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Abstract 

Collective Dynamics of Nanoconfined Water Studied 

by Broadband Dielectric Relaxation Spectroscopy 

 

Kihoon Eom 

Department of Physics and Astronomy 

The Graduate School of Seoul National University 

 

This study shows the first experimental characterization, using sub-THz 

dielectric relaxation spectroscopy, of the collective rearrangement of the hydrogen 

bond network of water molecules nanoscopically confined in a phospholipid 

multilamellar vesicle. A distinct relaxation peak at ~40 GHz is directly observed, and 

the corresponding Kirkwood correlation factor is estimated to be approximately 1.13, 

which are the indication of acceleration of the collective reorientation dynamics 

under nanoconfinement, and strong disruption of the hydrogen bond network 

compared with that of bulk water. By reducing the intermembrane distance, it shows 

strong confinement-dependent behavior, while the surface/water interaction range 

remains unchanged. These result suggest that the collective dynamics of water 

beyond bound water regime is unexpectedly accelerated under nanoconfinement 

environment, indicating the long-range disruption of hydrogen bonding network of 

water.  

In addition, high-power pulsed THz waves which are generated by free electron 

laser near 2.2 THz are found to induce the nondestructive ablation of lysozyme. The 

peak electric field strength exposed on the sample is estimated over 10 kV/cm, and 

the ablated lysozyme particle size is ~38 nm. The mass spectrum of ablated lysozyme 

shows no difference with the control sample, but the samples remaining on the 

substrate shows thermal oxidation.  

These results indicate that the sub-terahertz dielectric relaxation spectroscopy 

is sensitive tool to identify the confinement effect on water, and the possibility that 

the terahertz waves can be safely used on biological applications, such as terahertz-

exposed radiation therapy. 
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Chapter 1.  

Introduction 

 

1.1. Research background 

In order to uncover the role of water in biological systems, numerous 

researches have been conducted over the last decades to understand the 

physical, chemical, and biological properties of water in the biological system 

at the molecular level using various spectroscopic methods. However, only 

the terahertz wave range (0.1-10 THz; 1 THz = 1012 Hz) was in limited access 

due to the lack of the appropriate source. Surprisingly, however, the human 

body continuously generates a terahertz (THz) waves at ~6 THz, when the 

heat energy of the body temperature is converted into frequency. Using this 

metabolic energy, the living body may induce the rotational and vibrational 

modes of biomolecules, biochemical reactions, and consequently, it may 

make our body alive. The most feasible driver is water molecules. In fact, in 

biological systems, the water molecules have a dynamic motion of 

picoseconds (1 ps = 1 THz; 1 ps = 10-12 s) through continuous breaking and 

forming the hydrogen bonding with neighboring water molecules and 

biological molecules. Is the water’s picosecond or THz movement play a role 

of exchanging the energy and information in biological systems? Herbert 

Frohlich (1905-1991), the German-born British theoretical physicist, suggests 

that whole network of living organisms can coherently vibrate at the same 

frequency, and the intercellular energies and information can be delivered by 

potential differences and tissue regularity caused by cell membranes. 

Likewise, the Nobel Prize-winning physicist, Hungarian Albert Szent-
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Gyorgyi (1893-1986), thought that there would be an unknown high-speed 

information communication channel because the reaction speed of 

unconditioned reflection is extremely fast, and the electrons and quantum 

would transfer energy and information through water network in biological 

systems. Thus, the study of water in biological systems has a long history, 

however, there is much more we do not know than we know. So far, the 

chemical and biological community have ignored to consider the water 

molecules as one of active biological components, but they just have studied 

only a biomolecule within the cell. Therefore, it is not surprising that the 

experimental techniques, which is capable of observing and controlling water 

molecules in biological systems, is in absent.  

This thesis aims to find tiny clue for the following open questions: (1) 

Does water play a role as an active medium for the proper functioning of 

biological systems? (2) Can biological function be manipulated by the 

selective perturbation of water molecules using intense THz radiation?  

 

 

1.2. Abnomal dielectric properties of water 

 

Investigating dielectric properties of water has been important issue for 

understanding the properties as a perfect solvent for biological systems. 

Accurate knowledge of these characteristics is important in many research 

areas such as biophysics, environmental science, remote sensing and 

microwave engineering. However, although the dielectric properties of water 

have been actively studied for decades, the microscopic origin of the water's 

dielectric constant is not fully understood. The abnormally high static 
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permittivity of water is often explained by the large intrinsic dipole moment 

(~3 D [1]). However, this simple explanation neglects the important role of 

dipole cross-correlations mediated by water/water hydrogen bonding.  

In 1939, Kirkwood showed that the static permittivity of water depends 

not only on the size of the water's dipole moment but also on the degree of 

cross-correlation between water molecules [2]. He has shown that the 

tetrahedral structure of hydrogen bonding network of water increases the 

static permittivity as it increases the dipolar cross-correlation. Assuming a 

dipole moment of 2.95 D, Kirkwood's equation gives an quite accurate result, 

indicating that the dipole moment of water itself accounts for only 40% of the 

total static permittivity and the remainder is due to the dipole-dipole cross-

correlation. Actually, the large dipole moments of water are mainly due to H-

bond interactions. The dipole moment of the water molecule increases from 

Figure 1.1: Water molecules and the role of its intrinsic dipole moment. 
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the gas phase value (~1.85 D) without hydrogen bonding interactions. The 

importance of H-bond networks has been confirmed in computer simulations, 

which show a strong correlation between the density of hydrogen bonds and 

the dielectric constant [3,4]. The importance of the extended H-bond network 

can be inferred from the observation that dissolved solutes reduce the static 

permittivity of the solution. Surprisingly, the decrease in static permittivity 

according to solute concentration is largely independent of the type of solute 

[5], suggesting that the lowering of the static permittivity is not due to the 

local interaction of water and solute, but rather to the long-range disruption 

of hydrogen bonding network of the solution. 

 

 

1.3. Questions that are covered in this thesis 

 What information is available from the frequency-dependent 

dielectric constants of water? (Chapter 2) 

 How can we measure the frequency-dependent dielectric constants 

of water? (Chapter 3) 

 What is the dielectric properties of water in nanoscopically confined 

environment as biological systems? (Chapter 4 and 5) 

 What happens when a strong THz waves is applied on biological 

systems? (Chapter 5) 
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Chapter 2.  

Theoretical background 

 

2.1. Fundamental equations 

 

2.1.1. Maxwell equations  

Electromagnetic phenomena are governed by Maxwell’s equations [1]:  

 

 ∇⃗⃗ × �⃗⃗� = 𝐽 +
𝜕�⃗⃗� 

𝜕𝑡
 (2.1) 

 ∇⃗⃗ × �⃗� = −
𝜕�⃗� 

𝜕𝑡
 (2.2) 

 ∇⃗⃗ ∙ �⃗⃗� = ρ (2.3) 

 ∇⃗⃗ ∙ �⃗� = 0 (2.4) 

 

where �⃗⃗�   is magnetic and �⃗�   is electric field strength, 𝐽   is the current 

density and �⃗�  and �⃗⃗�  is magnetic flux density or electric displacement field, 

respectively, and ρ  is electric charge density. Eq. 1.1 (Ampere-Maxwell's 

law) gives a quantitative description of production of magnetic fields by the 

electric current. Faraday's law of electro-magnetic induction (Eq. 1.2) 

describes the generation of electric field if the magnetic flux going across a 

closed circuit changes. Gauss's law of electric field (Eq. 1.3) states that, on a 

closed surface, the number of lines of electric flux going through that surface 

equals the total quantity of electric charge contained within it. Eq. 1.4 (Gauss's 

law of magnetic field) is nothing but an expression for the fact that magnetic 

flux does not have origins. 
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2.1.2. Static and oscillating dielectric fields 

The relation between the dielectric displacement (�⃗⃗� ) and electric field 

strength (�⃗� ) can be written as 

 

 �⃗⃗� = 𝜀𝜀0�⃗�  (2.5) 

 

which is applicable only for homogeneous, non-dispersive, isotropic 

materials at static and low field strength (linear response regime). In the above 

relaxation, 𝜀  is the relative electric permittivity and 𝜀0  is the electric 

permittivity of vacuum. Similarly, a linear relationship between �⃗⃗�   and �⃗�  

can be written as 

 

 �⃗⃗� =
�⃗� 

𝜇𝜇0
 (2.6) 

 

where 𝜇  is the relative magnetic permittivity and 𝜇0  is the magnetic 

permittivity of vacuum. The relation between 𝜇0 and 𝜀0 is given by, 𝜇0 =

1/𝜀0𝑐
2, where c is the velocity of light in vacuum.  

The oscillating fields can be described in sinusoidal (harmonic) form. 

The time-dependent electric field can be written by 

 

 �⃗� (𝜔) = �⃗� 0 cos(𝜔𝑡) (2.7) 
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where the �⃗� 0 is the field amplitude and 𝜔 = 2𝜋𝑓 is the angular frequency 

of the time-varying electric field.  

 

 

2.2. Macroscopic model of dielectric relaxation 

 

2.2.1. Polarization response 

For a non-conducting system, the polarization, �⃗�  , is related to the 

dielectric displacement field, �⃗⃗�  , which originates from the dielectric 

polarization response of a sample to an external field: 

 

�⃗� = �⃗⃗� − �⃗⃗� 0 = 𝜀𝜀0�⃗� − 𝜀0�⃗� = 𝜀0(𝜀 − 1)�⃗� .                   (2.1) 

 

As shown in Figure 2.1, the macroscopic polarization �⃗�   has a different 

polarization mechanism, which describe the microscopic dipole moment of 

the molecules as: 

Figure 2.1: Frequency response of dielectric polarization. 
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�⃗� = �⃗� 𝑜𝑟𝑖 + �⃗� 𝑖𝑛𝑑 = ∑ 𝜌𝑘〈𝜇 𝑘〉𝑘 + ∑ 𝜌𝑘𝛼𝑘(�⃗� 𝑖)𝑘𝑘                  (2.2) 

 

where �⃗� 𝑜𝑟𝑖 denotes orientational polarization due to presence of permanent 

molecular dipole moment, and �⃗� 𝑖𝑛𝑑  is induced polarization from the 

electronic or atomic nature. Eq. 2.2 describe the orientation of molecular 

dipoles of k-species with permanent dipole moment, 𝜇 𝑘, and number density 

𝜌𝑘, in the presence of external electric field against their thermal motion. And 

the induced polarization for k-species with molecular polarizability, 𝛼𝑘, in 

the medium caused by inner local field. (�⃗� 𝑖)k is electric field acting at the 

position of the molecule. 

Figure 2.2: Dielectric spectrum of pure liquid water. 
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Orientational polarization in liquids occurs at pico- to nanosecond time 

scales, corresponding to an approximate frequency scale of 1 MHz to 10 THz. 

Due to the coupling of the reorienting dipoles with the surrounding medium 

rather broad bands are observed. In this regard, determination of the 

frequency dependent complex permittivity can provide valuable insight into 

the dynamics of liquids. The value of �⃗� 𝑖𝑛𝑑  is rather constant in the 

microwave range and its frequency dependence leads to information about 

the intramolecular dynamics of the system. It consists of two contributions, 

one in the infrared (atomic polarization) and the other in the ultraviolet range 

(electron polarization). The absorption peaks are in most cases sharper 

compared to those at microwave frequencies. Due to the different time scales 

of �⃗� 𝑜𝑟𝑖  and �⃗� ind , both effects are generally well separated and can be 

regarded as linearly independent. Thus the induced polarization can be 

incorporated into the infinite frequency permittivity, ε∞, as, 

 

�⃗� 𝑜𝑟𝑖 = 𝜀0(𝜀 − 𝜀∞)�⃗�                                        (2.3) 

�⃗� 𝑖𝑛𝑑 = 𝜀0(𝜀∞ − 1)�⃗�                                       (2.4) 

 

Situated in the far-infrared, 𝜀∞ denotes the permittivity after the decay of 

orientational polarization, whereas the contribution arising from induced 

polarization still remains unchanged. In practice, the limiting value of the 

permittivity for infinite frequencies as extrapolated from the microwave range 

is taken for 𝜀∞ . For liquid water, the polarization response in the entire 

frequency range is well-known, as shown in Figure 2.2. 
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2.2.2. Linear response theory 

In the time scale ranging from MHz to the GHz frequencies, �⃗� 𝑜𝑟𝑖 lags 

behind the changes in the applied field as the molecular dipoles cannot align 

parallel to the oscillating field due to inertia effect and friction. On the other 

hand, the induced polarization �⃗� 𝑖𝑛𝑑  always remains in equilibrium state 

under the applied external field. In case of an isotropic linear dielectric 

exposed to a jump in the applied electric field at t=0, the time-dependent 

polarization �⃗� 𝑜𝑟𝑖(𝑡)  can be represented by the equilibrium values 

corresponding to the field at 𝑡 ≤ 𝑡0, �⃗� 𝑜𝑟𝑖(0), and at 𝑡 > 𝑡0, �⃗� 𝑜𝑟𝑖(∞). The 

corresponding polarization can be written as: 

 

�⃗� 𝑜𝑟𝑖(𝑡) = �⃗� 𝑜𝑟𝑖(0) ∙ 𝐹𝑃
𝑜𝑟𝑖(𝑡)                               (2.5) 

 

where 𝐹𝑃
𝑜𝑟𝑖(𝑡) is the step response function of polarization. It is defined as: 

 

𝐹𝑃
𝑜𝑟𝑖(𝑡) =

〈�⃗� 𝑜𝑟𝑖(0)∙�⃗� 𝑜𝑟𝑖(𝑡)〉

〈�⃗� 𝑜𝑟𝑖(0)∙�⃗� 𝑜𝑟𝑖(0)〉
                                 (2.6) 

 

For a harmonic electric field, �⃗� (t) = �⃗� 0 exp(−𝑖𝜔𝑡) of angular frequency, 

𝜔, the orientational polarization at any time t can be expressed as, 

 

�⃗� (ω, t) = 𝜀0(𝜀 − 𝜀∞)�⃗� (t)ℒ𝑖𝜔[𝑓𝑃
𝑜𝑟𝑖(𝑡′)]                     (2.7) 

ℒ𝑖𝜔[𝑓𝑃
𝑜𝑟𝑖(𝑡′)] = ∫ exp(−𝑖𝜔𝑡′) 𝑓𝑃

𝑜𝑟𝑖(𝑡′)𝑑𝑡′
∞

0
                 (2.8) 
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where ℒ𝑖𝜔[𝑓𝑃
𝑜𝑟𝑖(𝑡′)] is the Laplace-transformed pulse response function of 

the orientational polarization. The pulse response function is related to the 

step response function as, 

 

𝑓𝑃
𝑜𝑟𝑖(𝑡′) = −

𝜕𝐹𝑃
𝑜𝑟𝑖(𝑡−𝑡′)

𝜕(𝑡−𝑡′)
                                  (2.9) 

 

Then, the frequency-dependent complex permittivity, ε(ω) , can be 

calculated as, 

 

ε(ω) = ε′(ω) + 𝑖𝜔ε′′(𝜔) = 𝜀∞ + (𝜀 − 𝜀∞) ∙ ℒ𝑖𝜔[𝑓𝑃
𝑜𝑟𝑖(𝑡′)].    (2.10) 

 

 

2.2.3. Debye relaxation model 

For the macroscopic description of the complex dielectric permittivity, 

several mathematical models have been used in literature. For a practical view 

point, however, a single relaxation model is most often not sufficient hence, 

useful information is extracted via combination of several models. For the 

simplest description of dielectric spectra, the Debye relaxation model. It is 

assumed that the decrease of the orientational polarization in the absence of 

an external electric field is directly proportional to the polarization itself, and 

the decay of orientational polarization follows the first order as, 

 

∂

∂t
�⃗� 𝑜𝑟𝑖(𝑡) = −

1

𝜏
�⃗� 𝑜𝑟𝑖(𝑡)                                 (2.11) 
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The relaxation time, 𝜏, describe the dynamics of the process. The solution of 

the Eq. 2.11 gives, 

 

�⃗� 𝑜𝑟𝑖(𝑡) = �⃗� 𝑜𝑟𝑖(0) exp (−
1

𝜏
)                             (2.12) 

 

and the step response function, 𝐹𝑃
𝑜𝑟𝑖(𝑡) = exp (−

𝑡

𝜏
), can be obtained. While 

the pulse response function can be calculated by using Eq. 2.9 as, 

 

𝑓𝑃
𝑜𝑟𝑖(𝑡) =

1

𝜏
exp (−

1

𝜏
)                                    (2.13) 

 

From the Eq. 2.10, the complex dielectric constants can be obtained as,  

 

ε(ω) = 𝜀∞ + (𝜀 − 𝜀∞) ∙ ℒ𝑖𝜔 [
1

𝜏
exp (−

𝑡

𝜏
)]                    (2.14) 

 

Figure 2.3: Linear response of polarization under the external electric field in 

time-domain and frequency domain of the Debye relaxation model. 
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So, the Debye relaxation model can be written as, 

 

ε(ω) = 𝜀∞ +
𝜀−𝜀∞

1−𝑖𝜔𝜏
                                     (2.15) 

 

The above process is illustrated in Figure 2.3. 

 

 

2.3. Microscopic description of Debye relaxation model 

Debye predicted the relaxation time of a simple system consisting of an 

aggregation of spherical inelastic dipoles which do not interact with each 

other. Microscopically, uncorrelated collisions of the dipolar particles cause a 

reorientation of the dipoles, resulting in angular Brownian motion through 

very small angular steps, this mechanism is called diffusion of dipole 

orientation or rotational diffusion. When the angle of the dipole moment 

rotates from θ to dθ, the Brownian diffusional equation of motion can be 

written as, 

 

𝜕𝑓

𝜕𝑡
=

1

𝜁𝑠𝑖𝑛𝜃

𝜕

𝜕𝜃
(𝑘𝑇𝑠𝑖𝑛𝜃

𝜕𝑓

𝜕𝜃
+ 𝑓𝜇𝐸𝑠𝑖𝑛2𝜃)                      (2.16) 

 

where 𝜁 is the friction coefficient, 𝑘 is the Boltzmann constant, and 𝜇 is 

the permanent dipole moment. Solving Eq. 2.16, the distribution function of 

the dipoles in the system, and orientational polarization response can be 

calculated as follow. 
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    𝑓 = 𝐴 (1 +
1

1−𝑖𝜔𝜏′

𝜇𝐹𝑐𝑜𝑠𝜃

𝑘𝑇
)                                 (2.17)                

𝑃𝑜𝑟𝑖 = 𝑁⟨𝜇𝑐𝑜𝑠𝜗⟩ = 𝑁
∫𝜇𝑐𝑜𝑠𝜗𝑓𝑑𝛺

∫𝑓𝑑𝛺
=

𝑁𝜇2𝐸

3𝑘𝑇(1−𝑖𝜔𝜏′)
                (2.18) 

 

where N is the number of molecules in the system, and 𝜏′ ≡ 𝜁 2𝑘𝑇⁄  . 

Considering the induced polarization, the total polarization of the system can 

be expressed as, 

 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑁 (𝛼 +
𝜇2𝐸

3𝑘𝑇(1−𝑖𝜔𝜏′)
) (

𝜀+2

3
) 𝐸 = 𝜀0(𝜀 − 1)𝐸            (2.19) 

 

After rearrangement, one can get the relation between macroscopic quantity 

of dielectric constants and microscopic quantities such as dipole moment. 

 

𝜀−1

𝜀+2
 =

𝑁

3𝜀0
(𝛼 +

𝜇2

3𝑘𝑇(1−𝑖𝜔𝜏′)
)                               (2.20)                               

 

Figure 2.4: Illustration of rotational diffusion motion of a dipole.  
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In the low frequency limit (𝜔𝜏′ ≪ 1), 

 

𝜀𝑠−1

𝜀𝑠+2
=

𝑁

3𝜀0
(𝛼 +

𝜇2

3𝑘𝑇
)                                     (2.21) 

 

In the high frequency limit (𝜔𝜏′ ≫ 1), 

 

𝜀∞−1

𝜀∞+2
=

𝑁

3𝜀0
𝛼                                          (2.22) 

 

Combining Eq. 2.20, 2.21, 2.22, we can get the Debye relaxation model. 

 

𝜀(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

1−𝑖𝜔
(𝜀𝑠+2)

(𝜀∞+2)
𝜏′

= 𝜀∞ +
𝜀𝑠−𝜀∞

1−𝑖𝜔𝜏
                    (2.23) 

 

Since the frequency-dependent dielectric constants can be determined 

experimentally, Eq. 2.34 makes it possible to determine a microscopic 

Figure 2.5: Application of the Debye relaxation model on liquid water. 
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property of the sample, such as the reorientational relaxation time. For liquid 

water, it is known to have two reorientational relaxation motion over the 

frequency range between GHz to THz [2-6], which can be described by 

Double Debye relaxation model. 

 

𝜀(𝜔) = 𝜀∞ +
𝑆𝐺𝐻𝑧

1−𝑖𝜔𝜏𝐺𝐻𝑧
+

𝑆𝑇𝐻𝑧

1−𝑖𝜔𝜏𝑇𝐻𝑧
                         (2.24) 

 

with the relaxation time of 𝜏𝐺𝐻𝑧~8 𝑝𝑠, and 𝜏𝑇𝐻𝑧~0.2 𝑝𝑠. 
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Chapter 3.  

Sub-GHz to THz dielectric relaxation spectroscopy 

 

3.1. Overview of dielectric measurement 

Dielectric spectroscopy measures the complex dielectric constants of a 

sample as a function of frequency. Thus, the dielectric measurement requires 

the one or more extrinsic parameters which are based on one or more intrinsic 

properties of the sample. These extrinsic parameters usually depend on the 

shape or geometries of the sample and those of the measurement probe. 

Unlike the measurement of the intrinsic parameters, the measurement of 

extrinsic parameters can be accomplished in a much simpler way. The most 

widely-used dielectric spectroscopy measure the impedances, admittances, or 

scatterings parameter (S-parameter) as extrinsic parameters over a frequency 

range of interest. And the interconversion of the intrinsic parameters from the 

measured extrinsic parameters requires the well-defined and well-known 

geometry of the probe. From these extrinsic parameters, “the magnitude and 

phase”, or “real and imaginary part” can be obtained according to the purpose 

of the measurement. The estimation of the complex dielectric constants can 

be achieved over a frequencies range of the measurement by using different 

way of dielectric spectroscopic measurement, covering from 10-6 to 1015 Hz.  

The static permittivity of a sample can be determined by static electrical 

measurements. Low-frequency time- (10-6 – 103 Hz) and frequency-domain 

(10-5 – 106 Hz) methods are reviewed by Iskander et al. in [1] and in most of 

the case are boarded by voltammetric, galvanometric, comparison and zero-

equilibrium bridge methods. I.e., Rajendran et al. in [2] introduce a AC De 
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Sauty Bridge Measurement system and Agilent Technologies Inc. has 

optimized a parallel plate capacitor measurement system to work also up to 

the UHF-L bands with the help of a LCR meter or impedance analyzer. High-

frequency methods are divided in non-resonant and resonant methods. Non-

resonant methods (106 – 1015 Hz) are broadband but less accurate, while 

resonant methods (109 – 1011 Hz) are narrow- or single-band and more 

accurate and sensitive. Most of the non-resonant methods are frequency-

domain methods but when they are seriously a detected by unwanted signals, 

time-domain methods give better performances and the combination with the 

Fourier-transform method let also to reach the terahertz frequency range and 

even more. Terahertz time-domain spectroscopy is reviewed by 

Schmuttenmaer in [3]. Both non-resonant and resonant methods can be one-

port or two-port methods according to if reflection or transmission/reflection 

parameters are measured and can use transmission line or free-space 

(HF/microwave/mm-wave) methods according to the properties of the 

material and of the measurement system and to the frequency range of interest. 

For more information of the dielectric measurement technique, one can find 

the comprehensive review article by Ref. [4]. 

As a comparative glance between the three major methods we introduce 

this scheme as depicted in Figure 3.1. The axis are two important determining 

factors in deciding which technique to choose. On the x-axis we have 
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frequency of interest, from the DC to 10 THz. And on the y-axis is how lossy 

the material under test will be. At the bottom we have low loss materials and 

at the top, high loss materials. “Open-ended coaxial probe" represents the 

non-resonant refection methods, and is shown its extended application for 

high loss materials like liquids. The “Transmission line" represents the non-

resonant transmission-refection with the transmission line technique and the 

“Free space" the non-resonant transmission-reflection with the free-space 

technique. Both of them are highly applicable to medium loss materials and 

inclusively are the most capable to be extended to the terahertz wave regions. 

The “Resonant cavity" represents the resonant methods.  

Figure 3.1: Materials measurement fixtures depending on the frequency range 

and types. 
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3.2. Open-ended coaxial probe method 

 

3.2.1. Characteristic of the open-ended coaxial probe 

A schematic of the open-ended coaxial probe is shown in Figure 3.2. The 

schematic shows an illustration as a coaxial line that at a side is infinitely 

extended and at the opposite side (right) connects with the material under test 

(MUT) through an open-ended coaxial aperture transition. As can be seen in 

the schematic, the principal features that describes the probe, in particular its 

coaxial probe section, are: 

 

 R: the radius ratio (b/a) 

 b: the outer radius of the coaxial section 

Figure 3.2: (a) Schematic of the open-ended coaxial probe method for liquids 

measurement. (b) Diagram of the probe tip and the reflection at the sample 

surface. 
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 a: the inner radius of the coaxial section 

 Z0: the characteristic impedance 

 𝜀𝑓: the static permittivity of the dielectric filler inside the probe 

 

The characteristic impedance of the probe is defined as the extrinsic 

performance parameter based on the intrinsic parameters of the dielectric 

filler and the radius ratio of the coaxial section: 

 

Z0 =
1

2𝜋
√

𝜇

𝜀
ln (𝑅) .                                       (3.1) 

 

Usually the dielectric filler is a low loss or loss-less dielectric material so that 

its most influential intrinsic parameter is the dielectric constant. In addition 

to those features, the ideal probe is assumed to have an infinitely extended 

flange and an infinitely-extended homogeneous material at the right half-

space delimited by the aperture of the probe. This is a condition usually given 

by the aperture admittance models to explain the probe's response. Those 

models define the admittance at the aperture plane of the probe.  

 

3.2.2. Maximum and minimum frequency limit 

The maximum operative frequency will be conditioned by the 

dimensions of the coaxial line and considerations of simplifying nature 

regarding the modes in play and the radiation disregard. There are aperture 

admittance models that can take into consideration also high-order modes to 

increase the overall accuracy of the model. The coaxial line operates in TEM 

mode and does not support the propagation of higher order modes so the 
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excited modes at the aperture discontinuity are evanescent in the coaxial line 

and its contribution to the energy balance needs to be considered for 

increasing the overall accuracy of the model. A single TEM mode operation 

is achieved when the frequency operation is conditioned by the TEM-mode  

cut-off frequency in a coaxial line. If apart from that it is desired to ignore the 

radiation effects, the conductance of the aperture should be neglected and that 

occurs for frequencies smaller than this following frequency: 

 

𝑓𝑚 =
20

(𝑏−𝑎)√𝜀𝑓
 [𝑀𝐻𝑧] .                                   (3.2)  

 

The above expression was extracted from the Levine & Papas expression in 

Figure 3.3: Illustration of the low frequency limitation of an open-ended 

coaxial probe. In (a) a mapping sketch of Gamma and epsilon. In (b) a polar 

reflection coefficient plot at a low frequency (200 MHz). In (c) a polar 

reflection coefficient plot at a medium frequency (2.45 GHz). 
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[5] at the low frequency limit, i.e., when the propagation phase constant (k) 

is much smaller than the reciprocal of a, and, as suggested by Otto et al. in 

[6], when the wavelength of the sample is much bigger than the aperture of 

the coaxial probe, i.e., λm > 15(𝑏 − 𝑎). 

At low frequencies material measurements can become less accurate due 

to the physical quantity used by the measurement method in question as an 

intermediate quantity, directly measured, in an indirect measurement context. 

If the material measurement is based on the method that uses the 

determination of the complex reflection coefficient Gamma ( Γ ) as the 

intermediate quantity, the measurement accuracy is compromised at low 

frequencies. In the following we give an illustration of the Gamma-based 

measurement method problem. We illustrate focusing on network analyzers 

since they operate on the Gamma determination principle. 

The accuracy of the network analyzer is expressed as a certain 

percentage of Gamma, both magnitude and phase. As shown in the sketch (a) 

of Figure 2.3.1, the measured reflection coefficient Gamma corresponds to 

the complex permittivity of the measurement material. In other words, there 

is a bidirectional mapping of the complex permittivity, and the reflection 

coefficient, Gamma (Γ). This illuminates how a polar display of Gamma is 

transformed into values of the real part of the complex permittivity and loss 

tangent. The Figure 3.3 presents the mapping of the complex permittivity of 

the material into a polar reflection coefficient plot for two frequencies, 200 

MHz and 2.45 GHz. The 200 MHz plot of Figure 3.3 depicts a random 

Gamma vector and on the tip of the vector, there is a circle, representing the 

uncertainty (not to scale). Compare the display at 200 MHz and 2.45 GHz. At 

200 MHz, a wide range of complex permittivity, from 1 to 100 for the real 
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part of the complex permittivity and from 0 to 2 for the loss tangent is 

compressed into a small area of the polar plot. This implies that a small 

percentage uncertainty for measuring reflection coefficient now becomes a 

large percentage error for real part of permittivity and loss tangent. The 

complex permittivity error at 200 MHz is much larger than the error at higher 

frequencies. This explains the start (low) frequency limitations on the probe. 

 

Figure 3.4: Experimental setup for 0.1-70 GHz measurement by using the 

vector network analyzer and the open-ended coaxial probe. 
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3.2.3. Experimental setup 

 

In GHz region (0.1 GHz to 70 GHz), we used an open-ended coaxial 

probe (850070E, Keysight Inc.) connected to a Vector Network Analyzer 

(MS4644B, Anritsu Inc.). VNA was calibrated with three calibration kits 

(open, short, 50 Ω load). Open-ended coaxial probe was immersed into 

sample solution at 30℃±0.1℃. To calculate the complex dielectric constant 

from measured S parameters, we used the bilinear model [7-8] which is 

widely used in open-ended coaxial method for determining dielectric constant 

of liquid sample, 

 

ε∗(𝜈) =
𝐴(𝜈)𝜌(𝜈)+𝐵(𝜈)

𝐶(𝜈)𝜌(𝜈)+1
                                    (3.3) 

 

In this model, three different coefficients should be defined in advance. We 

determined these coefficients by relating three well known dielectric constant 

Figure 3.5: Example of the measured reflection coefficient and phase shift. 
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[9-10] (air, water, and 2-propanol) and measured S parameter. To confirm the 

reliability of our method, we measured dielectric constant of ethanol and the 

results shows high reproducibility with reference study [11]. The analysis 

code is attached in the Appendix. 

 

 

 

3.3. Attenuated total reflection method 

 

3.3.1. Generation and detection of terahertz waves by using 

photoconductive antenna 

Photoconductive antenna (PCA) is one of the widely used component 

for generation and detection of terahertz waves in spectroscopic purpose. It is 

like electrical switch that includes two metal electrodes patterned on a 

semiconductor (InGaAs in this study) substrate. The principle of terahertz 

time-domain spectroscopy with PCA antenna is illustrated in the Figure 3.7.  

Figure 3.6: Measured (open circles) complex dielectric constants of various   

liquids, and the same taken from literatures (solid lines). 
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When the incident femtosecond optical pulses with photon energy larger 

than the bandgap of the semiconductor, the electron-hole pairs are generated 

in the small gap between the electrodes. The applied DC bias between the 

electrodes accelerates the excited photo-carriers, and the induced current from 

the charge acceleration is the source of the terahertz transient terahertz 

radiation. The radiation pattern from the PCA can be modelled as a Hertzian 

dipole antenna [12]. The transient electric field from the PCA toward the free 

space can be expressed as: 

 

ETHz(𝑡) =
𝜇0

4𝜋

𝑠𝑖𝑛𝜃

𝑟

𝑑2

𝑑𝑡𝑟
2 [𝑝(𝑡𝑟)]𝜃                             (3.4) 

Figure 3.7: Terahertz time-domain spectroscopy used in this study (upper; 

Advantest TAS 7500SP) and the schematic (lower) of measurement. 
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where the 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′                 (3.5) 

 

where the 𝜌(𝑟′, 𝑡) is the excited charge carrier density. Using the continuity 

equation (∇ ∙ J + ∂ρ/𝜕𝑡 = 0), and the integration by parts, the Eq. 3.5 can be 

simplified as follow: 

 

𝑑𝑝(𝑡)

𝑑𝑡
= −∫ 𝑟′∇ ∙ J(r′, t)𝑑3𝑟′ = ∫𝑟′ 𝜕𝜌(𝑟′,𝑡)

𝜕𝑡
𝑑3𝑟′               (3.6) 

 

Assuming the one dimensional transport of the photo-carriers: 

 

𝑑𝑝(𝑡)

𝑑𝑡
= ∫ J(z′, t)𝑑3𝑧′ = ∫ 𝐼𝑃𝐶𝐴(𝑧

′, 𝑡)𝑑𝑧′
𝜔0/2

−𝜔0/2
= 𝜔0𝐼𝑃𝐶𝐴(𝑡)      (3.7) 

 

where 𝜔0 is the spot size of the incident optical beam, and IPCA is the induced 

photocurrent between the electrodes. The, the transient electric filed emitted 

from the PCA can be written as: 

 

ETHz(𝑡) =
𝜇0𝜔0

4𝜋

𝑠𝑖𝑛𝜃

𝑟

𝑑

𝑑𝑡𝑟
[𝐼𝑃𝐶𝐴(𝑡𝑟)]𝜃 ∝

𝑑𝐼𝑃𝐶𝐴(𝑡)

𝑑𝑡
                (3.8) 

 

From the Eq. 3.8., one can see that the time derivative of the induced 

photocurrent in the PCA is proportional to the terahertz transient electric field 

emitted from the PCA. The principle of detection with PCA follows the 

reverse process of the transient electric field generation from the PCA. The 
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incident terahertz pulses induce a photocurrent between the PCA electrodes, 

when the photo-carriers are sufficiently induced by optical pulse, at the same 

time. The, the photocurrent is proportional to the amplitude of the incident 

terahertz transient electric field: 

 

J(t) = ∫ 𝜎𝑠(𝑡 − 𝑡′)𝐸𝑇𝐻𝑧(𝑡
′)𝑑𝑡′

𝑡

−∞
.                          (3.9) 

  

 

3.3.2. Experimental setup 

We used a commercial THz Time-Domain ATR spectrometer 

(TAS7500SP, Advantest Inc.). The temperature controller was attached to the 

silicon ATR prism and sample was maintained at 30℃ ± 0.1℃ . In this 

system, two InGaAs photoconductive antenna (PCA) was used for THz 

generation and detection.  

In generation part, ultrashort Ti-sapphire laser (800 nm, 40 fs ) was 

focused in DC-biased PCA and induced photo-carriers. Acceleration of 

photo-carriers by DC-bias generated the ps-duration of THz pulse. The THz 

pulse was collimated and focus onto the silicon ATR prism by off-axis 

parabolic mirrors. Inside prism, THz pulse was totally reflected at prism-

sample interface with incident angle of 57.8°. After passing through sample, 

THz pulse was attenuated and dispersed. Then, THz pulse arrived in detection 

part. In detection part, another Ti-sapphire laser was focused on non-biased 

PCA and induced photo-carriers. These carriers were accelerated by incident 

THz pulse and this photocurrent was measured. By ohm’s law, time-domain 
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THz pulse was analyzed from measured photocurrent ( 𝐽(ω) = �̃�(ω) ∙

�̃�𝑇𝐻𝑧(ω)). Details are described in elsewhere [12].  

Two Ti-sapphire lasers have slightly different repetition rate, so, time 

delay between generated THz pulse and probe optical pulse in detector is 

realized and whole THz pulse shape in time-domain can be detected by 

scanning repeated set of THz pulses. To analyze dielectric constant of sample, 

we used the Fourier transformed the measured time-domain pulse. Analyzed 

ratio of THz field in frequency domain between sample and reference (air) 

Figure 2.8: Experimental setup for attenuated total reflection measurement 

(upper), and schematics (lower). 
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was related with Fresnel reflection coefficient (𝑟∗) in case of p-polarization. 

 

𝐸𝑠𝑎𝑚
∗ (𝜔) 𝐸𝑟𝑒𝑓

∗  (𝜔)⁄ = (𝐸𝑠𝑎𝑚
∗ 𝐸𝑖𝑛

∗⁄ )(𝐸𝑖𝑛
∗ 𝐸𝑟𝑒𝑓

∗⁄ ) = 𝑟𝑠𝑎𝑚
∗ 𝑟𝑟𝑒𝑓

∗⁄     (3.10) 

𝑟∗ =
𝑛1√1−(𝑛1 𝑛2

∗⁄ )2𝑠𝑖𝑛2𝜃−𝑛2
∗𝑐𝑜𝑠𝜃

𝑛1√1−(𝑛1 𝑛2
∗⁄ )2𝑠𝑖𝑛2𝜃+𝑛2

∗𝑐𝑜𝑠𝜃
                           (3.11) 

 

In this case, we knows all parameters excepts 𝑛2
∗   of sample 

(𝐸𝑠𝑎𝑚
∗ (𝜔) 𝐸𝑟𝑒𝑓

∗  (𝜔)⁄  : experimentally measured, 𝑛1 = 3.42,  𝑛2
𝑟𝑒𝑓

= 1,  𝜃 =

57.8°). So, we finally calculate dielectric constant of sample from the relation 

of 𝜀2 = (𝑛2
𝑠𝑎𝑚)2. 

Figure 3.9: Extracting complex dielectric constants of a liquid water from the 

transient electric field measurement in time-domain. 
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Chapter 4.  

Direct Observation of Hydrogen Bond Breaking of 

Nanoconfined Water in Phospholipid Multilamellar 

Vesicles using sub-GHz to THz Dielectric Relaxation 

Spectroscopy. 

 

4.1. Background 

Insight into the structure and dynamics of water adjacent to phospholipid 

membranes is essential for understanding native membrane functions, such 

as membrane stability, water permeation, and membrane fusion [1-3]. 

However, it is challenging to selectively identify the structure and dynamics 

of water at a membrane surface and beyond, especially in the nanoscopically 

confined environments found in biological systems. For example, the 

intermembrane distance in a multilamellar structure of biological membranes, 

such as thylakoids or mitochondria, is a few nanometers, corresponding to 

fewer than tens of molecular layers. The hydration water which is believed to 

regulate the biochemical reaction on the membrane has been studied 

intensively by many researchers using molecular dynamics simulations and 

experimental techniques [8-21], and one common conclusion is that the water 

molecules in the hydration layers show slowed dynamics arising from being 

electrically perturbed by the phospholipid polar headgroup.  

Among the experimental techniques, DRS is the most powerful 

technique for the investigation of water with properties dominated by a 

collective hydrogen bond network, which can sensitively monitor the 
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collective dielectric response of the material to an oscillating external electric 

field. It has been shown that the properties of water would revert to those of 

pure water beyond the hydration layers in bilayer membranes [20, 21]. In 

order to detect a weakly perturbed change of the reorientational dynamics, 

which is a measure of the hydrogen bond network rearrangement, recently 

terahertz (THz) DRS with an ultrafast timescale has been widely used in the 

membrane-water systems. The major focus of these studies is to identify the 

change in membrane hydration state with the hydration level [11,23], 

membrane structure change [12,24-26], and headgroup charge [27]. The 

relaxation time of water beyond the hydration layer is often assumed to that 

of pure water [11,23], or it is estimated by using the Debye relaxation model 

fitting, resulting in a slowed relaxation time [12,25-27]. However, the clear 

understanding of the phenomena, when the water is nanoscopically confined, 

has been mostly limited by the measurement frequency window in THz-DRS 

studies, which exclude the changes in lower frequencies below 0.1 THz.  

And also it is still open question that how the effect of confinement on 

the change in the properties of nanoconfined water differs from the effect of 

surface. There exist some simulation studies which showed that the collective 

reorientational relaxation mode in reverse micelle is not slowed but 

accelerated [22], and similarly in quasi two-dimensional media the other 

nanoscopic environment such as nanotube, or graphene. This implies the 

effect of confinement would be sensitively reflected in the collective 

dynamics of water, however, the clear experimental evidence is still lacking.  

In this study, we clearly identified the acceleration in reorientational 

relaxation mode of water nanoscopically confined in zwitterionic 

phospholipid multilamellar vesicles (MLVs) of 1,2-dimyristoyl-sn-glycero-3-



 

 

 38 

phosphocholine (DMPC) by using sub-GHz to THz dielectric relaxation 

spectroscopy. To discriminate the effect by the confinement from that by the 

nature of the surface, 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine 

(LMPC) which have the same zwitterionic head group as DMPC is used. 

 

4.2. Sample preparation 

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

powder form and used without further purification. When they dissolved in 

water, the DMPC spontaneously forms the onion-like MLVs that provides the 

nanoscopic water layers within its structure (Figure 4.1). The lipid powders 

were dissolved in deionized water followed by vigorous vortex mixing to 

Figure 4.1: DMPC power is dissolved in DI pure in order to form the 

multilamellar vesicles structure. 
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form multilamellar vesicles of DMPC as reported in our previous study [26]. 

Then, these phospholipid solutions were stabilized at least three hours at 303 

K, which is above the transition temperature [29]. The concentrations ranged 

from 75 to 225 mg/g (weight ratios of phospholipid/water). All samples were 

maintained at a constant temperature of 303 ± 0.1 K during measurements. 

 

4.3. Sample characterization 

Presence of the nanoconfined water within DMPC MLVs is verified by 

small-angle X-ray scattering (SAXS) measurements (SAXSpace, Anton-Paar 

Inc.). X-ray was generated from Cu and line collimation was used to amplify 

scattering signal. X-ray beam was scattered by 1 mm-diameter quartz 

capillary cell filled with lipid solution and detected by 2D CCD. After 

averaging the scattering intensity with horizontal axis, we obtained 1D 

scattering vector versus scattering intensity graph. At first, height of sample 

stage was calibrated by using reference material (Silver Behenate, AgBeh). 

Scattering pattern of AgBeh showed good reproducibility with reference data 

(1st scattering peak occurs at q = 1.075/nm). Before X-ray measurement, 

liquid sample was equilibrated at 30℃ for 1h using Cool Block (ALB6400, 

FINEPCR Inc.). Small volume of liquid sample (32 μl) was injected in quartz 

capillary cell and moved to TC-Stage inside SAXS. In TC-Stage, temperature 

of sample was maintained at 30℃ ± 0.1℃. To reduce scattering noise by air, 

vacuum condition was made inside SAXS (up to 2m bar ). After 10 min 

thermal equilibration, we measured X-ray scattering pattern of sample.   
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The MLV spacing (d) was calculated from scattering peak position, (∆𝑞) 

(d = 2𝜋𝑛 ∆𝑞⁄ ). Relation between MLV spacing and scattering peak position 

was obtained from Bragg’s law. 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                          (4.1) 

Elastic scattering vector (∆𝑞  ) was defined as difference between scattered 

wave vector (𝑞 𝑓) and incident wave vector (𝑞 𝑖), 

|∆𝑞 | = |𝑞 𝑓 − 𝑞 𝑖| =
4𝜋𝑠𝑖𝑛𝜃

𝜆
                                (4.2) 

Relating above two equation, we finally obtained MLV spacing (d ) as a 

function of scattering peak position (∆q), d = 2𝜋𝑛 ∆𝑞⁄ . 

 

 

Figure 4.2: Small angle X-ray scattering data from DMPC solutions at three 

different concentrations. Inset shows the calculated repeat distance from the 

observed Bragg peak. 
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The repeat distance (d) is obtained from the position (q) of the Bragg 

peak (q=2π/d) for DMPC solutions of different concentrations (75, 150, and 

225 mg/g) at 303 K. As shown in Figure 4.2, the repeat distances are 

unchanged for measurements of different concentrations, showing the 

previously reported value of 6.3 nm [31], which includes the distance between 

DMPC bilayers and the thickness of the interlamellar water. The interlamellar 

water spacing in the DMPC MLV is estimated to be approximately 2.6 nm 

when the known thickness of the DMPC bilayer of approximately 3.7 nm is 

used [31]. Also dynamics light scattering measurement shows that the average 

size of DMPC MLVs has approximately 2.5 microns (Figure 4.3). 

 

Figure 4.3: Size distribution of the DMPC MLV solution obtained from 

dynamics light scattering measurement (ELSZ-1000, Otsuka Electronics). 

The log-normal fit shows the average size of the DMPC MLV is ~2500 nm. 
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Figure 4.4: Concentration-dependent dielectric loss spectra of (a) DMPC and 

(b) LMPC solutions, where the dotted vertical line represents the peak 

frequency of the reorientational mode for pure water. 



 

 

 43 

 

4.4. Confirming the confinement effect from dielectric 

spectrum 

The complex dielectric constants of DMPC phospholipid solutions were 

measured over the frequency range of 0.1 GHz to 1.2 THz using a vector 

network analyzer (VNA) (MS4647B, Anritsu Inc.) and terahertz time-domain 

spectroscopy (THz-TDS) (TAS7500SP, Advantest Inc.).  In the frequency 

regime of 0.1 GHz to 65 GHz, VNA with an open-ended coaxial probe 

(85070E, Keysight Inc.) is used. A bilinear model [30] was used to determine 

9complex dielectric constants from the measured S-parameters. In the THz 

frequency regime of 0.35 THz to 1.2 THz, an attenuated total reflection (ATR) 

prism with the penetration depth of approximately 20 µm was used in THz-

Figure 4.5: Change in average relaxation time for water in DMPC (red) and 

LMPC (black) solutions with concentration. 
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TDS. A Peltier unit was directly attached to the silicon ATR prism to maintain 

the temperature.  

To discriminate the effect by nanoconfinement from that by the nature 

of surface (phospholipid headgroup) on the water dynamics in the DMPC 

MLVs, the dielectric spectra of LMPC micellar solutions, which have the 

same zwitterionic head group as DMPC MLVs, were also measured. 

Comparing with pure water, the blue-shifted dielectric loss of DMPC solution 

showed the faster dynamics when the concentration of DMPC is increased, 

while the opposite tendency was occurred in LMPC solution, as shown in 

Figures 4.4(a) and 4.4(b). The observed red-shifted relaxation mode of water 

with increasing concentration of LMPC in Figure 4.4(b) is consistent with 

previous result describing that water molecules around the phospholipid polar 

headgroup are bound and exhibit slowed dynamics [33]. However, with the 

increasing concentration, the collective reorientational relaxation mode of 

confined water in DMPC became faster as shown in Figure 4.5. This result 

suggests the acceleration of the collective reorientational relaxation mode of 

the water inside DMPC can be attributed by the confinement, not by the 

nature of the surface. 
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4.5. Extracting dielectric spectrum of the MLVs by applying 

Bruggeman mixture formula 

The detailed dynamics of nanoconfined water in DMPC solution was 

obtained by using the Bruggeman effective medium approximation [34]. The 

DMPC MLV can be treated as a homogeneous dielectric in quasi-static 

electric fields, where the average size of a DMPC MLVs was measured as 

approximately 2.5 μm  (Figure 4.3). The DMPC solution is assumed as a 

binary mixture with high permittivity contrast of DMPC MLVs and external 

pure water. The permittivity values of pure water and the MLV hydrocarbons 

are approximately 80 and 2, respectively. Now the DMPC solution can be 

written as 

𝑓𝑀𝐿𝑉
𝜀𝑀𝐿𝑉−𝜀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜀𝑀𝐿𝑉+2𝜀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
+ (1 − 𝑓𝑀𝐿𝑉)

𝜀𝑤𝑎𝑡𝑒𝑟−𝜀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜀𝑤𝑎𝑡𝑒𝑟+2𝜀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
              (4.3) 

where 𝜀𝑀𝐿𝑉 , 𝜀𝑤𝑎𝑡𝑒𝑟 , and 𝜀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  are the frequency-dependent complex 

dielectric constants of the DMPC MLVs, pure water, and the DMPC solution, 

respectively, and 𝑓𝑀𝐿𝑉  is the volume fraction of DMPC MLVs in DMPC 

Figure 4.6: Effective medium approximation of the DMPC MLVs solutions. 
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solution. The 𝑓𝑀𝐿𝑉  are estimated to be 0.137, 0.256, and 0.379 for each 

concentrations by centrifugation (Figure 4.7). By volumetric analysis, the 

number fraction between water and phospholipid molecules in the DMPC 

MLVs is estimated to be 37.6±2.9 waters/DMPC, which is consistent with the 

value of 35-40 waters/DMPC obtained from the SAXS measurement [35].   

Figure 4.7: Volumetric analysis by centrifugation. 
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Table 4.1: Values for calculating the mole fraction of water and DMPC 

molecules in the MLVs. Note that the specific volume of the DMPC is 0.978 

g/ml at 303K. 
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4.6. Characterization of the nanoconfined water dynamics 

Two distinct peaks that are split from the relaxation peak of pure water, 

called as Debye peak, at ~20 GHz are shown in Figure 3. For the first time, 

the acceleration of the collective reorientational mode of nanoscopically 

confined water was directly observed. Although it has been reported that the 

nanoconfined water has an abnormal diffusion properties [refs], the entire 

spectrum of the 𝜀𝑀𝐿𝑉 is found to be able to approximately described by the 

superposition of Debye relaxation modes: 

𝜀∗(𝜔) − 𝜀∞ = ∑
𝑆𝑖

1+𝑖𝜔𝜏𝑖
,𝑖                                  (4.4)  

Figure 4.8: Dielectric loss spectrum of DMPC MLVs after application of the 

Bruggeman mixture formula. Inset is the permittivity spectrum of DMPC 

MLVs. The black line represents the result of Debye-type relaxation model 

fitting. 
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where  𝑆𝑖 is the dielectric strength, 𝜏𝑖 is the reorientational relaxation time, 

and i represents the DMPC headgroup (DMPC), tightly bound water (tight), 

loosely bound water (loose), beyond bound water (beyond), and THz mode 

(THz). The dipolar relaxation time of the DMPC head group, 𝜏𝐷𝑀𝑃𝐶, and the 

tightly bound water on phosphate group of DMPC, 𝜏𝑡𝑖𝑔ℎ𝑡, were selected from 

literature values [36], because their relaxation mode is out of our 

measurement frequency window. From the successful curve fitting, selective 

identification of the structure and dynamics of water at a membrane surface 

and beyond is confirmed. The relaxation time of the loosely bound water, 

𝜏𝑙𝑜𝑜𝑠𝑒, is estimated to be approximately 38 ps, which is very close to that of 

the loosely bound water with the choline group of phospholipid [33]. The 

relaxation time of the accelerated collective reorientational mode, 𝜏𝑏𝑒𝑦𝑜𝑛𝑑 , 

was estimated to be approximately 3.6 ps. The detailed fitting parameters are 

Table 4.2: Results of multiple Debye-type relaxation model fitting to 

dielectric spectra of DMPC-MLVs 
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summarized in Table S1. The relaxation time of beyond bound water is twice 

as fast as that of pure water, which has a relaxation time at the same 

temperature of 𝜏𝑝𝑢𝑟𝑒 = 7.23 ps. 

It is the powerful technique of broadband dielectric relaxation 

spectroscopy employed in this study that measures the level of the hydrogen 

bond network rearrangement, that is collectiveness by measuring the 

collective reorientational relaxation time. The collectiveness of the 

nanoconfined water can be quantified by the Kirkwood correlation factor, 

𝑔𝑘 = ∑ 〈�̂�𝑖 ∙ �̂�𝑗〉
𝑁
𝑗=1  , which represents the ensemble averaged orientational 

correlation of a given single dipole with all other dipoles. When the dipolar 

cross-correlation function decays substantially slower than the 

autocorrelation function [38], 𝑔𝑘  can be obtained  from the relation of 

𝜏𝑐𝑜𝑙𝑙 ≈ 𝑔𝑘𝜏𝑠𝑝, where the collective and single-molecular relaxation times are 

denoted as 𝜏𝑐𝑜𝑙𝑙 and 𝜏𝑠𝑝, respectively. The simple relation is shown to be 

valid for the nanoconfined water in reverse micelle [22]. Note that although 

some methods can probe single molecular rotational relaxation times, such as 

NMR and IR pump-probe anisotropic decay spectroscopy, these techniques 

probe rotational dynamics based on the second-order time correlation 

function rather than 𝜏𝑠𝑝 based on the first-order time correlation function. 

Since the single-molecular relaxation time cannot be measured 

experimentally, the 𝜏𝑠𝑝,𝑏𝑒𝑦𝑜𝑛𝑑  is estimated from the first-order rotational 

correlation function of water molecules beyond the first hydration layer which 

is slowed by 20% compared to that of pure water [21]. By comparing the 

following two relations of 𝜏𝑐𝑜𝑙𝑙,𝑝𝑢𝑟𝑒 = 𝑔𝑝𝑢𝑟𝑒𝜏𝑠𝑝,𝑝𝑢𝑟𝑒  and 𝜏𝑐𝑜𝑙𝑙,𝑏𝑒𝑦𝑜𝑛𝑑 =

𝑔𝑏𝑒𝑦𝑜𝑛𝑑𝜏𝑠𝑝,𝑏𝑒𝑦𝑜𝑛𝑑 , the 𝑔𝑘 for the beyond bound water confined in DMPC 
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MLVs is estimated as 1.13. Almost completely disrupted arrangement of the 

hydrogen bond network of 𝑔𝑘 ≈ 1 was obtained comparing with 𝑔𝐾 ≈ 2.7 

for pure water in tetrahedral arrangement. Also the THz mode, 𝜏𝑇𝐻𝑧, is found 

to be accelerated by ~40% with the similar dielectric strength comparing with 

those of pure water. The assignment of THz mode is still controversial [37], 

nevertheless, it is commonly referred as a rotational motion of non-hydrogen 

bonded water that transiently appears in the hydrogen bond network 

fluctuation [ref Tanaka]. In this manner, the acceleration of the 𝜏𝑇𝐻𝑧 seems 

to be the result of the strong distortion of the hydrogen bond network of the 

beyond bound water. 

With the measured value of Sbeyond = 10.16, it was found that 

approximately 25 water molecules per DMPC contributed to the accelerated 

collective reorientational mode from the Kirkwood-Frohlich equation [39]: 

𝑆 =
𝑁

𝜀0(1−𝛼𝑓)2
(

3𝜀𝑠

2𝜀𝑠+1
)

𝑔𝑘𝜇0
2

3𝑘𝐵𝑇
                                (4.5) 

where S is the dielectric strength, 𝜀0 is the vacuum permittivity, 𝛼 is the 

molecular polarizability,  𝑓 is the molecular shape factor, 𝜀𝑠 is the static 

permittivity of the molecules, 𝑘𝐵 is the Boltzmann constant, N is number of 

molecules in a mode, 𝑔𝑘 is the Kirkwood correlation factor, and 𝜇0 is the 

molecular dipole moment (1.86 for a water molecule [40]). Assuming the 𝛼, 

𝑓, and 3𝜀𝑠/(2𝜀𝑠 + 1) for the beyond bound water has negligible difference 

to those of pure water, the number of beyond bound water molecules can be 

calculated by the following relations: 

𝑁𝑏𝑒𝑦𝑜𝑛𝑑 ≈ 𝑁𝑝𝑢𝑟𝑒 (
𝑆𝑏𝑒𝑦𝑜𝑛𝑑

𝑆𝑝𝑢𝑟𝑒
) (

𝑔𝑝𝑢𝑟𝑒

𝑔𝑏𝑒𝑦𝑜𝑛𝑑
)                       (4.6) 
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where, for pure water, the Npure = 55.56 mol/liter, and Spure = 70.4 at 303 K. 

Putting Sbeyond = 10.16, 𝑔𝑝𝑢𝑟𝑒 = 2.7 [38], and 𝑔𝑏𝑒𝑦𝑜𝑛𝑑 = 1.13. We found that 

the Nbeyond is 19.23 mol/liter, indicating that the 25±1.1 water molecules per 

DMPC contributed to the accelerated collective reorientational mode. Since 

the number fraction between water and DMPC in the MLVs is estimated to 

37.6±2.9 (Table S2), the approximately 68% of the water molecules confined 

Figure 4.9: Comparison of the hydration number of DMPC obtained by 

various methods. Literature data included in are taken for nuclear magnetic 

resonance (NMR) from Refs. [42] (black square), for molecular dynamics 

(MD) from Refs. [45] (circle), for small-angle neutron scattering (SANS) 

from Refs. [43,44] (upward triangles), from quasi-elastic neutron scattering 

(QENS) from Refs. [18] (downward triangle), from THz time-domain 

spectroscopy (THz-TDS) from Refs. [11] (diamond), and from this study (red 

squares). Inset is the hydration number for LMPC calculated from each 

solution concentration. 
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in a DMPC MLVs contribute to the accelerated collective reorientational 

mode. Considering the thickness of water layers in the DMPC MLVs, area 

per DMPC (~60.6 Å2) [ref], and the volume of water molecules (~30 Å3), the 

Nbeyond corresponds to the 4-5 water layers. 

In addition, the hydration number, defined as the number of water 

molecules perturbed per DMPC, is estimated to be 11.9±1.9 by subtracting 

the number of ‘beyond bound water’ from the number of ‘total confined water’ 

in the DMPC MLVs. This hydration number corresponds to the 1-2 water 

layers. As shown in Figure 4, it is interesting to see that this value is in a good 

agreement with those obtained from other techniques such as NMR [44], 

SANS [refs], QENS [18], and MD simulations [refs]. On the other hand, our 

result is the 2-3 times lower hydration number than that of the previous THz-

DRS study [11]. The difference can be explained from the selection of the 

simple dielectric polarization model which cannot reflect the change of the 

effective dipole moment of water molecules, or the Kirkwood factor. When 

the 𝑔𝑏𝑒𝑦𝑜𝑛𝑑  = 𝑔𝑝𝑢𝑟𝑒   is assumed, the hydration number of DMPC is 

overestimated to ~27. 

It is known that there are two main causes of anomalies of the 

nanoconfined water. One is the interaction at the interface between the surface 

and the water molecule, and the other is the distortion of the overall hydrogen 

bonding network structure of water where the water is present nanoscopically 

small cavity. If the nanostructured surface has a strong polarity, the movement 

of the water molecules may be restricted by electrically binding at the surface. 

If the size of the cluster of water molecules becomes small, a complete 

hydrogen bonding structure between the water molecules may not be formed, 

and the water molecules can show faster movement. For example, the 
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rotational motion of water in a vapor, which hardly makes hydrogen bonds 

between water molecules, is about ten times faster than liquid water. In order 

to understand this at a more microscopic level, the simulation technique has 

been mainly applied, but various contradictions have been reported to date. 

For example, the behavior of nanoconfined water between graphene sheets 

results in slowed diffusion near the surfaces the classical simulation technique. 

However, using the quantum mechanical simulation technique, the results 

were reported to be opposite. It has been recently reported that, in the classical 

simulation technique, depending on how the water molecules are modeled, 

the hydrogen bonding network structure of water confined in the 

nanostructure is dense or loosened than that of pure water. In order to 

overcome this problem, it has been suggested that a quantum mechanical 

simulation technique capable of more precisely predicting the hydrogen 

bonding characteristics between water molecules is needed. However, the 

very high computational cost is required, therefore the number of such studies 

has not been much so far. 
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4.7. Biological implication of the results 

Multilamellar vesicles (MLVs) are spherical structures composed of cell 

membranes and nanometer-thick layers of water that are repeatedly 

superimposed on each other, ranging in diameter from a few hundred 

nanometers to a few microns. Whether such a structure exists in the living 

body is not well known. However, when used as a mediator of drug delivery, 

MLVs are expected to have less leakage of drug contained therein because of 

the large number of surrounding membrane layers compared to liposomes 

composed of a single cell membrane. Like MLVs, such repetitive multi-

layered membrane structures are frequently found in living organisms. For 

example, the outer wall of the channel, which electrical signals generated 

from nerve cells are transmitted, has a multilayer structure. Since the 

dielectric constant of the water layer existing between the membranes is high, 

it serves as an insulator for preventing external noise, and it is known that it 

Figure 4.10: Nanoconfined water in biological systems. 
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plays a role of preventing distortion of electric signal transmission. In addition, 

there are multilayer structures in the photosynthetic structure (mitochondria, 

thylakoids) that generate energy in the living body. Since the ATP reaction to 

synthesize metabolic energy is triggered by the potential difference across the 

cell membrane, the multilayer structure is known to enhance the energy 

generating efficiency. In this case, the potential difference at both ends of the 

cell membrane is controlled by the concentration of protons moving in the 

water layer between the cell membranes. In order to simulate this situation, 

MLVs have been used to study the phenomenon of proton transfer in trapped 

water. 

 

 

4.8. Chapter Summary 

We present the first experimental characterization, using sub-GHz to 

THz dielectric relaxation spectroscopy, of the collective rearrangement of the 

hydrogen bond network of water molecules nanoscopically confined in a 

phospholipid multilamellar vesicle. We determined a distinct relaxation peak 

at ~40 GHz and the Kirkwood correlation factor of approximately 1.13, which 

are the indication of acceleration of the collective reorientation dynamics with 

nanoconfinement, and complete disruption of the hydrogen bond network 

compared with that of bulk water. Combined with X-ray observation, it has 

estimated that ~68% of the nanoconfined water contributes to the accelerated 

relaxation mode.    
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Chapter 5.  

Confinement-Dependent Structure and Collective 

Dynamics of Nanoconfined Water in DMPC 

Multilamellar Vesicles 

 

 

 

5.1. Background 

Water in biological systems exists in crowded environments, and is 

surrounded by nanoscopically separated confining boundaries. Because the 

structure and function of biomolecules is governed by water, the structure and 

dynamics of water in such a nanoconfined environments have been major 

scientific interests in past decades. Insight for the properties of nanoconfined 

water have been mainly obtained by using reverse micelle (RM) system, 

which has easily controllable nanoscopic water pool size by changing water-

to-surfactant ratio. For examples, enhanced viscosity [1], decreased diffusion 

coefficient [2], reduced dielectric constants [3-12], and slowed rotational 

dynamics of water near RM surface [13-23], have been reported by various 

measurement techniques. One of the key question was that what is the 

dominant factor to determine the properties of nanoconfined water. Initial 

study suggested that the geometrical restriction (confinement effect) itself 

dominantly determines the properties of nanoconfined water, rather than 

interface-water interactions (interface effect) [24], because the water 

dynamics confined in neutral/charged RM shows negligible difference. 

However, for the small-sized (<5 nm) RM, the interface effect can be already 

too dominant due to its high curvature, indicating the confinement effect is 
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hard to identify in RM system [25]. 

To address this issue, the nanoconfined water in phospholipid 

multilamellar vesicles (MLVs) can be a more feasible system, because it 

provides semi-planar confining geometries with 2-3 nm intermembrane 

distance. Even its presence of nanoconfined water inside, the MLVs has been 

used as a model biological membranes, so that the properties of bound water 

at the membrane interface has been mainly studied to understand the structure 

and function of biological membranes. It has been reported that the interface 

effect from the membrane ranges up to 1-2 water layers [26-30], and it is 

safely accepted that the water properties would revert to that of bulk water 

beyond the bound water regime. Recent terahertz spectroscopic study 

suggests that 4-5 water layers from the membrane interfaces are perturbed, 

indicating the long-range hydration effect of model membranes [31]. The 

difference can be explained that the collective dynamics measurement can 

accesses the cross-correlation contribution among water molecules, which 

cannot be measured in widely-used single-molecular dynamics measurement 

such as femtosecond infrared vibrational spectroscopy or nuclear magnetic 

resonances. However, typical terahertz spectroscopy may give inaccurate 

estimation of collective water dynamics. Because the strongest collective 

orientational polarization response of water (~20 GHz), namely as the Debye 

peak, is out of terahertz frequency window (>300 GHz), broadband 

measurement around the Debye peak is highly required to capture the 

accurate change of collective water dynamics confined in the MLVs. In the 

present study, for the first time, nanoconfinement-induced acceleration of 

collective water dynamics is observed for the nanoconfined water in 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) MLVs by using 
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broadband (0.5 – 70 GHz) dielectric relaxation spectroscopy. Also further 

disruption due to the interaction between bound water and the beyond bound 

water is observed from the osmolyte-induced reduction of intermembrane 

distance. 

 

 

5.2. Confinement-dependent dielectric spectrum of confined 

water in DMPC MLVs 

In order to investigate the confinement-dependent effect on the 

collective water dynamics, the osmolyte of PEG 20000 (Sigma-Aldrich) is 

introduced in the DMPC solution. The method is called ‘osmotic stress 

technique’ which has been a popular way for investigating the intermembrane 

forces between phospholipid bilayers [32]. Introducing the osmolyte (such as 

Figure 5.1: The intermembrane distance change in DMPC MLVs with the 

PEG 20000-induced osmotic pressure. 

 



 

 

 64 

polyethylene glycol, dextran, and glycerol) ‘outside’ the MLVs, the induced 

osmotic pressure makes outflow of the confined water ‘inside’ the MLVs, 

resulting in the reduction of the intermembrane distance (dMLV) of MLVs. 

After equilibration, the intermembrane distance between DMPC bilayers can 

be determined by using small-angle X-ray scattering. In this study, the 

osmolyte of PEG 20000 (Sigma-Aldrich) is used. The PEG-induced change 

of the interlamellar distance in DMPC MLVs are shown in Figure 6.1. 

In order to confirm whether the physical properties of DMPC 

membranes change by addition of the osmolyte, we measured the DMPC 

phase transition temperature with increasing PEG concentration by using 

differential scanning calorimetry (DSC). Because the phase transition 

temperature of the phospholipid membrane depends on the degree of 

hydration of the cell membrane. The peak in the Figure 6.2. shows the phase 

Figure 5.2: The phase transition temperature of DMPC with addition of PEG 

20000. 
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transition temperature at which the DMPC cell membrane undergoes gel-to-

fluid phase transitions. The change in the phase transition temperature at the 

highest PEG concentration was insignificant compared to the initial value of 

about 2%. Thus, it can be considered that there is little change in the cell 

membrane itself during the process of reducing the intermembrane distance 

of MLVs with osmotic stress technique. 

Next, the volume fraction of DMPC MLVs in the each DMPC/PEG 

solution was determined by centrifugation, as described in Chapter 4.5. Since 

the osmotic pressure applied to the MLV increases in proportion to the PEG 

concentration, the volume fraction is also expected to be proportional to the 

PEG concentration. It is found that the obtained volume fraction of DMPC 

MLVs shows unexpectedly nonlinear change with PEG concentration, as 

shown in Figure 6.3. Since the intermembrane distance measured by the 

Figure 5.3: The volume fraction of MLVs in the DMPC/PEG solutions. 
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SAXS experiment was decreased in proportion to the PEG concentration, the 

reason for this unexpected phenomenon can be expected that the MLV size 

has changed with addition of PEG. From the dynamic light scattering 

measurements, as shown in Figure 6.4, the addition of PEG to the aqueous 

solution of DMPC confirmed the formation of large MLV by aggregation or 

fusion between MLVs.  

Finally, the dMLV-dependent dielectric spectrum of nanoconfined water 

in DMPC MLVs is obtained by applying the Bruggeman mixture formula, as 

described in Chapter 4.5. The result is shown in Figure 6.5. 

Figure 5.4: The MLV size distribution in the DMPC/PEG solutions. 
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Figure 5.5: (a) Dielectric loss spectrum of DMPC solutions with increasing 

PEG concentration. (b) Dielectric loss spectrum of DMPC MLVs with 

increasing PEG concentration. Solid lines show the fitting result by using 

multiple Debye-type relaxation model of Eq. 4.4.  
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5.3. Characterization of confinement-dependent structure 

and dynamics of the nanoconfined water 

The tendency of the spectral change with decreasing intermembrane 

distance shows that two modes (bound and beyond bound water) observed in 

the absence of PEG gradually overlap each other (Figure 6.5b). It is assumed 

that a new intermediate mode occurs between the existing two modes, and the 

analysis is performed by adding the intermediate water to the existing 

modeling of Eq. 4.4 as follow: 

𝜀∗(𝜔) − 𝜀∞ =
𝑆𝐷𝑀𝑃𝐶

1+𝑖𝜔𝜏𝐷𝑀𝑃𝐶
+

𝑆𝑏𝑜𝑢𝑛𝑑

1+𝑖𝜔𝜏𝑏𝑜𝑢𝑛𝑑
+

𝑆𝑖𝑛𝑡𝑒𝑟

1+𝑖𝜔𝜏𝑖𝑛𝑡𝑒𝑟
+

𝑆𝑏𝑒𝑦𝑜𝑛𝑑

1+𝑖𝜔𝜏𝑏𝑒𝑦𝑜𝑛𝑑
. (5.1) 

Figure 5.6: Confinement-dependent collective orientational relaxation time 

of nanoconfined water in DMPC MLVs. Gray and green dashed lines 

represent the relaxation time of pure water and the beyond bound water for 

micelle solutions, respectively. 
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At this time, it was assumed that the water immediately adjacent to the surface 

of the cell membrane was not strongly affected during the reduction of the 

intermembrane distance. Because the surface/water electric interaction is 

strong and short-ranged (less than 2 water layers), so that the relaxation time 

would not much change if there is sufficient amount of beyond bound water. 

As a result, a new intermediate mode with dynamics between bulk and bound 

water began to appear after about 0.3 nm of intermembrane distance 

decreased. As the intermembrane distance decreases, the dielectric strength 

of intermediate water gradually increases (Figure 6.6), indicating that is a 

confinement-dependent phenomenon. On the other hand, the dielectric 

strength of the beyond bound water gradually decreases gradually, reflecting 

the reduction of the amount of the beyond bound water. And the dielectric 

strength of bound water is relatively not changed as expected. 

Figure 5.7: Confinement-dependent dielectric strength of nanoconfined water 

in DMPC MLVs.  
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Then, are these phenomena mainly due to the interface effect? Or 

confinement effect? In order to answer this important questions, the power of 

the interface effect is quantified by the calculation of hydration number. As 

described in Chapter 4.6., from the dielectric strength of the beyond bound 

water (Sbeyond), hydration number (nh) of DMPC can be estimated by 

calculating the number of dynamically slowed water molecules per DMPC. 

From the Kirkwood-Frohlich relation [33]: 

 

𝑆 =
𝑁

𝜀0(1−𝛼𝑓)2
(

3𝜀𝑠

2𝜀𝑠+1
)

𝑔𝑘𝜇0
2

3𝑘𝐵𝑇
,                                (5.2)                                                                                                       

 

where S is the dielectric strength, ε0 is the vacuum permittivity, α is the 

molecular polarizability, f is the molecular shape factor, εs is the static 

permittivity of the molecules, kB is the Boltzmann constant, N is number of 

molecules in a mode, gk is the Kirkwood correlation factor, and μ0 is the 

molecular dipole moment. Assuming the α, f, and 3εs/(2εs+1) for the beyond 

bound water has negligible difference to those of pure water, the number of 

beyond bound water molecules per DMPC molecules can be calculated by 

the following relations: 

 

𝑁𝑏𝑒𝑦𝑜𝑛𝑑 ≈ 𝑁𝑝𝑢𝑟𝑒 (
𝑆𝑏𝑒𝑦𝑜𝑛𝑑

𝑆𝑝𝑢𝑟𝑒
) (

𝑔𝑝𝑢𝑟𝑒

𝑔𝑏𝑒𝑦𝑜𝑛𝑑
),                       (5.3)                                                                                                         

 

where, for pure water, the Npure = 55.56 mol/liter, and Spure = 70.35 at 303 K. 

The nh can be determined by subtracting the number of beyond bound water 

from the number of total confined water in the DMPC MLVs. The number of 

total confined water per DMPC is estimated from the molar ratio of water and 
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DMPC molecules corresponding the measured dMLV at each osmolyte 

concentration [Costigan Ref.]. The obtained nh remains constant value when 

the dMLV decreases (Figure 6.7), indicating the perturbation range from 

DMPC membrane surface remains unchanged with decreasing the 

intermembrane distance. The mean value of nh is 14.5±1.2, and it is also in a 

good agreement with those obtained from other experimental and theoretical 

studies such as NMR [26], SANS [27-28], QENS [29], and MD simulations 

[30].  

In order to estimate the range of interface effect, we extrapolated the 

molar ratio of beyond bound water to zero value. The estimated perturbation 

range is about 6 angstroms, which indicates that the interface effect affects up 

to only two water layers, which accounts for about half of the total 

intermembrane distance. On the other hand, the effect of confinement appears 

Figure 5.8: Confinement-dependent dielectric strength of nanoconfined water 

in DMPC MLVs.  
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over the long-range even beyond the bound water layer. As a result, at least 

in our measured range, the beyond bound water is no longer bulk-like. It is 

worthwhile to note that our result shows the 2-3 times lower nh than that of 

the THz-DRS study [31]. The difference can be explained by the use of simple 

dielectric model without considering the effect of nanoconfinement on water 

in DMPC MLVs in the previous study. Usually in DRS study, the hydration 

number has been estimated by calculating the number of ‘non-pure’ water 

molecules per solute in the solution. However, as we have shown in this study, 

the nanoscopic confinement as well as the surface hydration strongly affect 

the collective dynamics of water, so that the previous method can leads to the 

overestimation of hydration number. 

 

 

5.4. Chapter summary 

In summary, the broadband dielectric response of nanoconfined water in 

DMPC MLVs shows an evident confinement effect on the water between 

nano-separated hydrophilic soft interfaces, disclosing the presence of 

accelerated collective water dynamics under nanoconfinement and the long-

range disruption of hydrogen bonding network of water even beyond bound 

water regime. By reducing the intermembrane distance, corresponding to 

approximately 26 and 19 Å , we can identify the confinement-dependent 

behavior from the appearance of intermediate water that has relaxation time 

between bound and beyond bound water. On the other hand, the short-ranged 

(~6 Å) surface/water interaction is confirmed to be unchanged from the 

constant hydration number of DMPC. Our results strongly suggest that the 

bulk-like water might be no longer exist under nanoconfined environment due 
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to intrinsic properties of collective hydrogen bonding network, and the 

conventional two-state (bound/bulk-like water) description of nanoconfined 

water is potentially required to be revised. Although many examples of 

abnormal behavior of protein stability, chemical reactivity, water transport, 

and capacitance under nanoconfinement have been actively reported, we 

expect that new theoretical background to describe those phenomena might 

be accessible in terms of collective observable such as dielectric constants. 

Further studies are expected to find the minimum and maximum 

intermembrane distance to induce the confinement effect on the water.  
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Chapter 6.  

Safety demonstration of strong THz pulses from the 

free electron laser (FEL) on lysozyme protein 

 

 

 

6.1. Background 

Laser ablation aims to achieve removal of a small quantity of mass from 

a sample’s surface using a focused, pulsed laser beam. One of the great 

application of laser ablation is a matrix-assisted laser desorption and 

ionization (MALDI). In contrast to the ultraviolet laser which is typically used 

for MALDI, infrared lasers have unique characteristics that can be 

advantageous for biological material analysis. One of the most significant 

advantages of infrared lasers is the ability to ionize without the addition of a 

matrix. Another characteristic of pulsed infrared lasers is the large penetration 

depth and propensity to remove large quantities of material with each single 

pulse. And a low-energy photon of infrared light than that of ultraviolet may 

be able to reduce irradiative damage of a sample. These properties can be put 

to use effectively in the ionization of biomolecules without the addition of a 

matrix [1]. High-power pulsed terahertz (THz) wave for MALDI may also be 

a proper solution to overcome the damage problem during MALDI process 

using ultraviolet laser since it has much lower photon energy than that of 

infrared laser. And the frequency range of THz radiation is comparable with 

the vibration frequency of intermolecular vibration such as hydrogen bond 

and Van der Waals bond but much lower than the frequency of covalent bonds. 

Thus, THz radiation can be expected to have effective molecular transfer 
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ability to aerosol phase (nanoparticles) without destroying the original 

structure with advantages of the infrared MALDI [3, 4]. 

In this study, we performed the THz laser ablation of a dried lysozyme 

film using free electron laser (FEL) and characterized irradiative damage of 

ablated lysozyme and exposed lysozyme using MALDI-TOF mass 

spectrometry. Possible ablation mechanism is also discussed. 

  

Figure 6.1: The THz-FEL has low photon energy comparing to the previously 

used laser pulse for MALDI applications. 
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6.2. Sample preparation and the THz-induced ablation setup 

An aqueous solution of lysozyme (Sigma-Aldrich) was applied on high 

resistivity silicon which provides flat surface and high terahertz transmission 

[5] and the sample was dried in clean air flow. Then the sample was placed in 

a ablation chamber and irradiated with THz FEL radiation of an average 

power of 10W at λ=140 μm and the peak electric field strength is estimated 

over 10 kV/cm. The repetition rate was 5.6 MHz. The radiation power density 

which is necessary for the start of ablation on the sample surface was 

optimized by moving the chamber along the focal axis of a metal mirror with 

a focal length, f=10 cm. A flow of nitrogen brought the ablated lysozyme 

particles into a condensation particle counter (GRIMM Aerosol Technik, 

Germany) to analyze the particle size distribution. The continuous FEL 

radiation was applied until the ablated particle is not detected by particle 

counter. After confirmation of the ablation condition, additional experiment 

was performed to collect the ablated lysozyme particles with same exposure 

Table 6.1: Specification of the NovoFEL and the condition on the experiment.  
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condition. The ablated particles were filtered by typical hydrophobic paper 

filter. The filtered particles were collected and analyzed by MALDI-TOF 

mass spectrometry (Bruker). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Formation of lysozyme film on the silicon substrate by drop-and-

drying process. 
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Figure 6.3: Schematic of the ablation experiment. 
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6.3. Damage characterization of the ablated lysozyme 

First, we performed the ablation experiment to confirm ablation 

condition with two different concentration of lysozyme firm. It shows that the 

ablated particles size distribution was independent of concentration of the 

firm. And the distribution curve followed log-normal distribution that has the 

peak in the range of 35-40 nm in this experiment. (Figure 5.4) Irradiation of 

the pure silicon substrate did not lead to the formation of particles [4]. With 

the same irradiation condition, additional experiment was performed to 

collect the ablated particles and to characterize irradiative damage during 

ablation process with high-power terahertz waves. MALDI-TOF results of 

the ablated lysozyme and control (unexposed) lysozyme shows almost same 

spectrum between them. (Figure 5.6) Location of mass-to-charge ratio of the 

Figure 6.4: Measured ablated particles size distribution of high concentrated 

(Black) and low concentrated (Red) lysozyme film. The distribution follows 

log-normal curve. 
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both case is also unchanged. That means there is no significant change or 

destruction of the ablated lysozyme molecules itself during the ablation. 

Because of continuous irradiation upon the silicon substrate, the sample 

remaining on the silicon surface shows thermal oxidation. Too much heating 

of the substrate may cause thermal damage of the sample dominantly since 

absorption coefficient of the lysozyme near the 2.2 THz is below 1 cm-1 [6]. 

This indicates that there is a possibility to reduce or remove overheating of 

the sample if the exposure time is controlled properly, e.g. short time and long 

interval irradiation.  

Another important point is that even a billon of pulse was applied on the 

sample surface, ablated lysozyme shows non-destructive character. The 

temperature of the ablated lysozyme particle itself due to irradiation should 

be below 70℃ to avoid thermal denaturation of lysozyme during the ablation 

process [5]. This indicates that desorption of the lysozyme molecules from 

the surface may occurs in hundreds nanosecond timescale after passed one 

pulse since the FEL repetition rate is 5.6 MHz. Pulsed laser-induced ablation 

Figure 6.5: Schematic of the ablated particle collection by filtration.  
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is related with multiphoton ionization and photothermal ionization. This 

photoionization under intense laser irradiation is considered a well-

understood process in the visible wavelength range. A corresponding 

common quantum approach is provided by Keldysh -Faisal-Reiss (KRF) 

strong field approximation [7, 8]. The KPR theory describes the effects of 

weakly bound system in the intense external field. At low frequencies-strong 

fields limit, the system can be described as usual formula for DC tunneling 

effect semi-classically. On the other hand, at high frequencies-low fields limit, 

it is described as multiphoton absorption, which is above-threshold ionization 

through the absorption of several photons having much less energy than 

ionization potential. Keldysh linked these two limits in terms of 

Figure 6.6: Mass spectrum of the lysozyme before (upper) and after (lower) 

ablation. The THz-ablated lysozyme shows no difference comparing to the 

control sample. 
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dimensionless parameter γ = ω(2meI0)
0.5/eF , where ω is the frequency of 

external fields, m_e is the electron mass, I0 is the ionization potential, e is the 

electron charge, and F is the field strength. In the case of γ≪1, the 

ionization probability reduced to the DC tunneling formula, but, in the case 

of γ≫1, the theory describes the probability of multiphoton absorption [7]. 

In addition, considering electron avalanche and joule heating with 

multiphoton absorption on the changes of electron density in the conduction 

band, threshold behavior of dielectric optical breakdown for fused silica was 

very well described and matched between theory and experiment [9, 10].  

High-power terahertz single pulse experiment could provide information 

about the ablation mechanism. From the Keldysh formula, we can expect the 

possible route of the ablation. In our case, considering weak hydrogen bond 

and Van der Waals bond among each lysozyme molecules, probability of 

multiphoton ionization could be dominant [7]. Furthermore, a resonance peak 

did not appear around 2~3 THz with FT-IR measurement [6]. This is also 

suitable condition for leading multiphoton ionization under the high-power 

laser pulses. However, we didn’t perform this experiment because of lack of 

the proper device which provides enough high-power terahertz single pulse 

to induce lysozyme ablation.  
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6.4. Chapter summary 

High-power pulsed THz waves which are generated by free electron 

laser near 2.2 THz are found to induce the nondestructive ablation of 

lysozyme. The peak electric field strength exposed on the sample is estimated 

over 10 kV/cm. The aerosol phase nanoparticles (ablated lysozyme) size is 

~38 nm, which is independent on the concentration of lysozyme film. And the 

mass spectrum of ablated lysozyme shows no significant difference with 

control, but the samples remaining on the substrate shows thermal oxidation 

because of high temperature. 
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Appendix A. Analysis code  

clear all 

tic; 

  

global freq freq2 freq_new s11_gated 

  

getinfo = dir('*.txt');   

filenames = {getinfo.name}'; 

  

for m = 1:1:length(filenames) 

        

    bb = table2array(readtable( string(filenames(m)) , 'HeaderLines', 15, 'Delimiter', '\t')); 

    

    if m==1 

     

        freq = bb(:,2); 

     

    end 

         

    s11 = bb(:,3) .* exp(1i.*pi./180.*bb(:,4)); 

    s11_gated = s11; 

     

    freq_new = freq; 

     

    data(:,1) = real(freq_new); 

    data(:,1) = freq_new; 

    data(:,m+1) = s11_gated; 

     

end 

  

  

param_water = [0 0 0 0 0 0 76.39-5.75 7.39 5.75-4.60 0.9 0 0 0 4.6]; 

eps_water30 = debye(freq, param_water); 

eps_water30_real = real(eps_water30); 

eps_water30_imag = -imag(eps_water30); 

  

param_ethan30 = [0 0 0 0 0 0 19.46 143 1.1 7 0 0 0 3.33]; 

eps_ethan30 = debye(freq, param_ethan30); 

eps_ethan30_real = real(eps_ethan30); 

eps_ethan30_imag = -imag(eps_ethan30); 

  

%param_2PrOH30 = [0 0 0 0 14.98 286.2 0.41 19.1 0.77 2.51 0 0 0 2.44]; %3D 

param_2PrOH30 = [0 0 0 0 14.95 287.74 0 0 0.59 16.9824 0 0 0 3.1]; %2D 

eps_2PrOH30 = debye(freq, param_2PrOH30); 

eps_2PrOH30_real = real(eps_2PrOH30); 

eps_2PrOH30_imag = -imag(eps_2PrOH30); 

  

eps_air = zeros(length(freq),1);  

eps_air(:,1) = 1.0060; 

eps_air_real = real(eps_air); 
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eps_air_imag = imag(eps_air); 

  

 

s11_gated_air = data(:,2); 

s11_gated_2PrOH30 = data(:,12); 

s11_gated_water30 = data(:,13); 

 

rho_water30 = s11_gated_water30; 

rho_2PrOH30 = s11_gated_2PrOH30; 

rho_air = s11_gated_air; 

  

  

for n = 1:1:length(rho_water30) 

     

    AA = [rho_air(n) -eps_air(n).*rho_air(n) 1; rho_water30(n) - 

eps_water30(n).*rho_water30(n) 1; rho_2PrOH30(n) -eps_2PrOH30(n).*rho_2PrOH30(n) 

1]; 

    BB = [eps_air(n); eps_water30(n); eps_2PrOH30(n)]; 

  

    CC = AA\BB;  

    A(n,1) = CC(1); 

    B(n,1) = CC(2);  

    C(n,1) = CC(3); 

  

end 

  

  

for n = 1:1:length(filenames) 

  

    rho_sample(:,n) = data(:,n+1) ; 

  

end 

  

  

for n = 1:1:length(filenames) 

  

    if n==1 

        epsilon(:,1) = freq; 

    end 

  

    epsilon(:,n+1) = (A.*rho_sample(:,n)+C)./(1+B.*rho_sample(:,n)); 

  

end 

  

epsilon_real = real(epsilon); 

epsilon_imag = -imag(epsilon); 

  

%% Interpolation 

  

freq_interp = logspace(log10(0.1), log10(65), 100)'; 

  

epsilon_real_interp = interp1(freq, epsilon_real, freq_interp, 'spline'); 

epsilon_imag_interp = interp1(freq, epsilon_imag, freq_interp, 'spline'); 
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%% smoothing 

  

start_freq = 0.05; 

end_freq = 70; 

  

start_num = find(freq>start_freq, 1, 'first'); 

end_num = find(freq<end_freq, 1, 'last'); 

 

real_smooth = smoothdata(epsilon_real, 'sgolay', 400, 'Degree', 8); 

imag_smooth = smoothdata(epsilon_imag, 'sgolay', 400, 'Degree', 8); 

  

epsilon_real_sm = [epsilon_real(1:start_num-1, :); real_smooth(start_num:end_num, :); 

epsilon_real(end_num+1:end, :)]; 

epsilon_imag_sm = [epsilon_imag(1:start_num-1, :); imag_smooth(start_num:end_num, :); 

epsilon_imag(end_num+1:end, :)]; 

  

  

%% Bruggeman model 

  

load freq_tds.mat; 

load tds_real.mat; 

load tds_imag.mat; 

%load e_water.mat; 

  

freq_brug = freq; 

freq_brug = [freq_brug; freq_tds]; 

  

offset = 0.5; 

  

epsilon_brug = (epsilon_real + offset) + 1i.*epsilon_imag; 

  

tds_water = tds_real(:,1) + 1i*tds_imag(:,1); 

  

tds_real = [tds_real(:,2) tds_real(:,2) tds_real(:,2) tds_real(:,3) tds_real(:,3) tds_real(:,3) 

tds_real(:,4) tds_real(:,4) tds_real(:,4)]; 

tds_imag = [tds_imag(:,2) tds_imag(:,2) tds_imag(:,2) tds_imag(:,3) tds_imag(:,3) 

tds_imag(:,3) tds_imag(:,4) tds_imag(:,4) tds_imag(:,4)]; 

  

epsilon_tds = tds_real + 1i.*tds_imag; 

  

e_water = (epsilon_brug(:,end-1)); 

e_water = [e_water; tds_water]; 

  

eps = [epsilon_brug(:,3) epsilon_brug(:,4) epsilon_brug(:,5) epsilon_brug(:,6) 

epsilon_brug(:,7) epsilon_brug(:,8) epsilon_brug(:,9) epsilon_brug(:,10) 

epsilon_brug(:,11)]; 

 

eps = [eps; epsilon_tds]; 

  

e_w = [e_water e_water e_water e_water e_water e_water e_water e_water e_water]; 

f1 = [0.137 0.137 0.137 0.256 0.256 0.256 0.369 0.369 0.369]; 
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f2 = 1-f1; 

 

n = 0.333; 

A = n/(1-n); 

B = A.*e_w + eps; 

%B = e_w + 2.*eps; 

C = e_w - eps; 

  

for n = 1:1:length(f1) 

     

    e_mlv(:,n) = ( f1(n).*B(:,n) - f2(n).*C(:,n) ) ./ ( f1(n).*B(:,n) + f2(n).*A.*C(:,n) ) .* 

eps(:,n); 

     

end 

  

for n = 1:1:length(f1) 

     

   mlv(:,2*n-1) = real(e_mlv(:,n)); 

   mlv(:,2*n) = imag(e_mlv(:,n));  

     

end 

  

mlv_real = real(e_mlv); 

mlv_imag = imag(e_mlv); 

 

%% finalizing for all measurement 

  

mlv_final2 = [freq_brug mean(mlv_real(:,5:end), 2) std(mlv_real(:,5:end), 0, 2) 

mean(mlv_imag(:,5:end), 2) std(mlv_real(:,5:end), 0, 2)]; 

 

freq_final = logspace(log10(0.1), log10(1200), 200)'; 

  

mlv_real1 = [freq_final interp1(freq_brug, mlv_real, freq_final, 'spline')]; 

mlv_imag1 = interp1(freq_brug, mlv_imag, freq_final, 'spline'); 

mlv_real2 = [mlv_real1(1:find(freq_final<65, 1, 'last'), :); mlv_real1(find(freq_final>340, 

1, 'first'):end, :)]; 

mlv_imag2 = [mlv_imag1(1:find(freq_final<65, 1, 'last'), :); 

mlv_imag1(find(freq_final>340, 1, 'first'):end, :)]; 

  

mlv_ri = [mlv_real2 mlv_imag2]; 

  

mlv_final1 = interp1(freq_brug, mlv_final2, freq_final, 'spline'); 

mlv_final = [mlv_final1(1:find(freq_final<65, 1, 'last'), :); mlv_final1(find(freq_final>340, 

1, 'first'):end, :)]; 

  

scatter(mlv_final(:,1), mlv_final(:,2), 'k') 

hold on 

errorbar(mlv_final(:,1),mlv_final(:,2), mlv_final(:,3), 'LineStyle','none', 'Color', 'k'); 

scatter(mlv_final(:,1), mlv_final(:,4), 'r') 

errorbar(mlv_final(:,1),mlv_final(:,4), mlv_final(:,5), 'LineStyle','none', 'Color', 'r'); 

hold off 

xlim([0.1,1200]) 

ylim([0, 27.5]) 
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set(gca, 'XScale', 'log') 

  

epss = mlv_final(:,2) + 1i.*mlv_final(:,4); 

refrac = sqrt(epss); 

absor = (4.*pi.*imag(refrac))./(3e-1./mlv_final(:,1))/100; 

  

clear A AA B bb BB C CC m n param_2PrOH30 param_ethan30 param_water 

rho_2PrOH30 rho_air rho_ethan30 rho_sample rho_water30 s11 s11_gated 

s11_gated_2PrOH30 s11_gated_air s11_gated_ethan30 s11_gated_water30 

  

clear eps_2PrOH30 eps_2PrOH30_imag eps_2PrOH30_real eps_air eps_air_imag 

eps_air_real eps_water30 eps_water30_imag eps_water30_real getinfo 

  

  

%% Multiple Debye function (4D + 1V + epi) 

  

function res = debye(freq, x) 

  

    s_lipid = x(1); 

    t_lipid = x(2); 

     

    s_hyd1 = x(3); 

    t_hyd1 = x(4); 

     

    s_hyd2 = x(5); 

    t_hyd2 = x(6); 

     

    s_ghz = x(7); 

    t_ghz = x(8); 

     

    s_thz = x(9); 

    t_thz = x(10); 

     

    A_vib = x(11); 

    w_vib = x(12); 

    g_vib = x(13); 

     

    epi = x(14); 

     

    omega = 2 .* pi .* freq; 

        

    res = s_lipid./(1+1i.*omega.*1e9.*t_lipid.*1e-12) + ... 

        s_hyd1./(1+1i.*omega.*1e9.*t_hyd1.*1e-12) + ... 

        s_hyd2./(1+1i.*omega.*1e9.*t_hyd2.*1e-12) + ... 

        s_ghz./(1+1i.*omega.*1e9.*t_ghz.*1e-12) + ... 

        s_thz./(1+1i.*omega.*1e9.*t_thz.*1e-12) + ... 

        (A_vib.*(2.*pi.*w_vib.*1e9).^2)./( (2.*pi.*w_vib.*1e9).^2 - 

(2.*pi.*freq.*1e9).^2 - (1i.*2.*pi.*freq.*1e9.*2.*pi.*g_vib.*1e9) ) + ... 

        epi ; 

  

end 
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국문 초록 

본 연구는 인지질 다층구조 내부에 존재하는 수 나노미터 두께의 

공간에 갇혀 있는 물의 구조 및 집단 동역학을 기가헤르츠부터 

테라헤르츠 영역에 걸친 광대역 유전체 분광법을 이용한 최초의 실험적 

연구이다. 물이 나노공간에 갇힘에 의한 영향은 약 40GHz 근방에서 

독립된 완화 모드(relaxation mode)로 나타났으며, 이에 대응되는 

Kirkwood 보정항은 약 1.13으로 추정되었다. 이는 나노구조에 갇힌 

물의 집단적 움직임이 일반적인 순수 물에 비해 빨라졌음을 의미하며, 

물의 수소결합 구조가 대부분 무너졌음을 의미한다. 인지질 다층구조를 

이루는 세포막 이중층의 간격이 좁아질수록 그 안에 갇힌 나노물의 

거동이 급격하게 변화하였고, 그러한 변화속에서 세포막 표면과 

물분자간 호작용 범위는 거의 일정하게 유지되었다. 이상의 결과는 

기가헤르츠-테라헤르츠 분광법이 나노공간에 갇힌 물의 물성변화를 

민감하게 측정할 수 있음을 의미하며, 나노물의 수소결합 네트워크 

구조에 예상보다 넓은 범위에 걸친 왜곡현상이 존재함을 의미한다. 

또한 자유전자레이저에서 발생된 2.2 THz의 주파수 및 10 kV/cm 

이상의 세기를 갖는 강력 테라헤르츠파 펄스를 리소자임 단백질에 

조사했을 때, 단백질이 열변성에 의한 손상 없이 나노입자화 됨을 

보였다. 발생한 리소자임 나노입자의 크기는 약 38 nm로 시료의 농도에 

무관하게 비슷한 크기를 가졌다. 반면에 나노입자화 되지 않고 표면에 

남아있는 리소자임 단백질은 고열에 의한 산화반응이 나타났다. 이는 

테라헤르츠파가 생체에 무해하며, 향후 강력한 테라헤르츠파를 이용한 

치료기기에 응용될 수 있는 가능성을 제시한다. 

 

핵심어: 유전체 분광법,집단 동력학, 물, 갇힘, 인지질 

학  번: 2010-30949 
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