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Abstract

NaCl Effect and Its Molecular Mechanism on the
Dielectric Constant of Nanoconfined Water Studied

by Dielectric Relaxation Spectroscopy

Jeongmin Jang
Department of Physics and Astronomy

The Graduate School of Seoul National University

In this study, we suggest the first experimental evidence that NaCl enhances the
dielectric constant of nanoconfined water in phospholipid multilamellar vesicles
(MLVs) using GHz dielectric relaxation spectroscopy (DRS). Such phenomenon was
not observed in the bulk environments (Bulk NaCl solution or phospholipid
micelle/NaCl solution), in which monotonic reduction of the dielectric constant with
increasing salt concentration was revealed. NaCl induces non-linear change of the
static permittivity of water confined in MLVs, namely an anomalous increase near
the physiological salt concentration (0 < ¢ < 0.3 M) and a decrease at high
concentration (0.3 < ¢ < 1 M). Comparing with previous simulations’ results, this
non-linear behavior is interpreted as a result of competition between the increase of
the perpendicular dielectric component (€ ) and the decrease of the parallel dielectric
component (&) on the membrane surface induced by NaCl.

In addition, the molecular mechanism of the abnormal NaCl effect is also
investigated. NaCl enhances the dielectric constant of two water regions in MLVs,
i.e., membrane-surface bound water and water beyond it, in a different way.
Accelerated collective reorientation motion of surface-bound water was observed,
which implies an increase of rotational freedom. For water beyond the hydration
layer, however, slower collective motion and an increase in dielectric constant were

simultaneously observed, suggesting a novel mechanism by which NaCl enhances

i A



the intermolecular orientation correlation (or Kirkwood correlation factor, gk) rather

than rotational freedom of individual water molecules.
Keywords: Nanoconfined water, NaCl, dielectric constant, phospholipid,
Kirkwood correlation factor, intermolecular orientation correlation, dielectric

relaxation spectroscopy
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Chapter 1.

Introduction

1.1 Research Background

Aqueous electrolyte solutions confined to nanoscale spaces are ubiquitous in
biological systems and nano devices, such as the crowding interior of living cells,
ion channels in cell membranes, multilayered lipid bilayers (e.g., human stratum
corneum, mitochondria, myelin sheath and chloroplast), human joints, desalination
membranes and super capacitors. Therefore, the physical and chemical properties of
aqueous nanoconfined electrolyte solutions have been intensively investigated to
understand their biological functions or to design nano devices. In particular, the
dielectric constant is one of the important properties in various biochemical and
electrochemical processes such as ion hydration, ion transport, chemical reaction,
protein folding, macromolecular aggregation, desalination, and capacitance, as it
directly determines the strength of the water-mediated intermolecular force in an
aqueous environment.

Recent molecular dynamics simulation studies have shown that nanoconfined
aqueous NaCl solutions have anomalous dielectric behaviors compared to bulk
solutions. For example, anisotropic dielectric constant and an increase in the
dielectric component perpendicular to the platform surface with increasing ion
concentration have been proposed [1-3]. The latter was considered particularly
abnormal, and the molecular origin has been intensively investigated because it has
been very well known for 100 years that ions monotonically reduce the dielectric
constant of bulk water [4-8] due to the “diclectric saturation effect” where ion
weaken intermolecular orientation correlation in the surrounding water dipoles [9]
by inducing orientational alignment [10-11]. However, experimental evidence for
such abnormal dielectric behavior is still lacking.

The molecular mechanism by which ions enhances the dielectric constant of
confined water is still not fully understood. The strength of the dielectric constant of
polar liquids is dominantly determined by the reorientation response of permanent
dipole moments to the applied electric field [12]. Therefore, to reveal the _rlno!e_cular ,
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mechanism, how ion affects the rotational degree of freedom of confined water has
been mainly investigated. In the previous simulation studies, it has been commonly
suggested that the ionic perturbation effect enhances the rotational degree of freedom
of water molecules pre-oriented in a direction perpendicular to the platform surface,
which is the main origin for the enhancement of the dielectric constant of the
confined aqueous solution. Such a scenario has been supported by the fact that NaCl
randomizes the orientation of water dipoles [2-3], reduces hydrogen bond (H-bond)
lifetime, and accelerates dielectric relaxation time [1]. However, since water
molecules are strongly linked with each other by H-bonds, water dipoles have
correlated reorientation motion and which effectively enhances the dielectric
constant of liquid water [13-14]. The degree of dipole-dipole orientation correlation
is generally quantified as a Kirkwood correlation factor (also called as a dielectric
enhancement factor, gg), where liquid water has a higher intermolecular correlation
(gx=2.7 [9, 15]) than random orientated structure (gk=1). Despite such a significance,
to the authors’ knowledge, no studies have yet investigated the molecular mechanism
of enhanced dielectric constant in terms of modification of intermolecular correlation.
Moreover, it is still not clear whether the molecular origin is consistent in all water
molecular regions of the confined environment or differs in interfacial water and
beyond it.

Dielectric relaxation spectroscopy (DRS) is a suitable experimental method for
investigating the anomalous dielectric behavior of nanoconfined ionic solutions and
revealing its further molecular origin because it can simultaneously probe the
dielectric constant and intermolecular orientation correlation of confined water. DRS
has an inherent ability to probe the collective reorientation motion of dipole moments,
providing information on the orientation correlation (gk) [14-15]. For example, a
recent DRS methodologies have shown that the perturbation such as ions or
nanoconfinement can significantly reduce gk of liquid water [9, 16-17]. In addition,
DRS has successfully decomposed the different reorientation time of surface-bound
water and bulk water [18-19]. Therefore, using this method, it is expected that the
molecular mechanisms for the interfacial water and the water beyond it will be
separately investigated.

In this thesis, we investigate how the NaCl affects the dielectric constant of

nanoconfined water inside phospholipid multilamellar vesicle (DMPC MLV).
% u
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Phospholipids is well known as important components of cell membranes (> 75% of
total lipids [20]), so it is considered as an useful platform for mimicking bio systems.
To understand the molecular mechanisms, change in collective reorientation
dynamics is studied for both the membrane surface-bound water and water beyond
it. Finally, the Kirkwood correlation factor (gk) is analyzed from the dielectric
strength and the collective relaxation time. The result is compared with those in the
phospholipid micelle (LMPC)/NaCl solution, which has the same surface as the

MLV but no nano space.

1.2 Questions that are covered in This Thesis

¢ How NaCl affects the dielectric constant of nanoconfined water in
phospholipid MLVs? (Chapter 5)

¢ Is the Molecular mechanism of NaCl effect consistent in all water regions
in MLVs or not? (Chapter 6)

¢ What is the mechanism in membrane-surface bound water? (Chapter 6)

¢ What is the mechanism in water beyond hydration layer? (Chapter 6)
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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

V-B=0 (2.2)
= = B

VXE=-— (2.3)
VxH=j+2 24)

—_

where E and H are electric and magnetic field strength, respectively, D

and B are electric displacement field and magnetic flex density,
respectively, and J is the current density. Gauss's law of electric field
(Equation 2.1) states that in a closed surface, the total electric flux through
that surface is proportional to the total charge contained within it. Equation
2.1 (Gauss's law of magnetic field) is an expression for the fact that the
magnetic flux has no monopole. Faraday's law of electro-magnetic induction
(Eq. 2.3) describes the generation of electric field when the magnetic flux
passing through a closed circuit changes. Eq. 2.4 (Ampere-Maxwell's law)
states that magnetic fields can be generated in two ways: by electric current
and by changing electric fields. When we combines equation 2.3 and 2.4,

electromagnetic wave equation is driven,



V2E = pe =125 2.5)

where pu and ¢ are permeability and dielectric constant, respectively, and
v is speed of light in the matter. In the dielectrics, where negligible

permeability, equation 2.5 can be simply written as,
V2E =222 (2.6)

where c is speed of light in the vacuum.

2.1.2 Dielectric Constant with Free Charge (or ions)

When ions are dissolved in solution, applied electric field will induce ionic
movement, which causes energy loss in the dielectric. Combining equation 2.3 and

2.4, we obtain,

2 - _ i - @
v E—uat(]f+at) (2.7)
where f 7 1is the current density by free charge (or ions). When using the well-

known Ohm’s law (f = kE, where K is electric conductivity), equation 2.7 can

be written as,

29 _ 0 . 7 9D
VE = - (kE+ = (2.8)
= r 02 dE
VZE =i—zm+[loka (29)

When inserting the solution of wave equation, F e"(k'f_“’t), into equation 2.9,

we get the below relation,



k2 =2 (e + 2 (2.10)
c? Egow '

where k and &, are wave vector and permittivity in the vacuum, respectively.

When inserting the solution of wave equation, E « el(eT=wty into equation 2.6,

we get an another relation,
k% = = gtot (2.11)

By combining equation 2.10 and 2.11, we get the relation between the dielectric

constant and ionic conductivity in the system,

gtot g 4 1K (2.12)

Eow

Equation 2.12 suggests that ion movement by applied electric field contributes the
experimentally measured dielectric constant (£¢°%). Therefore, to study the
dielectric constant of the matter only, ionic conductivity term (k) should be

excluded from total dielectric constant.



2.2 Dielectric Relaxation Model

2.2.1 Dielectric Response

When electric field is applied to the polar material, permanent dipole moments

reorient and align to applied field (=orientation polarization, ) and electron shell
of atom is shifted relative to the nucleus (=distortion polarization, aE ), which

phenomena is called “polarization (ﬁ =X+ aF ))”. The strength of dielectric

response is represented as electric susceptibility (), ) or dielectric constant (),
P =¢eyx.E = ey(e — 1DE (2.13)

Since polarization does not respond instantaneously to an external electric field, the

general definition can be written as follows,

PO = e [° xo(t — t)E(t)dt’ (2.14)

where y.(t —t') is time dependent susceptibility. After Fourier transform,

polarization in the frequency domain is defined,
P(@) = oxe(W)E (W) = go(e(w) — DE(w) (2.15)

Equation 2.15 implies that information about molecular behaviors (permanent
dipole and induced dipole) can be obtained from the macroscopic quantity (&) and
which is essence of dielectric relaxation spectroscopy. In the next section, the
theory (Debye equation) will be driven which gives the relation between rotational

diffusion dynamics of dipole moments and the dielectric constant.



2.2.2 Debye Relaxation Model

In this section, we will discuss in detail how quantitatively describes the rotational
motion of polar molecules from the dielectric constant. In 1929, P. Debye driven
the relation between the dielectric constant of the polar matter and rotational
diffusion time of permanent dipoles [1]. Polar molecules have a permanent dipole
moment and it tends to align with respect to an external electric field. When the
external electric field is suddenly turned off, the polar molecules reorient again in a
random direction. Therefore, information about the rotational motion of polar
molecules can be obtained through rotational response of dipole to applied field,
i.e., orientational polarization.

Let’s consider a situation in which polar molecules are constantly rotating due to
thermal collision under a local electric field F. In this case, let 6 be the angle
between the direction of the dipole moment of the polar molecule and the applied

electric field (Figure 2.1).

Rotational diffusion

. motion
F(w): Applied field \—6
A o

\+

)

Direction of water permanent
dipole in unit sphere

Figure 2.1. Schematics of rotational diffusion of permanent dipole moment

under the applied electric field, F.



The net number of dipole moments entering the solid angle d{) during time 6t is

as below,

stLOP 40 = A, + 4, (2.16)

where (6, @) is the distribution function in the direction of the dipole moment,
A, is the contribution of the electric field F and A, is the contribution of the
thermal collision to the rotational motion. Through mathematical calculations of
the two contributions, a differential equation for the distribution function f(6, ¢)

is obtained [1],

o= 53 sind (kT 35— M )] 2.17)

where (¢, k, T and M are a friction constant, Boltzmann constant, absolute
temperature and torque acting on the dipole moment in the external electric field
(M = —uFsin®), respectively. When the oscillating external electric field is
applied, the distribution function of the dipole moment is obtained by solving

equation 2.17.

f=aA(1+ 1) (2.18)

1-iwtr kT

where p is permanent dipole moment and 7’ is microscopic relaxation time (7’ =
%). Using the distribution function, the average orientation polarization of polar

molecules can be calculated as follows,

[cos6-fdQ Nu?rF (2.19)

Poriene = Npu < cos0 >= Nu—r—30—= = oS

Now, using the definition of polarization, we get

P(®) = £(e(w) — 1DE(w) = N(aF +p,,,) = N (a+ ¥ )(F22)Ew)  (2.20)

3kT(1—iwt) 3

» 1 O -11
10 A = - TH



where a is polarizability and for the local electric field Lorentz field was used

(F = % E). When equation 2.20 is rearranged with respect to the dielectric

constant, we get the key equation, i.e., Clausius-Mosotti relation as follows,

e-1 _ N u?
e+2  3g (a + 3kT(1—in’)) (2.21)

Above relation is expressed as below in the low frequency limit (w7’ < 1),
== (a+i) (2.22)

and in the high frequency limit (wt’ > 1),

oMy (2.23)

e+2 3¢&o

When equation 2.22 and 2.23 are combined,

€-1 _ €n—1 + [es—l _ soo—l] 1 (2.24)

42 Eoot2 gs+2 g t2] 1-iwT’

Where ¢ and &, are the dielectric constant of matter at the low and high
frequency limit, respectively. After rearranging above equation, we finally get the

Debye relaxation model,

E5—Ex0
s(w) = +¢ 2.25
(W) = 75>+ €w (2.25)
Est2 . . . . . .. .
where T (= ;TT,) is macroscopic relaxation time, which is time scale it takes
o0

for polar molecules pre-aligned under an external field to rotate in a random
direction after the applied field is turned off.
At the room temperature, bulk liquid water has a dominant relaxation mode near

20 GHz [2]. In the biomolecular aqueous solution, strong electrostatic interaction

)

b i 5
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between biomolecular surface and interfacial water causes slower rotational
dynamics of water molecules [3-4]. Therefore, there are modes having slower
relaxation time than pure water, and in this case, it can be described by multiple

Debye relaxation model as follows.

Sj

—_yn
£(w) = jzll—iw‘r]-

+ €0 (2.26)

where n is number of relaxation modes in the aqueous solution.
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2.3 Dipole-Dipole Orientational Correlation

2.3.1 Kirkwood-Frohlilch Model

In 1929, P. Debye driven the relation between the dielectric constant and polar
molecular parameters (permanent dipole moment, polarizability) [1]. However, the
Debye model could not exactly predict the strength of dielectric constant [5], since
he approximated the system as continuum medium and did not consider the local
interaction with the surrounding dipole moments. In 1939 and 1958, Kirkwood and
Frohlich modified the dielectric theory by considering all local interactions using

concept of statistical mechanism [6].

<Kirkwood-Frohlich model (1958)>

: >
+ @ E\- e
+ [i e\ >
-0 Y- "
- + W Frohlic = »
E, _ E|,

\ \

Figure 2.2. Concept of Kirkwood-Frohlich model.

N particles inside virtual sphere

They used hybrid concept, in which outside of sufficiently large sphere all water is
assumed as continuum medium and inside the sphere all local interaction is
considered. Polarization of the system is expressed by sum of total dipole

moments,

13 A & T} ghy
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P=(e—1)E="7(M-¢) (2.27)

where M = Y. i is sum of total permanent dipole moments. By using Taylor
expansion, dielectric response (or dielectric constant) can be expressed in terms of

external applied field, Ej,

(M-6)=(M-e) + (W'é)) E+ - (2.28)

0E
s (M-¢)) (2.29)

Since external field is equal to cavity field in sphere (by Gauss’ law),

Ey=E,=—5F (2.30)

€7 2e+1

equation 2.29 is written as

e, — 1= (2 (jf . ) (2.31)

V 2g5+1 \9E, Eo=0

A right side of equation 2.31 is derived as below when using the concept of

ensemble average, (1\7 . é) = f‘});z'eie;(p_(;;::)ﬂ,

(), =9, -3

By considering all electrical energy in the system, above equation can summarized

as [6],

2
g, — 1= m 3 (M), (2.33)

V 2gg+1 3kT
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(M?), can be calculated by considering all local interaction (U) from statistical

approach,

o _ onN JdxNhgMexp(-U/KT) _ 2 N deN_icoseijexp(—U/kT) i _
(M Yo = Zi:l {dxNexp(-U/kT) Nu Zlef [ dxNexp(-U/kT) axt =

Nu? ¥ 1(cos6;;) = Nu?gx (2.34)
where gi (= (27 a-a j)) is Kirkwood correlation factor which represent
intermolecular dipole-dipole orientation correlation. When equation 2.34 is inserted

into equation 2.33, Kirkwood-Frohlich equation is finally derived,

2 2
_ ggNp* e5(ee0t+2) (2.35)

S=¢&, —&,n =
S ® " 9kpTey (2&5+E00)

where S is the dielectric strength of the relaxation mode.

2.3.2 Kivelson-Madden Model

Relaxation phenomena of collective dipolar ensemble and single particle can be

described by introducing the total (C¢,;; (t)) and self correlation function (Cgp (t)),

respectively.
Ceou(t) = (M(0) - M(t)) (2.36)
Cop(®) = (u(0) - (1)) (2.37)

Then, relaxation times of collective and single particular are defined as follow,

Teotl = _Ccoll(t)/[dccoll(t)/dt] (2.38)
Tsp = —Lsp (t)/[dcsp (t)/dt] (2.39)

By assuming mono correlation time and initial condition of correlation function,

3§ 53 17
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(Ceou(t) = exp(—t/Tcon), Csp(t) = exp(— t/Tsp)a Ceou(0) = Csp (0) = 1)),

we can derive as,

dy(t)/dt ] (2.40)

Teoll = Tsp -y(O)/[l + dCep(t)/dt

where y(£)(= 1 + (#;(0) Z?’ ij (©))/{u2(0))) is cross-correlation function. When
cross-correlation (y(t)) decays substantially slower than single-correlation (Cgp (%))

decay,

Teot = v(0) "Tsp = Ik Tsp (2.41)
where gg(= Zy=1<ﬁi(0) "l (0))) is Kirkwood correlation factor. Above Kivelson-
Madden equation (2.41) suggests that from the macroscopic measurement of

collective relaxation time of polar liquids, the intermolecular orientation correlation

(gx) can be investigated.
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2.4 Effective Medium Theory

2.4.1 Overview

Effective medium theory describes averaged dielectric properties of system from

distinct all components.

€1+62+E3+ tee 9 Eeff

Figure 2.3. Concept of effective medium theory.

There are lots of effective medium models and each has own limitation. The
Bruggeman mixture model is most widely used in the aqueous environment since
which can be applicable to high mixture concentration. Bruggeman model has been
successfully used to investigate unknown dielectric information in interfacial water

[7] or nanoconfined water [8].

2.4.2 Bruggeman Mixture Model

Bruggeman model can be simply derived using concept of conservation of electric
flux. Total flux (D) in the system is expressed by linear sum of each components

(Figure 2.4).
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Figure 2.4. Electric flux inside the material which composed by two different

components.

Desr = f1D1 + 2Dy = f1&1Ein1 + f2€2Ein2 = €efrEo (2.42)
Above equation can be rearranged as,

f1(51Ein,1 - Eefon) + fo(fa&2Eim2 — Eefon) =0 (2.43)

When we suppose that each dielectric component are sphere, local field inside each

sphere is calculated as,

Ein 1= £‘1+—2£E0 (244)
3
Ein, = £2+—£2£E0 (2.45)

where € (= &,ff) is dielectric component of the whole system. When above two

equations are inserted into equation 2.43, Bruggeman equation is finally driven,

f1(£1_£)+f2(£2_8) =0 (2.46)

£1+2¢ £,+2¢
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Chapter 3.
Methods and Materials

3.1 Dielectric Relaxation Spectroscopy (DRS)

3.1.1 Overview

Dielectric relaxation spectroscopy measures dielectric response of materials to
external oscillating electric field. It is based on the interaction of dipole moment of
sample with external field, which is expressed by complex dielectric constant
(Dispersion and energy loss). There are different kinds of field-matter interactions

depending on the field frequency (Figure 3.1).

+

ge=¢g'+ig" Q
A

g' dipolar 1‘ @
!

atomic

electronic

103 10° 10° 1012 101>

’—‘microwave 7 infrared W/IS IJU\/\T
Frequency in Hz

Figure 3.1. Frequency response of dielectric polarization of typical polar

liquids [1]. :
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The strength of the dielectric constant is dominantly determined by the collective
reorientation response of water dipoles to the applied field (about 92% [2]), which
exists in the GHz and is called “relaxation mode” as described in Chapter 2.2. This
inherent ability to probe “collective motion” of water molecules makes dielectric
relaxation spectroscopy (DRS) a special tool to investigate the intermolecular
orientation correlation (or Kirkwood factor, gk). Since water has strongly associated
structure (through hydrogen bonds), water dipoles have correlated reorientation
motion, which effectively enhances the dielectric constant. Therefore, to study the
molecular mechanism of how NaCl changes the dielectric constant of nanoconfined
water, it is helpful to investigate the change of the orientation correlation factor (gk)

using GHz DRS.

3§ 53 -11
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3.1.2 Open-Ended Coaxial Probe Method

Most widely used and easy method for measuring dielectric constant of polar
liquids in GHz region is open-ended coaxial probe method (Figure 3.2). This
method can measure the dielectric constant over a wide frequency range, and
sample preparation is simple because a closed sample cell system is not needed.
Generally, the reflection coefficient from the probe-sample interface is measured
by a vector network analyzer (VNA) in open-ended coaxial probe method (Figure
3.3). The VNA usually consists of two or more ports and is a device that measures

reflection or transmission coefficient (Figure 3.4). Scattering matrix is
b1\ _ (Sua 512) ay
(bz) - (.921 Saz (az) (3.1)

The transmission (S;;) and reflection coefficient (S;;) is as below, respectively

Material ) ¥
types \
Liquid ‘%’ &
16452A %
Gel ) I
Parallel plate 85070E oPen'endEd
coaxial probe
Semisolids ‘
(Powder) = .r\\ |
d -, —
Solid : =
16453A ‘ 85072A Resonant cavity
Substrate :
85071E-Exx |
Parallel piate Resonant cavity
Toroldakorg l_ S 16454A Inductance measurement
t t t t t t t >
DC 1kHz 1MHz 1 GHz 10GHz 20 GHz 50 GHz 100 GHz
Frequency

Figure 3.2. Various methods for measuring the dielectric constant of different

kinds of samples over a wide frequency range
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Open-ended
coaxial probe

Probe
stand

Coaxial line
Sample tube

Figure 3.3. Schematics of reflection coefficient measurement using open-ended
coaxial probe

Port 1 Port 2
at _ b2
Two port
) b1 network ) az2

a: Incident wave
b: Reflected wave

Figure 3.4. Schematics of two port network system

b v b, VJ
12 a, Vzmﬂ 21 a, Vlm ( )
b Ve b 124
S :—1 :—1 S =—2 =—2- 33
11 a, Vlma 22 a, V2m ( )

where V" and V7€ are incident and reflected voltage waves, respectively. There
are no analytical method for calculation of dielectric constant from measured

reflection coefficient. Therefore, several approximate models have been developed

2 s A=l 8 i



to probe the dielectric constant.

3.1.3 Bilinear Model

The main problem of open-ended coaxial method is there is no analytical way to
obtain dielectric constant from measured reflection coefficient. Therefore, in this

thesis one of widely used approximate model, called “bilinear model” was used [3],

A(w)p(w)+C(w)

&(w) = 1+B(w)p(w) (3.4

where &, p and w are dielectric constant of sample, reflection coefficient at the
calibration plane and angular frequency, respectively. A, B and C are frequency
dependent coefficients that relates the reflection coefficient and dielectric constant
of sample. The main assumption of this method is that the probe-sample interface
can be expressed as an equivalent circuit composed by two capacitors (Figure 3.5).

The derivation of the formula (3.4) is as below.

e e Calibration
N N plane
N
Rmon\\\ N
SA
o o
Cin
< - - >
| |
< - - >
i -
l‘\_<‘~__,,"lv‘\;-— Za e R((,()) il plbabedeiatete il Sadedeleleldes

Sample

Probe-sample interface Equivalent circuit
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Figure 3.5. Schematics of equivalent circuit of probe-sample interface

We can calculate admittance (Y) at the probe-sample interface in two different ways.

(1) The first method is to express Y on the actual device, i.e., transmission line,

I _ G(vin-v"®) _ G(r-1)
v (vinevre) T (r+1)

Y = (3.5)

where V and I are voltage and current at the interface. G, and I' (= V"¢/V")
are the characteristic admittance of coaxial probe and reflection coefficient at the
probe-sample interface, respectively.

(i1) The second way is to express Y on the equivalent circuit consisting of two

capacitors,
Y = jo(Cin + £Co) (3.6)
where j, C;,, and C, are the imaginary number, capacitance inside coaxial probe

and at interface, respectively. Then two equations (3.5 and 3.6) are combined to

relate &g to reflection coefficient (p),

g = (o) r— (3.7)

jwCo) 14T €

Finally, we replace I to measurable parameter, i.e., reflection coefficient (p) at the

calibration plane (Figure 3.6),

a, _A'p+Br

I= b,  C'p+1 (3-8)
where A’, B’ and C’ are coefficients.

Ap+C
g5 = 1pr (3.4)

To complete above bilinear formula, we need to determine three unknown
25 -':lx"i --':"_' L



parameters A, B and C. In this thesis, we used well-known dielectric constant of three

materials (in this study: air, water, 2 propanol) and

Calibration plane Probe-sample interface

VNA ' £y
_bs a;
p= a = b_2

Two port
network

Figure 3.6. Equivalent circuit with scattering matrix

measured reflection coefficient (p) and bilinear formula was determined.
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3.1.4 Experimental Setup

Total complex dielectric constant, n*(v), of liquid solutions were measured over
the frequency range of 0.1 GHz to 70 GHz using a vector network analyzer (VNA)
(ME7838A, Anritsu Inc.) with an open-ended coaxial probe (85070E, Keysight Inc.)
(Figure 3.7). The bilinear model (equation 3.4) was used to determine complex
dielectric constants from the measured complex reflection coefficient I'*(v) [3].
The total complex dielectric constant, n*, is a sum of the dielectric constant of the

sample and ionic-conductivity term,

ik(c)
27TVSO

") =¢e@W+ (3.5)

where ¥ is the dc ionic conductivity and &, is vacuum permittivity. Conductivity,
k, of the sample was measured (Chapter3.3) to obtain dielectric constant of the
sample, €*(v) (= &' (v) +ig"(v)), from measured n*(v). The measurement was
performed at the 303 K using the heat block (Finepcr ALB 6400) to keep the lipid
phase in a fluid state at all NaCl concentration [4] since the lipid phase significantly

affect surrounding water structure and dynamics [5].
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- 200 mm

Figure 3.7. Open-ended coaxial probe connected to vector network analyzer for

0.1-70 GHz dielectric measurement
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3.2 Small Angle X-ray Scattering (SAXS)

3.2.1 Principle

Small angle X-ray scattering (SAXS) is a technique that measures internal repeat
nano structure of sample in solution. When there is a periodic nano structure inside
the sample, the scattering intensity enhanced by constructive interference at a

specific angle (8") is detected, which is called Bragg's law (Figure 3.8),

2dsing = na 3.5)

where d, n, 8 and A are the spacing of the crystal layers, an integer, the scattering

angle and the wavelength of the X-ray, respectively.

incident reflected
X-rays X-rays
\ < atomic
t & lanes
by P
d ;20" AL = 2dsin@
1 AR

Figure 3.8. Bragg’s law

When there is isotropic nano structure inside lipid vesicles dissolved in an aqueous
solution, SAXS can measure lamellar repeat distance (d) from scattering vector (Aq)

of the Bragg diffraction peak (Figure 3.9),

_ 2mn
d="7 (3.6)

The wavelength of the X-rays typically used is 1.54 A, and the scattered X-rays is
detected by a 2D CCD camera. After averaging
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Scattered X-ray

Scattering vector (Aq)

X-rays

§
Scattering intensity

MLV spacing, d? 2D CCD camera

Figure 3.9. Schematics of SAXS measurement on lamellar repeat distance in

lipid vesicle

the scattering intensity along the horizontal axis, we obtained the 1D graph of the
scattering vector vs. scattering intensity. In order to increase the resolution of the
scattering angle, the longer the sample to detector distance (SDD) is, the better
because the size of CCD pixel is fixed. However, the longer the SSD is, the weaker
the scattering signal is. In particular, since the intensity of the x-ray beam is weaker
than that of the accelerator equipment, the commercial equipment has this
disadvantage. To overcome such a limitation, a line beam method rather than a point
beam is sometimes used (Figure 3.10). The SAXS device (SAXSpace, Anton-Paar

Inc.) used in this thesis adopts the line beam method.

Line Collimation: Point Collimation:
Detector Detector
Circular
Sample interference Sample interference
2
Slit System f Pinholes
X-ray source X-ray source

Figure 3.10. Two types of X-ray beam for SAXS measurement [6]
- —— T
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3.2.2 Experimental Setup

To check the existence of nano space inside DMPC MLVs, small-angle X-ray
scattering (SAXS) was performed (SAXSpace, Anton-Paar Inc. at Wonkwang
University and XEUSS2.0, Xenocs Inc. at Seoul National University). The
wavelength of the X-rays was 1.54 A and the scattered X-rays were detected by a
2D CCD camera (Figure 3.11 and 3.12). The position of the sample cell was
calibrated using a silver behenate reference material. After averaging the scattering
intensity along the horizontal axis, we obtained the 1D graph of the scattering vector
vs. scattering intensity. The repeat distance (d) is obtained from the position (q) of

the Bragg diffraction peak (q=2wd) for DMPC/NaCl solutions. The temperature of

liquid sample was controlled to 303 K.
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Figure 3.12. Scattered line-collimated beam from lipid MLVs is detected in 2D

CCD camera
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3.3 Conductivity of NaCl/Lipid Aqueous Solution

3.3.1 Principle

To analyze the dielectric constant of samples (¢*(v)) we need to subtract ionic
conductivity term from measured total dielectric constant (Chapter 5.1). Therefore,
DC conductivity (k) of solution NaCl/lipid aqueous solution was measured by

conductivity meter (Figure 3.13),
x=]/E (3.7)
where E and f are bias electric field and measured current, respectively. Bias

electric field is calculated from bias voltage and distance between two electrodes

(E =V/d).

+ve SVve
Na+ cl- Na+
- Na+ Na+
Na+ Cl-
Cl=
Na+
Na+ Cl-
Cl- Cl- CI-
Na+
Cl- Cl- Na+
Cl- Na+
Na+ i
e

Figure 3.13. Schematics of measurement of DC conductivity of electrolyte

solution
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3.3.2 Experimental Setup

Conductivities, k, of the all liquid samples were measured using conductivity
meter (SevenCompact S230, Mettler Toledo Inc.) to obtain dielectric constant of the
sample, £*(v) (=¢&'(v) +ie"(v)), from measured n*(v) (equation 3.5). The
conductivity meter was immersed into liquid samples in which the temperature was

controlled to 303 K using heat block (Finepcr ALB 6400).

Figure 3.14. Experimental setup for ion conductivity measurement of liquid

samples
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3.5 Sample

3.5.1 Lipids

A lipid is any of organic compounds that is soluble in nonpolar solvents, such as
fats, oils, hormones, or component of cell membranes. Some types of lipids have
amphiphilic nature, in other words, one molecule has both hydrophobic and
hydrophilic properties at the same time. For example, phospholipid, one of the main
components of cell membrane, consist of polar head group and non-polar tails

(Figure 3.15).

Hydrophilic head:
Attracted to water

Hydrophobic head:
Repelled by water

— J

Figure 3.15. Amphiphilic property of a lipid molecule

These amphiphilic properties are essential for lipid molecules to form cell
membrane structures in aqueous environment. Due to the hydrophobic effect, the
non-polar tails of lipid molecules aggregate and the polar heads are exposed to water.
By this “self-assembly” process, many type of structures are made such as lipid
bilayer, micelle, vesicle and reverse micelle (Figure 3.16). In this thesis,
phospholipid was used as an experimental platform since which is critical component

in cell membrane (75% > total lipids [7]).
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Figure 3.16. Lipid self-assembly process
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3.5.2 Self-Assembly Structures

Various self-assembly structure are formed according to the structural parameters
of lipid molecules. The energetically most favorable conformation is determined by
the ratio of the hydrophilic/hydrophobic group size of the lipid molecule [8]. At this
time, the ratio of size variables is called the packing parameter and is defined as

follows,

p=2 (3.8)

where v, a and [, are the volume of the hydrocarbon portion, the effective area
of the head group and the length of the lipid tail. Depending on the packing

parameters, type of lipid self-assembly structure is determined (Figure. 3.17).

o

< = — Spherical micelle,

[SSH =

<P <3 - Cylindrical micelle,

N[=R W]k

<P <1 - Flexible bilayers, vesicles, 3.7

P =1 - Planer bilayers,

P >1 - Inverted or reverse micelle.

In this thesis, we used DMPC and LMPC lipid for samples. DMPC lipid (% <P<

1) self-assembles to multilamellar vesicle structure and LMPC lipid (P < %) self-

assembles to micelle structure.
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3.5.3 Sample Preparation

In this thesis, phospholipid was used to mimic bio system. DMPC and LMPC were
used to construct MLV (nano system) and micelle (non-nano system) as described in
Chapter 3.5.2. Highly purified (>99%) synthetic 1-Myristoyl-2-Hydroxy-sn-
Glycero-3-Phosphocholine (LMPC) lipid and 1,2-Dimyristoyl-sn-Glycero-3-
Phosphocholine (DMPC) lipid were purchased from Anatrace, Inc. (Dussel Dr.
Maumee) in powder form and used without further purification. NaCl solution
(>99%) was purchased from Sigma-Aldrich (St. Louis, MO). Both LMPC and
DMPC powders were dissolved in NaCl aqueous solution followed by vigorous
vortex mixing. Each of NaCl aqueous solution (0, 0.1, 0.2, 0.3, 0.6, 1 M) was mixed
with the lipid powders so as to achieve [mass of lipid]/[volume of NaCl
solution]=150mg/1ml (Figure 3.18). Then, DMPC/NaCl solutions were cycled five
times below and above the chain melting transition temperature of lipid and stored

for two days at 303 K for the equilibration of ion penetration into MLV [9].

Vortexing
DMPC NaCl DMPC/NaCl

powder solution solution

Figure 3.18. Sample preparation of lipid/NaCl solution
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Chapter 4.
Observation of Nano Space inside Lipid

Multilamellar Vesicle (MLYV)

4.1 MLV Repeat Distance of DMPC/NaCl solution

In this thesis, DMPC lipid was used as a platform to confine water molecules inside.

It is well known that a lipid multilemaller vesicle (MLV) with a nano space inside is

formed through sample preparation described in Chapter 3.5.3. We confirmed the

existence of the inner nano space by measuring the lamellar repeat distance of DMPC

MLV by using SAXS.

Figure 4.1 represents the graph of scattering vector vs. scattering intensity of

DMPC/NaCl solutions for various NaCl concentrations.

Scattering intensity [a. u.]

—o— \Water !
—o—NaCl 0.1M :
—o—NaCl 0.2M I
—o—NaCl 0.3M
—o—NaCl 0.6M
—o—NaCl 1.0M ¢l

{)
DY

1.0 1.5 2.0

Scattering vector, q [nm™]

Figure 4.1. Scattering vector vs. scattering intensity for DMPC/NaCl solutions
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First and second order Bragg peak was detected. Two groups of graphs (above and
below) shows different intensity because two difference SAXS devices were used in
this thesis. For low NaCl concentrations (0,0.1,0.2 M), XEUSS 2.0 (Xenocs Inc.
at Seoul National University) was used. For high NaCl concentrations
(0,0.3,0.6,1 M), SAXSpace (Anton-Paar Inc. at Wonkwang University) was used.
Since two different devices show almost identical Bragg diffraction peak for
DMPC/water sample all experimental results are considered proper. The lamellar
repeat distance (d) inside DMPC MLV was obtained from the scattering vector of
Bragg diffraction peak (q = 2m/d)
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Figure 4.2. Lamellar repeat distance (d) of DMPC MLV for different NaCl

concentrations

Our result is almost simillar with literature data for DMPC/water sample (gray open

square [1], gry open diamond [2]). When we consider the thickness of DMPC bilayer

(~4.4 nm [1]) is unaffectable by NaCl [3], the thickness of the nanoconfined water

layer varies from 1.9 to 2.3 nm in MLVs. Although the water layer thickness

increases by up to 22% in 1M NaCl, it has been proposed by previous simulations

that the effect of the NaCl concentration change on the dielectric constant is much
%]
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stronger than that of the nano-gap change. For example, a change in the NaCl
concentration from 0 to 1M induces change of the dielectric components about 20
[4], but when the nano-gap changes from 2nm to 3nm, it causes a change of less than
4 [5-7]. Therefore, DMPC MLV was considered as a useful experimental platform

to probe the anomalous NaCl effect on the dielectric constant of nanoconfined water.
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Chapter 5.
Observation of Anomalous NaCl Effect on the
Dielectric Constant of Nanoconfined Water in MLVs

5.1 Obtaining Process of Dielectric Constant of All Samples

To obtain the dielectric constant ((¢*(v)) of the sample, the ionic conductivity term

(%) need to be subtracted from measured total dielectric constant (n*(v)) by VNA,
0

which is well described in Chapter 2.1.2. To determine conductive loss term, we
measured the conductivity of all liquid sample independently by the using
conductivity meter.

Figure 5.1 represent dielectric loss (€'') of all liquid samples.
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NaCl 0.3M
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Figure 5.1. (a) Measured total dielectric loss, (b) After subtraction of ionic
conductivity term from (a)

After the subtraction process, the ionic conductive loss term (shows diverge trend at
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low frequency) is almost removed in both NaCl and LMPC/NacCl solution. However,
in DMPC/NaCl, it is not completely removed and the reason is presumed that the
part of NaCl in the sample, that is, the NaCl confined inside the MLV, is not detected
by the conductivity meter measurement (Figure 5.2). In this thesis, volume fraction
of MLV in the DMPC/NaCl sample is not negligible (~ 30%), which is described
in Chapter 5.4, can lead to large experimental errors in the conductivity measurement

can occurs.

Figure 5.2. Scheme of conductivity measurement on DMPC/NaCl solution by

conductivity meter

Therefore, in the case of DMPC/NaCl solution, indirect way was used for
estimating the ionic conductivity term. Since this term has a dominant contribution

on dielectric loss at the low frequency, we assumed that the increment of dielectric

loss (¢"") at the low frequency is almost entirely due to this conductivity term, x(0)
2

Ve

(Figure 5.3).
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Figure 5.3. Increment of dielectric loss (¢'') at 3 GHz for all samples as a

function of NaCl concentration

Then, the NaCl conductivity (1) in DMPC/NaCl solution was finally calculated from

the relationship, lepuecl . _leamecl Calculated k¥ in DMPC/NaCl solution
[Aeripmpc]l  [Aerrpmpcl

from two different frequencies (3 and 5 GHz) show almost same results and larger
than measured one (Figure 5.4). After subtracting the ion conductivity term using
calculated x, finally DMPC/NaCl sample shows there is no contribution of
conductivity term (Figure 5.5).

We represent final dielectric loss of all samples in Figure 5.6. We revealed the
existence of the nano confinement effect on collective dynamics of water (Figure
5.6a). In the LMPC micelle and DMPC MLV, there are opposite trends and these
results reproduce our group’s previous observation [1]. In the LMPC solution, red
shift of bulk peak was observed, which implies slower water dynamics. That is due
to well-known “hydration effect”, in which strong electrostatic attraction between
lipid membrane surface and nearby hydration makes water molecules slow down.
However, although DMPC MLV has identical surface structure as LMPC micelle,

the result on bulk mode is different.
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Figure 5.4. NaCl conductivity of all samples
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Figure 5.5. Dielectric loss of DMPC/NaCl sample after subtracting ion

conductivity from measured total dielectric loss
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Blue shift of bulk peak was observed, which reveals faster water dynamics. This fact
suggests another effect exists than the hydration effect in nanoconfinement
environment, that is, “confinement effect”.

A quick scan of the NaCl effect on the dielectric loss gives two predominant
observations in all samples that are systematic decrease of dielectric strength and

acceleration of bulk mode peak. Further detailed analysis is in the next Chapter.
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Figure 5.6. Dielectric loss (£") of all samples. Dielectric loss of (a) water,

LMPC/water, DMPC/water, (b) NaCl, (¢) LMPC/NaCl and (d) DMPC/ NaCl

The permittivity (¢") of all samples is also analyzed. Since in this real part of complex
dielectric constant there is no contribution of ionic conductivity term, the
permittivity was directly obtained from measured permittivity (Figure 5.7). A quick
scan shows there are systematic decrease of permittivity in all samples. Detailed
analysis is in the next Chapter.

In the whole samples, the diclectric data with large experimental error in low

frequency region was not used.
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5.2 Anomalous Increase of Dielectric Constant in

DMPC/NaCl solution (Raw Data)

To analyze dielectric behavior in liquid samples, we simultaneously fitted
permittivity (¢") and dielectric loss (¢') of all samples. Cole-Cole relaxation model

was used for NaCl solution,

S
1-(i2mvt)1-@

gWw)=¢&Ww+ig"(v) = + &5 (5.1)

where a, S and 7 are Cole-Cole parameter, dielectric strength and collective
relaxation time of NaCl solution, respectively. For the LMPC/NaCl and DMPC/NaCl
solutions, four Debye relaxation model were used,

St Sw 5oy gr (5.2)

S
eW)=——-+ + +
1-2mvTg 1-2mvTe 1-2mvTy, 1-2mvTy

where S, S;, Sy, and S, are the dielectric strength of each Debye process for the
motion of solute, tight bound, weakly bound and bulk water, respectively, whereas
Tg, T¢, Ty, and 7 are there collective relaxation times of solute/NaCl solutions,
respectively. Since o in NaCl solution is almost negligible (less than 0.02) in our
ion concentration range, the Debye relaxation model could be applied to the bulk
mode of all lipid/NaCl solutions to reduce the number of fitting parameters. For the
LMPC Micelle/water, the time scale of all relaxation times (t; ~ 909+ 7 ps,
T, ~ 178+ 15 ps, 7, ~ 18+ 2 ps and 1, ~ 7 ps) are in good agreement
with the literature value of phospholipid micelle aqueous solution [2]. For the
DMPC/NaCl solution, the relaxation time of lipid (z;) was held fixed at the literature
value, 4000 ps [3], because the position of the mode is outside of our measurement
frequency range and the NaCl almost no affects lipid bilayer structure [4-5].

Dielectric loss spectra with their mode decomposition are represented in Figure 5.8.
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Fitting parameters of bulk mode for all samples are depicted in Figure 5.9. For the
NaCl solution, simple monotonic decreases in dielectric strength and relaxation time
were observed with increasing ionic concentration, the origin of which has been
believed as reduced water orientation correlation (gg) around an ion [6]. For the
LMPC/NaCl solution, depolarization from ideal-bulk water amplitude is due to the
hydration effect, and acceleration of 7, compared to the NaCl solution is guessed
as reduced water orientation correlation around the micellar surface. The trends of
decrease of dielectric strength and relaxation time with NaCl concentration in

LMPC/NaCl follow the bulk-like NaCl effect (Blue vs. black solid line).
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Figure 5.9. (a) Dielectric strengths and (b) relaxation times of bulk mode for all

samples

On the other hand, in the DMPC/NaCl solution, at least two new effects were
observed. First, the confinement effect was revealed. The more severe depolarization
and faster reorientation dynamics compared to the LMPC/NaCl solution suggest a
reduction of the water orientation correlation (gk) due to the confinement
environment, which reproduces the results of recent DRS [1] and simulation study
[7]- Second, the non-bulk-like NaCl effect was revealed. Increase of permittivity and
retardation of collective reorientation dynamics than prediction were observed near
the physiological NaCl concentration (<0.3 M). Since the outside of MLV can be
assumed to be a bulk NaCl solution, these deviations are due to the nanoconfined
NaCl solution inside the MLV. Since these abnormal dielectric behaviors can be
artifact errors resulting from subtracting the ionic conductivity term from the total
dielectric loss (Chapter 5.1), we cross-checked the NaCl effect on permittivity which
has no such artifact error (equation 3.5). As the non-bulk-like behavior was also
observed in permittivity in DMPC/NaCl solution (Figure 5.10), the anomalous

dielectric behavior in nanoconfined NaCl solution is considered as no analysis error.
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Figure 5.10 (a) Change of permittivity of all samples at 10 GHz with NaCl
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Although anomalous dielectric behaviors of bulk mode are observed in_raw, data, _
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the “bulk mode” merely represent the averaged water dynamics inside and outside
MLVs. Therefore, more accurate analysis focusing on nanoconfined NaCl solution
is needed. In the next Chapter, we obtain the dielectric constant of confined NaCl

solution by using an effective medium theory (Bruggeman mixture model).
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5.3 Effective Medium Approximation

To obtain the dielectric constant inside DMPC MLVs, we used Bruggeman mixture

model (Chapter 2.4.2),

MLV ‘giww;zo;"‘ (1 = fuv) 8Na3+zoz 0 (5:2)
Na o

where &5t Envact> Emiy and fuypy are dielectric constant of the DMPC/NaCl
solution, outside DMPC MLVs, inside DMPC MLV and volume fraction of DMPC
MLVs, respectively. To obtain &1y, fapry should be determined in advance (since
€lor and eygc; can be measured by independent experiments).

The fuyry was calculated through the assumption that the MLV is sum of periodic
unit cells (Figure 5.11). Unit cell is combination of one lipid and corresponding water

molecules. In this case, fy, is expressed as,
fuwy = & X Ve = ¢ X (v +ny, X 13,) (54)
where ¢;, v;, n, and v,, are the lipid concentration, volume of a lipid, the

number of water molecules per lipid inside MLV and volume of a water molecule,

respectively.

d: MLV repeat distance

' -
o N

V ynie: Volume of unit cell

Figure 5.11. Structure inside MLV: MLV is composed by periodic unit cells

To determine fy;, in 5.4, the only unknown parameter is n,, ‘Tﬂl .other
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parameters are obtained by density measurements). Previous literature studies have
revealed that n,, ranges from 25 to 40 for DMPC/water system [8-10]. In this
thesis we used two methods for determining fy;;; in DMPC/NaCl solution.

(1) Centrifugation: Unlike transparent solvents, DMPC MLV is visually opaque, so
fuy can be estimated through centrifugation. At the NaCl low concentration (¢ <
0.3 M), opaque MLVs sink because density of MLVs is larger than solvent (NaCl
aqueous solution). In this case, fy;, was indirectly estimated by extracting the
floating solvent (NaCl solution) with a micro pipette and measuring the volume
(Figure 5.12a). However, at the NaCl high concentration (c = 0.6,1 M), since the
density of MLVs is larger than solvent, it was impossible to extract the solvent, and
fury could not be estimated (Figure 5.12b). Figure 5.13 represent the comparison
between results of centrifugation and our calculation (when 25 < n,, < 39). When
we suppose MLV is spherical shapes and all MLVs are mono sized, fy is about

74 % of the volume fraction obtained by centrifugation.

Figure 5.12. After centrifugation of DMPC/NaCl solution: (a) In 0.3 M NaCl
solution, (b) In 0.6 M NaCl solution
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Figure 5.13. fy;y obtained by two different methods

In the real situation, as MLVs have size distribution, fy,, will have a value
between 74% and 100% of the centrifugation result. Therefore, fy;,, from the
calculation under two conditions (n,, = 33,39) was considered proper.

(2) Fitting analysis of Debye relaxation models: We investigated what condition of
n, gives &y that best satisfies the Debye relaxation model at microwave
frequencies. Figure 5.14 represents &y, obtained using Bruggeman mixture
approximation with tree conditions of n,,. Solid line represent fitting by four Debye
relaxation model (Equation 5.2). In the condition of n,, = 39, &y, shows the
most consistent result with the fitting line.

Further analysis of dielectric relaxation behavior on &y, is discussed in the next

Chapter.
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5.4 Anomalous Increase of Dielectric Constant of

Nanoconfined NaCl Solution (In DMPV MLYV)

Permittivity and dielectric loss of MLV in DMPC/NaCl solution obtained from the
Bruggeman mixture approximation (described in Chapter 5.3) is depicted in Figure
5.15. To analyze dielectric behaviors of nanoconfined NaCl solution, we
simultaneously fitted permittivity (&),,,) and dielectric loss (&) by four Debye
relaxation model. The relaxation time of DMPC lipid (z5) was held fixed at the
literature value, 4000 ps [3].
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Figure 5.15. (a) Permittivity and (b) Dielectric loss spectrum of DMPC MLV for
different NaCl concentrations obtained by Bruggeman mixture model (Solid

line: Four Debye fitting result).

Figure 5.16 represents a static permittivity for NaCl solution confined in DMPC
MLYV. Since Bruggeman analysis gives the dielectric behavior of the entire MLV, the
permittivity obtained is less than that of the confined NaCl solution by the volume
of the lipid molecules, so this effect was corrected (red open diamond). Interestingly,
an increase in static permittivity of nanoconfined NaCl solution was observed,
especially near the physiological NaCl concentrations (<0.3 M). Such effect was
also confirmed in the permittivity spectrum of MLV (Figure 5.15a). Although
abnormal enhancement of permittivity has been consistently predicted in molecular
dynamics simulation studies [11-13], to the author’s knowledge, experimental
evidence is still lacking. Therefore, our study suggests a first experimental evidence

of anomalous dielectric constant in the nanoconfined NaCl solution [14].
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5.5 Interpretation

Since MLV is an isotropic spherical platform [15], the measured static permittivity
(Figure 5.16) is the result of averaging the dielectric constant components parallel
(gy) and perpendicular (&, ) to the MLV membrane surface (Figure 5.17). When the
anisotropic dielectric components of nanoconfined NaCl solution between two
graphene layers of the previous simulation study [13] are roughly averaged as
(eL + €)/2, the result shows almost similar trend to our data, increased permittivity
below 0.5 M NaCl concentration (Figure 5.18). Therefore, the origin of enhanced
permittivity in Figure 5.16 is suggested as an increase in the dielectric component

perpendicular to the membrane surface as the previous simulation proposed [13].

Figure 5.17. Open-ended coaxial probe method measures “average” of all

dielectric components in DMPC MLVs.
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Chapter 6.
Molecular Mechanism of NaCl Effect on Dielectric
Constant of Nanoconfined Water in MLVs

6.1 For Membrane-Surface Bound Water

To study the molecular mechanism of dielectric enhancement in nanoconfined
NaCl solution, dielectric strength and collective reorientation time of both membrane
surface-bound water and water beyond the hydration layer have been analyzed
(Chapter 6.1 and 6.2, respectively). It has been known that there are two kinds of
bound water in phosphatidylcholine (PC) lipid, tightly bound water which is H-
bonded to phosphate or carbonyl head group, and weakly bound water which is
electrically attracted to choline head group [1-2]. The relaxation time of tightly
bound water in DMPC/water is about 508 + 133 ps (Figure 6.1b) which is in
good agreement with the result of MHz DRS [3]. NaCl accelerates the reorientation
dynamics and enhances permittivity of tightly bound water, (Figure 6.1a and 6.1b,
respectively) suggesting the fact that Na* binds to the phosphate or carbonyl group,
which consistent with results in calorimetry [4] and simulations [5-6], and affects
surrounding hydration water. NaCl-induced acceleration of reorientation motion of
bound water, which is in line with enhanced translational diffusion measured by
Overhauser dynamic nuclear polarization (ODNP) [7], suggests that Na* perturbs H-
bond between tightly bound water and lipid head group (Figure 6.3). In other words,
the Na' perturbation effect enhances the rotational degree of freedom of water
surrounding the phosphate or carbonyl group and consequently increases the
permittivity. This scenario is consistent with the suggestion from previous
simulations [8-10]. On the other hand, NaCl has negligible effects on the dynamics
of weakly bound water (Figure 6.1b), suggesting that Cl- does not directly bind to
the choline group, consistent with simulations’ prediction [5-6]. The decrease in the
weakly bound mode strength (Figure 6.1a) implies that the number of weakly bound
water molecules is reduced by being included in the surrounding Na* hydration shell.

NaCl effect on bound waters in LMPC/NaCl solution is in good agreement with that
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in DMPC/NaCl solution (Figure 6.2), which is reliable since two lipids have an

identical head group structure.
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6.2 For Water beyond Membrane Hydration Layer

NaCl effect on water beyond the membrane hydration layer is depicted in Figure
6.4. NaCl enhances dielectric strength near the ion physiological concentration (0 <
¢ < 0.3 M) and the origin can be guessed as an increase of dielectric element
perpendicular to the membrane surface (Chapter 5.5). However, contrary to surface-
bound water, the retardation of collective reorientation motion was observed (Figure
6.4a). Therefore, for water beyond the hydration layer, the mechanism of increased
permittivity is not the enhanced rotational degree of freedom. Strong dipole-dipole
interaction between water molecules induces orientationally correlated-structure,
which effectively enhances permittivity of the system. So, origin of anomalous
increase of permittivity was tried to be interpreted in terms of change of orientation

correlation of water beyond hydration layer.
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From the Kirkwood-Froelich theory, the dielectric strength, S, is proportional to
the Kirkwood factor, gx (= (X7 - 4;)) [11-12],

2 2
—_ gKN# gs(goo"'z) (eq 5)

S=¢g—€xp =
S X 9kpTey (285+E00)

where N, u, kg, T, &, &, and &, are the number of bulk water molecules, the
dipole moment of water in the gaseous state, Boltzmann’s constant, temperature,
vacuum permittivity, static permittivity, and high-frequencypermittivity, respectively.
N inside MLVs was calculated from the relation, N = Niot — €jipNpyq, Where
Niots Ciip» and Ny, are the total number of water in MLVs, the concentration of
DMPC, and hydration number, respectively. For the Ny, 4, results from our previous

study [13] and quasi-elastic neutron scattering (QENS) [14] (Ny,,q = 12) were used.
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In addition, correlated-structure delays the dielectric relaxation of water dipoles.
From the Kivelson-Madden equation, collective relaxation time, Tpgs , 1S

proportional to the gx [11, 15],

Tprs = gKTsingle (eq~ 6)

where  Tgipgie 18 single molecular reorientation time. We supposed that
Tsingle (€) & Tsingle(0) where ¢ is salt concentration because previous simulation
has suggested NaCl negligibly affects g4, Of surrounding water dipoles [16].
gk beyond the surface-hydration water in MLVs are depicted in Figure 6.4b.
Calculation from two different parameters shows almost identical results. NaCl
reduces the correlation of the surrounding water in the bulk system, but rather
increases it in the confinement environment near ion physiological concentration,
from g=1.3 to 1.5 (15% enhanced). This fact suggests that the mechanism by which
NaCl increases the permittivity differs in two water regions (in and beyond the
surface-bound waters), and the origin on the latter is change of intermolecular
orientation correlation, not a rotational degree of freedom of individual molecules.
Recently, it has been known that nanoconfinement reduces water correlation (gk) [13,
15]. The strongly oriented surface-bound water may break the surrounding water-
water network and correlation. In the nanoconfined NaCl solution, Cl- ions
accumulated around membrane surface may act as a defect, blocking strong
interaction between surface-bound water and surrounding water, thereby restoring

the water-water correlation beyond the interface (Figure 6.5).
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Figure 6.5. Schematics of NaCl effect on intermolecular orientation correlation
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Chapter 7.

Conclusion

In this study, the NaCl effect and its molecular mechanism on the dielectric constant
of nanoconfined water in phospholipid MLV are investigated. Anomalous NaCl
effect, i.e., an increase of static permittivity was observed, which has been
consistently suggested by simulations, but to the author’s knowledge, is the first
experimental evidence. NaCl accelerates reorientation motion and enhances the
permittivity of membrane surface-bound water. This observation suggests NaCl
enhances the rotational degree of freedom of bound water, which is consistent with
the previous simulations. However, NaCl retards the collective reorientation
dynamics of water beyond the membrane hydration layer, which was interpreted as
enhanced water orientation correlation. In conclusion, the mechanism by which
NaCl increases the permittivity differs in membrane surface-bound water and
beyond bound water, and the origin on the latter is a change in intermolecular

correlation, not rotational freedom of individual molecules.
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