖 2𝜋𝜋𝑠2
𝑐

(1 −  𝛽))]2𝑠𝑠  [1 −  1
2

 𝛽2  4𝜋
2𝜋2 𝑠22 
𝑐2

∗  4𝑚2] (3.20) 

 

Here 𝛽 =  𝑐
2𝜋𝜋𝑇0(𝑠𝑟−1)2

 is a value depends on the experimental setup. 

I assumed frequency independent 𝛽 = 5 × 10−3, then no measurable  

change in absorption occurs. 
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3.3. Temperature Control System 

The absorption of water varies widely, ~2% per degree around room temperature (Fig. 

3-12); therefore precise control of temperature is necessary. 

 

Figure 3-12 Temperature dependent THz absorption 

 

In order to precisely control and maintain the temperature of the system, 

variable temperature cell holder was used (Fig. 3-13). The holder was connected to a 

temperature controller with heater. Cooling was conducted with liquid nitrogen 

inserted in the temperature cell holder. Finally, temperature of the system is 

controlled from 10℃ to 40 ℃ within ±0.1℃.  
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Figure 3-13 (Left) Assembled liquid cell (Right) Variable temperature cell holder 
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4. Lipid Phase Transition and Hydration Water 

4.1. Lipids 

Lipids are non-polar compounds, soluble in organic solvents. The biological 

functions of lipids include storing energy, signaling, and forming a stable barrier 

between the inside and outside of cells. Lipids are amphiphilic molecules, having a 

hydrophilic heads and hydrophobic tails (Fig. 4-1). While the head groups usually 

contain charged groups and thus like to interact with water, the tails are hydrocarbons 

which do not like to interact with water due to the hydrophobic effect. Lipids 

therefore tend to form aggregates that shield the hydrocarbon chains from water and 

expose the head groups to water [1].  

 

 

Figure 4-1 A lipid molecule consists of hydrophilic head groups and hydrophobic 

tails. 
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A packing parameter is defined as  

P =  𝑣
𝑎𝑑𝑐

                                                           (4.1) 

where 𝑣 the volume of the hydrocarbon portion, 𝑎 the effective area of the head 

group, and 𝑙𝑐 the length of the lipid tail. Depending on the packing parameter, lipid 

polymorphism is determined (Fig. 4-2). 

 Phospholipids are major component of cell membranes. Examples of 

phospholipids found in biological membranes are phosphatidylcholine (PC), 

phosphatidylethanolamine (PE) and phosphatidylserine (PS). It consists of glycerol, 

hydrocarbon chains, and head groups depending on the type of phospholipids. In this 

thesis, DMPC was mainly investigated. PC is a class of phospholipids that include 

choline as a head group. The 1, 2-ditetradecanoyl-sn-glyero-3-phosphocholine 

(DMPC) lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) in 

powder form and were used without further purification. The DMPC powder was 

dissolve in pure water to form multi-lamellar vesicles [3]. Fig. 4-3 presents the multi-

lamellar lipid vesicle structure. 
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Figure 4-2 Lipid polymorphism obtained from Ref. [2] 
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Figure 4-3 Multi-lamellar lipid vesicle structure.           
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 One of the most important methods to determine the structure of this lipid 

structure is X-ray diffraction. From Bragg’s law 

λ = 2Dsinθ                                                       (4.2) 

where λ the wavelength of incident wave, D the spacing between the planes, θ the 

angle between the incident wave and the scattering planes. A monochromatic beam of 

incident wave vector 𝑘𝑖 is scattered to have a final vector 𝑘𝜋. The scattering angle is 

θ. Then, the scattering vector is  

q =  4𝜋𝑐𝑖𝑠𝑐
𝜆

                                                        (4.3) 

sin𝑐 =  𝜆
2𝐷

=  𝑞𝜆
4𝜋

                                                  (4.4) 

Finally, we get the relation between the spacing between the planes and the scattering 

vector 

𝑞 =  2𝜋
𝐷

.                                                          (4.5) 

 

Figure 4-4 Typical experimental setups for Small Angle X-ray Scattering (SAXS) 
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 To check the repeat distance D  of DMPC lipid solution used in the 

experiment, Small Angle X-ray Scattering (SAXS) experiment was performed using 

the 4C SAXS II beamline at Pohang Accelerator Laboratory (PAL). The X-ray energy 

is 18.360 keV (λ=0.675Å), pixel size 0.0796 mm, and sample to detector distance 

(SDD) is 2m.  

 

 

Figure 4-5 Experimental setups of SAXS in Pohang Accelerator Laboratory 

 

The 2D CCD image of DMPC dispersed in distilled water and 360 degree averaged 

1D data are shown in Figs. 4-6 (a) and (b) respectively. 
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Figure 4-6 X-ray data of DMPC solution 

From the Eq. (4.5), the repeat distance is calculated (D = 64Å).  
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4.2. Phase Transition of Lipid Bilayers 

 There is a well-known phenomenon call gel-to-fluid phase transition of 

lipids. Below the critical temperature, called phase transition temperature 𝑘𝑠, (which 

is determined by lipid composition, chain length, and hydration state of lipids) lipid 

are in gel phase. The tails are fully extended and the interactions between adjacent 

tails are maximal. Above the phase transition temperature, lipids are in fluid phase in 

which the lipids are in constant motion. For DMPC lipids the phase transition 

temperature 𝑘𝑠 is 23℃ [5]. 

 

Figure 4-7 Gel-to-fluid phase transition of lipids 

 

 Microscopically, CH2 symmetric stretching mode of the lipids tail changes. 

This change is detected by Fourier Transform Infrared spectroscopy (FTIR). The 

phase behavior of DMPC solution ([H2O]/ [DMPC] = 80) was characterized by FTIR. 
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As temperature increases, CH2 symmetric stretching mode of the lipids tail was blue 

shifted as indicated in Fig. 4-8.  

 

Figure 4-8 (Left) FTIR spectra of lipid solutions at different temperatures and (Right) 

peak frequencies at each temperature 

 

In addition, phase behavior of lipid solution was investigated with 

differential scanning calorimeter (Discovery DSC, TA Instruments (Fig. 4-9)). The 

system is composed of a measurement cell with a refrigerated cooling system and a 

computer-based controller. Reference and sample pans were placed within the cell by 

an auto sampler. The phase transition temperature was measured between 

temperatures from 10 to 40 °C at a heating rate of 1 °C/min. At phase transition 

temperature 𝑘𝑠 heat is absorbed (Fig. 4-10). 
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Figure 4-9 Differential scanning calorimeter 

 

 

Figure 4-10 DSC curve of lipid solution 
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4.3. Correlation between Lipids and Hydration Water 

Most of the contents in this section are based on the J. Chem. Phys. 137, 175101 

(2012)  

4.3.1. Introduction 

The cell membrane forms a stable barrier between the inside and outside of the cell. 

However, this membrane is not merely a physical barrier. The cell membrane, 

through ion channels and pumps, exchanges ions and biological molecules from its 

environment and maintains the balance of the cell. The lipid bilayer is a major 

component of the cell membranes. Research on the hydration of the lipid bilayer has 

intrigued many researchers, as water-lipid interactions play a key role in the stability 

of the bilayer [6], affect the permeation of water molecules through the hydrophobic 

core of bilayers [7], and influence the functioning of the membrane [8]. Thus far, the 

structural and dynamical properties of hydration water molecules have been studied 

with various techniques, such as nuclear magnetic resonance [9-10], neutron 

scattering [10-12], and Fourier transform infrared spectroscopy (FTIR) [13]. Recently, 

terahertz (THz) spectroscopy has been proposed for observing ultrafast hydration 

water dynamics [3]. Water molecules form labile hydrogen-bond collective networks 

which are constantly changed on a picosecond time scale (1 ps−1 = 1 THz)[14, 15]. 

The constant breaking and forming of hydrogen-bonds results in fluctuations of the 

water dipole moments, and the THz spectrum is sensitive to the motion. As a 

consequence, THz spectroscopy can measure subtle changes of water molecules’ 

reorientation dynamics by the presence of solutes. With terahertz time-domain 

spectroscopy (THz-TDS), Hishida and Tanaka recently revealed the long-range 

hydration effect of lipids on the sub- ps (10−12 s) time [3].  
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In spite of the great effort to understand the lipid hydration, a clear picture 

about the relationship between hydration water dynamics and lipid dynamics is still 

lacking. To investigate these relationships we assess the lipid dynamics and hydration 

water dynamics at different temperatures. We measure the temperature-dependent 

absorption coefficient of the lipid solution. Finally, we show that the hydration water 

reorientation dynamics restricted by lipids and this phenomenon is prominent in 

biologically relevant fluid phases 

 

4.3.2. Experimental Method 

The 1, 2-ditetradecanoyl-sn-glyero-3-phosphocholine (DMPC) lipids (Fig. 4-11) were 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) in powder form and were 

used as received. The lipids were fully hydrated (the molar ratio: [H2O]/ [DMPC] = 

80) to avoid unusual properties from arising in the partially hydrated condition (Fig. 

4-12). Because the concentration of the sample is well above the critical micelle 

concentration (CMC; 6 nM), the lipid molecules which exist in monomer form are 

negligible. The lipid solutions were placed in a liquid cell with a 50-um-thick Teflon 

spacer between two z-cut quartz (CaF2) windows for the THz-TDS (FTIR) 

measurements.  
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Figure 4-11 The chemical structure of DMPC                 

        

(a)                 (b)                  (c) 

Figure 4-12 (a) Lipid powder is dissolved to (b) DI water to form (c) lipid solution 
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The temperature of the DMPC solutions was controlled and maintained in a 

variable temperature cell holder (Specac). The temperature control systems in THz-

TDS and FTIR are shown in Fig. 4-13. The lipid film was prepared with a DMPC 

solution in chloroform which was deposited on the quartz window. After the 

evaporation of the chloroform, the DMPC film remained (Fig. 4-14). 

 

 

Figure 4-13 Temperature control system in (Left) FTIR and (Right) THz-TDS 

 

Figure 4-14 DMPC film 
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THz-TDS was used to measure the absorption coefficient of the fully hydrated 

lipids and the lipid films.  A 3.2 W Ti:sapphire regenerative laser amplifier system 

(Coherent Inc.) (Fig. 4-15) with a center wavelength of 795 nm (Fig. 4-16) and a 

repetition rate of 1 kHz was used as a source of the THz wave. The pulse width is 

∼180 fs (FWHM). 10×10 mm <110> ZnTe crystal with a thickness of 1 mm was 

used for the generation of the fs-THz wave via optical rectification. This THz electric 

field was mapped out by electro-optic sampling method in another 1 mm thick <110> 

ZnTe nonlinear crystal. Between the emitter and the detector, off-axis parabolic 

mirrors were used to collimate the THz wave irradiating the liquid cell. The 

experimental setup is presented in Fig. 4-17. 

 

Figure 4-15 Coherent regenerative amplifier system 
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Figure 4-16 Laser spectrum 

 

Figure 4-17 THz-TDS experimental setup 
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4.3.3. Results and Discussion 

Figure 4-18 shows the THz field amplitude as a function of time after the 

transmission of the THz pulses through an empty liquid cell (solid line, Tref) and 

through a cell filled with water (dashed line, Tsam). The inset displays the 

corresponding spectra. From these spectra, we obtain the transmission function T, 

which is composed of the Fresnel coefficients, decay function, and multiple 

reflections inside the sample (Eq. 3.10) 

 

Figure 4-18 Typical THz transmission signals of blank cell and 50-µm-thick water in 

the cell. Inset shows the corresponding spectra. 
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Water molecules form hydrogen-bond networks. The constant forming and 

breaking of hydrogen-bonds on the picosecond time scale (1 ps−1), which is 

connected to the reorientation dynamics of water molecules, can be sensitively 

detected by THz-TDS. THz-TDS measurements of hydrated lipids at different 

temperatures enable us to understand the reorientation dynamics of hydration water 

molecules, which directly interact with the lipid molecules, depending on the phase 

of the lipids. Figure 4-19 (a) presents the absorption coefficient of water (solid 

squares), the lipid solution (empty squares), and the lipid film (solid circles) at 1 THz 

with different temperatures. The solid lines are the guides for the eyes. Other 

frequencies studied (0.3–1.5 THz) showed similar temperature-dependency 

characteristics (Fig. 4-19 (b)). The absorption coefficient of water increases with the 

temperature. The absorption coefficient of the lipid solution also increases as the 

temperature increases in the gel phase. In the fluid phase, however, the absorption 

coefficient decreases with the temperature. This temperature dependent THz 

absorption of the lipid solution cannot be explained by lipid and bulk water indicating 

a nontrivial contribution from water molecules around lipid molecules. Therefore, we 

continue our analysis with a three-component model, which assumes a distinct 

absorption coefficient of the water around lipid. 
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                    (a)                           (b)  

Figure 4-19 (a) Temperature dependence of absorption coefficient (α) of de-ionized 

water (solid square), lipid solution (empty square) and lipid film (solid circle) at 

1THz frequency. (b) Temperature dependence of α of water and lipid solution 

 

In this model, the absorption coefficient of hydrated lipid is described as a 

sum of volume-weighted average of the absorption of the lipid, the hydration water, 

and the bulk water. 

α(𝜔)𝑐𝑐𝑑𝑠𝜕𝑖𝑐𝑠 =  𝑉𝑙𝑎𝑙𝑎𝑙
𝑉

α(𝜔)𝑑𝑖𝑑𝑖𝑠 + 𝑉ℎ𝑦𝑙𝑟𝑠𝑦𝑎𝑦𝑦
𝑉

α(𝜔)ℎ𝑦𝑠𝑟𝑎𝜕𝑖𝑐𝑠 + (1 − 𝑉𝑙𝑎𝑙𝑎𝑙
𝑉

−
𝑉ℎ𝑦𝑙𝑟𝑠𝑦𝑎𝑦𝑦

𝑉
)α(𝜔)𝑏𝑠𝑑𝑘                                                           

(4.6) 

Here, α(𝜔)𝑐𝑐𝑑𝑠𝜕𝑖𝑐𝑠 , α(𝜔)𝑑𝑖𝑑𝑖𝑠 ,  α(𝜔)ℎ𝑦𝑠𝑟𝑎𝜕𝑖𝑐𝑠  and α(𝜔)𝑏𝑠𝑑𝑘  are the absorption 

coefficient of the lipid solution, the absorption coefficient of the lipid, the absorption 
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coefficient of the hydration water, and the absorption coefficient of the bulk water. 

𝑉, 𝑉𝑑𝑖𝑑𝑖𝑠 , and 𝑉ℎ𝑦𝑠𝑟𝑎𝜕𝑖𝑐𝑠  are the total volume probed by the terahertz beam, the 

volume of the lipid molecules, and the volume of the hydration water molecules. 

α(𝜔)𝑐𝑐𝑑𝑠𝜕𝑖𝑐𝑠 , α(𝜔)𝑑𝑖𝑑𝑖𝑠 , and α(𝜔)𝑏𝑠𝑑𝑘  are determined from the THz-TDS 

experiment. We fixed 𝑉 and 𝑉𝑑𝑖𝑑𝑖𝑠 and adjusted α(𝜔)ℎ𝑦𝑠𝑟𝑎𝜕𝑖𝑐𝑠 and  𝑉ℎ𝑦𝑠𝑟𝑎𝜕𝑖𝑐𝑠  in 

a nonlinear least-squares fitting. The calculated α(𝜔)ℎ𝑦𝑠𝑟𝑎𝜕𝑖𝑐𝑠 at 1THz is shown in 

Fig. 4-20. In the gel phase, the absorption coefficient of the hydration water increases 

with the temperature, like the bulk water. However, in the fluid phase the absorption 

coefficients scarcely change with the temperature, and becoming even lower than that 

of the gel phase. This shows that the property of hydration water, which is confined 

in nanoscale structure, resulted the temperature dependent behavior of the lipid 

solution. 

 

                (a)                             (b) 

Figure 4-20 Calculated (a) temperature dependent absorption coefficient of bulk 

water and hydration water at 1THz frequency (b) Hydration water to total water ratio. 
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 The number of hydration water molecules depends on the lipid phase [16]. Fully 

hydrated phosphatidylcholine lipids such as DPPC are known to have ~4 (~9) 

hydration water molecules per DPPC in the gel (fluid) phase. This means that the 

interaction between the water molecules and the lipid molecules is stronger in the 

fluid phase. Figure 4-19 (b) shows that the hydration water ratio drastically changes 

from 0.3 to 0.6 during the gel-to-fluid phase transition. This strong interaction 

restricts the motion of the water molecules, as represented by the reduced absorption 

coefficient of the lipid solution in the fluid phase. 

A reorientation of the dipole moment is the dominating mode at THz 

frequency region studied here (0.3-1.5 THz). We restrict our analysis to frequencies 

up to 1.5 THz to avoid a hydrogen-bond stretching mode at ~5.4 THz, and a (very 

weak) hydrogen-bond bending mode at ~1.8 THz [17]. One of the most commonly 

used models describing dielectric relaxation is the Debye model. For water, we 

expect two different types of relaxation. 

ε(ω) =  ε∞ +  εs− ε0
1− iωτ1

+  ε0−ε∞
1− iωτ2

                                      (4.7) 

Here, τ1 is the main relaxation time, τ2 is the fast relaxation time, ε∞ indicates the 

dielectric constant at the high-frequency limit and εs is the dielectric constant at the 

low-frequency limit. εs - εo (εo - ε∞) represents the dielectric relaxation strength with 

the time constant τ1 (τ2). The main relaxation time τ1 describes the cooperative 

reorganization of the water molecules which is the target motion in this research. The 

origin the fast relaxation time τ2 is still to be elucidated [18]. Figure 4-21 shows the 

temperature-dependence of τ1. In the gel phase τ1 is reduced with the temperature, 

similar to the bulk water behavior [19]. However, in the fluid phase τ1 increases 

slightly. The main relaxation time of lipid solution, τ1 is in the range of 10-11ps. This 
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is comparable to that of skin (10ps at room temp.), which is largely composed of 

water, measured by Pickwell et al. [20]. However, this value is somewhat higher 

compared to value of bulk water from Ronne et al. [19](~ 8ps at room temp.). This 

supports the restricted motion of water molecules by lipid molecules as previously 

discussed. It is reported that the fast relaxation time, τ2 of water molecules is in the 

range of 0.1-0.4ps in previous studies carried out on bulk water [21], where τ2 has 

insignificant temperature dependence in the temperature range of 14-35°C. The fast 

relaxation time estimated in this study is about 0.15ps with little dependence on 

temperature, which is comparable with that of bulk water.  

 

 

Figure 4-21 Temperature dependence of Debye relaxation time constant 
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However, the slow water to fast water fraction is not changed during the phase 

transition of lipids and is same with that of pure water (Fig. 4-22). We conclude that 

overall hydrogen bond network of the system is not changed, although hydrogen bond 

strength between lipid-water is stronger than the bonding strength between water-

water molecules.  

 

 

Figure 4-22 Slow and fast water fractions in pure water and lipid solution 
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5. Ion-induced Change in Lipid Hydration 

5.1. Introduction 

It is well known that water molecules maintain the lipid structure and regulate 

membrane functions. Thus far, the structural and dynamical characteristics of 

hydration water molecules have been studied with various techniques, such as 

neutron scattering, nuclear magnetic resonance (NMR), and pump-probe infrared 

spectroscopy.  

In addition to the interaction between water molecules and lipid molecules, 

under physiological conditions, ions also interact with lipid head groups to form a 

lipid-ion binding network [1, 2]. This interaction between the lipid head groups and 

ions strongly influences the structure, stability and function of membranes. Ions 

trigger lipid bilayer phase separation [3], phase transitions [4], vesicle aggregation[5] 

and fusion processes [6] all of which demonstrate the importance of lipid-ion 

interactions in various biological processes. During biological processes, the mutual 

binding of lipids and ions is determined by their direct interactions and in interactions 

with surrounding water molecules. For example, X-ray scattering showed that when 

ions are inserted to multilamellar vesicles, the van der Waals interaction between the 

lipid interlayers is reduced. This interaction was originally balanced with two 

repulsive forces, hydration repulsive force and bending fluctuations, resulting in the 

swelling of the vesicles [7]. In addition, molecular dynamics simulations showed that 

local lipid-ion interaction changes the local lipid structure and thus affects the global 

hydration water molecules’ ordering; this is related to phenomena such as the 

hydration force and inter-bilayer interactions [8].  
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 In this chapter, we experimentally study the ion effect on lipid hydration. 

The absorption coefficient of buffer solution (water or NaCl solution) was subtracted 

from the absorption of lipid solutions. Addition of NaCl increase the absorption Δα 

meaning terahertz absorption of hydration water is increased. The deviation is 

noticeable  in the high frequency region, showing the fast water fraction is increased. 

Other measurements at different temperatures show similar behavior. Furthermore, by 

combining the THz time-domain spectroscopy (TDS) results with small-angle X-ray 

scattering (SAXS), we find a strong correlation between multilamellar spacing and 

the acceleration of hydration water molecules’ motion. 
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5.2. Materials and Method 

The dielectric constants of fully hydrated lipids were measured using a TAS7500SP 

system (ADVANTEST Co.) with an attenuated total reflection (ATR) module (Fig. 5-

1). A femtosecond fiber laser is employed as a seed laser in the THz TDS system. The 

pulse width and wavelength are < 50 fs and 1.5 um, respectively. The stability of the 

optical pulsed lasers is around 0.2 % in terms of the power. Unlike conventional TDS, 

fast scans (8ms/scan) are possible from dual femtosecond fiber laser sampling 

technology. Two individual lasers (repetition rate, 50 MHz) are equipped; one (the 

laser 1 in Fig. 5-1) is used to generate the THz waves and the other (laser 2) is for the 

detection of THz waves.  

 

Figure 5-1 Schematic of the attenuated total reflection terahertz time domain 

spectroscopy 
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The repetition rate of one of the two lasers is slightly modulated by an 

electric modulator. The reciprocal of the modulation frequency (Δf) corresponds to 

the scanning time per pulse. Here, Δf is set to 125 Hz, which corresponds to a 

scanning time of 8 ms. Photoconductive antennas (PCAs) were used for both 

generating and detecting the terahertz waves. Temperature of the system was 

controlled and maintained by heaters (Fig. 5-2). 

 

 

Figure 5-2 Attenuated total reflection (ATR) module temperature controlled by 

heaters 

To observe the ion-induced phase-transition temperature change of the lipid 

solutions, a differential scanning calorimeter (Discovery DSC, TA Instruments) was 
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used (Fig. 5-3). This system is composed of a measurement cell with a refrigerated 

cooling system and a computer-based controller. Reference and sample pans were 

placed within the cell by an auto sampler. The phase transition temperature was 

measured between temperatures from 10 to 40 °C at a heating rate of 1 °C/min. 

 

 

Figure 5-3 Differential Scanning Calorimeter system 

 Small Angle X-ray Scattering (SAXS) experiment was performed using the 

4C SAXS II beamline at Pohang Accelerator Laboratory (PAL) to check the change 

of the repeat distance D of DMPC lipid solution. The X-ray energy is 18.360 keV 

(λ=0.675Å), pixel size 0.0796 mm, and sample to detector distance (SDD) is 2m. 
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5.3. Results and Discussion 

In chapter 4, it was shown that hydration water characteristics on lipid surface are 

highly dependent on the phase of lipids. To observe the ion-induced change in the 

endothermic phase behavior of the lipid solutions, we obtained the DSC curves of the 

117mM lipid solutions (Fig. 5-4). Each curve presents one small peak and a sharp 

peak, which indicate the pre- and main phase transition respectively. Both the pre- 

and main phase transition temperature of the lipid increased with the ion 

concentration. The shift is from 11.8 °C to 21.7 °C and from 23.0 °C to 25.5 °C for 

the pre- and main phase transition, respectively. The pre-transition temperature shifts 

more rapidly compared to the main phase transition temperature, which is consistent 

with the findings of earlier work [9]. The different lipid concentrations in this study 

did not cause a change in either of the phase transition temperatures. Lipids in 

different phases show different bending rigidity levels, resulting in different amounts 

of repulsive force between the lipid inter-layers [10]. Even in the same phase, the 

bending rigidity varies with the temperature [11]. To minimize the difference in 

bending rigidity among the samples and to rule out a hydration water property change 

caused by the phase transition of the lipids, we fixed temperature to 28 °C, at which 

all of the samples are in fluid phases. 
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Figure 5-4 DSC curves of 117mM DMPC multilayers dispersed in solutions at 

different salinities  

 

 Figure 5-5 shows the absorption coefficient and refractive index of pure 

water and lipid dissolved in pure water. The absorption monotonically increases with 

the frequency, while the index decreases with the frequency for both solutions. The 

absorption of lipid solution is smaller than that of pure water because of the following 

reasons: (1) the decrease in the amount of water in lipid solution, and (2) the decrease 

of THz absorption of hydration water around lipid molecules which was shown in 

chapter 4.  
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Figure 5-5 Absorption coefficient s and refractive indices of pure water and lipid 

solution (117mM) 

 

To evaluate the change in hydration water of lipid molecules, the absorption 

coefficient of NaCl solution in lipid solution (lipid molecules dissolved in NaCl 

solution with different concentrations) was subtracted. 

∆α =  𝛼𝐿𝑖𝑑𝑖𝑠−𝑁𝑎𝑁𝑑 −  𝛼𝑁𝑎𝑁𝑑                                           (5.1) 
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Figure 5-6 Absorption coefficients of lipid dissolved in NaCl solutions by subtraction 

of that for NaCl solutions at different salinities 

 

For solutions without NaCl (0M curve), ∆α  is negative in the whole 

frequency range, which is consistent with the result in chapter 4. Addition of NaCl 

increases ∆α  especially in the high frequency region (Fig. 5-6). Frequency 

dependent change in ∆α, which indicates the property of hydration water around 

lipid molecules with NaCl concentrations is presented in Fig. 5-7. 
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Figure 5-7 Absorption of hydration water change with NaCl concentrations at 0.4 

THz (black square), 0.6 THz (red circle), 0.8 THz (blue triangle), 1 THz (green 

inverted triangle), and 1.2 THz (magenta left-pointing triangle) 

 

∆α is not changed with NaCl concentration at 0.4THz, while increase in ∆α is 

noticeable at high frequencies. As explained in chapter2, there are two types of 

relaxation motion of water molecules in the THz region investigated in this thesis: 

slow relaxation and fast relaxation. The change in only in the high frequency region 

means that only fast water component is changed.  

However, one thing should be considered. In chapter 4, the dielectric 

response of lipid solution was described by Double Debye model, based on the fact 

that water molecules motion at first hydration shell is not detected in THz region [12]. 
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When ions are included, there are complex interactions among lipid molecules, ions, 

and water molecules. The motions are detected in THz region? To answer the 

question, the THz absorption of lipid film was measured. First, lipid molecules 

dissolved in 5M NaCl solution was prepared. Then, the lipid film was made by the 

evaporation of the solvent (Fig. 5-8).  

 

Figure 5-8 Lipid film preparation process 

The complex dielectric constant of lipid film is displayed in Fig. 5-9 with 

that of lipid solution. The imaginary part of the dielectric constant of dried lipid film 

is low and dispersionless. This indicates that the increase in absorption of lipid 

solution is not from the first hydration shell but mainly comes from the fast water. 
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Figure 5-9 Dielectric constants of lipid film and lipid solution 
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Number of water molecules include in the lipid film was calculated with 

FTIR measurement. By comparing the absorbance ~3400 cm-1 and ~2850 cm-1 of 

know concentration (lipid in 5M NaCl solution) and that of lipid film (Fig. 5-10), we 

find out that 8-9 water molecule are attached per lipid molecule in lipid film.  
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Figure 5-10 FTIR spectra of lipid solution and lipid film 
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 Furthermore, we find out that the fast water increase is related to the repeat 

distance increase of multilamellar vesicles. To get the structural information of lipid 

multilamellar, lipid solutions at different salinities was observed by small-angle X-

ray scattering (SAXS) at same conditions described in chapter 4 (Fig. 5-11).  

 

Figure 5-11 X-ray data of lipids dispersed in NaCl solution with different salinities 
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 The interlamellar repeat spacing for the DMPC in NaCl solutions as a 

function of salt concentration are shown in Fig. 5-12. With NaCl concentration, 

repeat spacing of DMPC multilayers increased starting from 64 Å to 82 Å. Similar 

behavior was reported with KBr and KCl solutions [13]. The repeat spacing rapidly 

increases above 1M, which is similar to the change in ∆α.  

 

Figure 5-12 Repeat distance versus salt concentration of fully hydrated DMPC 

 

To quantify the increase in the fast water fraction, experimental data was 

fitted to the Double Debye model including DC conductivity 𝜎.  

𝜀(𝜔) = 𝜀∞ + 𝑆1
1−𝑖𝜔𝜏1

+ 𝑆2
1−𝑖𝜔𝜏2

+  𝑖𝜎
𝜔𝜖0

 ,                                (5.2) 

where 𝜖0 is permittivity of vacuum. 
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The fast water fraction 𝑆2/ (𝑆1 + 𝑆2)  depending on NaCl concentration and its 

correlation with repeat spacing of multi-lamellar vesicle is shown in Fig. 5-13.  

 

Figure 5-13 Correlation between repeat distance of lipids and fast water fraction 

 

 In conclusion, addition of NaCl increases the absorption ∆α meaning fast 

water molecules are increased. Furthermore, by combining the THz time-domain 

spectroscopy (TDS) results with small-angle X-ray scattering (SAXS), we find a 

strong correlation between multilamellar spacing and the increase in fast water 

molecules. This suggests the new concept of hydration force which affects in the 

nanometer scale. 
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6. Conclusion 

Terahertz (THz) wave is electromagnetic wave spectrum region located between 

millimeter wave and far-infrared light. THz wave can monitor the changes in the 

hydrogen bond network of water molecules near bio-molecular surfaces in 

picoseconds (ps) time scale. These water molecules showing different behavior from 

pure water are called hydration water. In THz region, two types of water motions are 

observed: slow and fast relaxation motion. In this thesis, the changes in the hydrogen 

bond network of water molecules near lipid bilayers surfaces is investigated by 

means of THz time domain spectroscopy (TDS).  

 To investigate the hydrogen bond network change of water molecules by 

lipid molecules with THz TDS, we developed an analytic program including multiple 

reflections inside thin liquid samples. Then, temperature control system was 

developed and tested. The temperature of the system is controlled from 10℃ to 40℃ 

within ±0.1℃. 

 The hydration water of lipids is examined during the gel-to-fluid phase 

transition of lipids. By measuring the dielectric constants of lipid solution, pure water, 

and lipid film, and applying appropriate models, we find out that the hydration water 

ratio increases from 0.3 to 0.6 during the phase transition. The hydration water shows 

slower reorientation time compared to that of pure water. This indicates that the 

hydration water’s reorientation dynamics are restricted by lipids and that this 

phenomenon is pronounced in a biologically relevant fluid phase. However, the slow 

water to fast water fraction is not changed during the phase transition of lipids and is 

same with that of pure water. We conclude that overall hydrogen bond network of the 

system is not changed, although hydrogen bond strength between lipid-water is 

stronger than the bonding strength between water-water molecules.  
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 When salt (NaCl) solutions are added to the system, the hydrogen bond 

network is changed. The absorption coefficient of NaCl solutions was subtracted 

from the absorption of lipid solutions (lipids dissolved in NaCl solutions). The 

absorption difference ∆α increased with increasing NaCl concentration which means 

that terahertz absorption of hydration water is increased. The deviation is noticeable 

only in high frequency region, showing the fast water fraction is increased. 

Furthermore, by combining the THz TDS results with small-angle X-ray scattering 

(SAXS), we find a strong correlation between multilamellar spacing increase and the 

increase of fast water. This suggests a new concept of hydration force which affects 

in the nanometer scale. 
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국문초록 

테라헤르츠파는 생체 분자 주위에서 변화하는 물 분자의 수소 결합 

네트워크를 민감하게 관찰할 수 있다. 이와 같이, 순수한 물과 비교해서, 

생체 분자의 영향을 받아서 수소 결합의 특성이 변한 물을 수화 물이라고 

한다. 테라헤르츠 영역에서는 물의 두 가지 종류의 유전 완화 움직임이 

관찰 된다. 느린 유전 완화, 그리고 빠른 유전 완화이다. 본 논문에서는, 

테라헤르츠 시 분광장치를 이용하여, 지질 이중층에 의한 물의 수소 결합 

네트워크의 변화를 연구한다.  

 먼저 지질의 젤에서 플루이드로의 상 변화를 유도하면서 지질의 

수화 물을 관찰하였다. 지질 수용액, 순수 물, 그리고 지질 막의 유전율을 

테라헤르츠 분광장치로 측정한 후, 실험 결과를 이론적인 모델으로 

분석하여, 수화 물의 비율이 상 변화 과정에서 0.3 에서 0.6으로 크게 

증가함을 알 수 있었다. 수화 물은 순수 물과 비교해서 느린 유전 완화가 

더욱 느리게 일어나는 특성을 보였다. 빠른 유전 완화의 속도에는 차이가 

없었다. 그러나, 느린 유전 완화를 갖는 물 대 빠른 유전 완화를 갖는 물의 

비율은 0.97 : 0.03 으로 상 변화 과정에서 변화가 없었으며, 이 값은 순수한 

물에서의 비율과 같다. 이로부터, 지질과 물 사이의 수소결합은 물과 물 

사이의 수소결합 보다 강하지만, 지질 수용액에서의 전체적인 수소 결합 

네트워크는 순수한 물의 수소 결합 네트워크와 같다는 것을 알 수 있다.  

염화나트륨을 지질수용액에 더해주면, 물의 수소 결합 네트워크가 
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변화한다. 염화나트륨 수용액의 테라헤르츠 흡수율을, 지질을 염화나트륨 

수용액에 녹인 용액의 흡수율에서 빼 주었다. 이 흡수율의 차이는 지질과 

염에 의해서 특성이 변화한 수화 물의 흡수율을 나타낸다. 수화 물의 

흡수율은 염화나트륨의 농도가 높아짐에 따라서 증가하였다. 그리고, 

흡수율의 증가는 오직 고 주파영역에서만 두드러졌는데, 이는 빠른 유전 

완화를 갖는 물만이 증가했다는 것을 나타낸다. 또한, 테라헤르츠 분광 

실험결과와 소각 엑스레이 산란 실험 결과를 비교하여, 지질 이중층 

구조의 변화와 빠른 유전 완화를 갖는 물의 증가에 강한 상관 관계가 

있음을 보였다. 이는, 나노미터 범위까지 작용하는 새로운 개념의 수화 

힘에 대한 가능성을 보여준다. 

 

주요어 : 테라헤르츠 시분광학, 수화 물, 지질 이중층, 상변화, 염화나트륨  

학번 : 2008-20458 
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