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Chapter 1 Introduction
Liquids confined in molecular-scale spaces show markedly different properties from the bulk due to the

spatial limitation and the interaction with solid surfaces.” For example, relaxation time is prolonged, phase
transition temperature shifts, and viscosity is enhanced. These phenomena become prominent as the confined
space gets smaller. Until now, characteristic properties of confined liquids between two solid surfaces have
been revealed with surface forces apparatus (SFA). However, for the diverse advanced technology and
materials, much further study of confined liquids is required. In particular, the elucidation of the structure is
imperative because the physical properties are closely related to its structure. In addition, the understanding of
the influence of external field and temperature on confined liquids is important such as for the
electromechanical devices and lubrication. In this study, to further investigate the confined liquids, new
methodologies based on SFA were developed and applied to confined liquids with versatile properties.

Chapter 2 Structural Analysis of Confined Liquids

- Development of Synchrotron X-ray Diffraction Measurement for Confined Liquids —
The structural determination of confined liquids is important in advanced .
Surface separation (D)

sciences and technologies. Although some measurements using X-ray have been  Liquid sample \ Gold

performed for studying the structure of confined liquids between two solid
surfaces, the previous measurements were limited to relatively thick (> ~0.5 pm) X-ray e

films® or did not unambiguously determine the structure.” In this study, to -

Mica sheets
) ) ) . Fig. 1 Schematic illustration of
synchrotron X-ray diffraction measurement with SFA by using a high brilliant  synchrotron X-ray diffraction
measurement system.

CyIindrical"disks
directly investigate the structure of confined liquids, we have developed

and stable X-ray beam of SPring-8. Figure 1 shows the synchrotron X-ray
diffraction measurement system. Due to a weak signal from ultrathin samples, reduction of the background
scattering was desired. We succeeded in reducing the background scattering and could obtain the diffraction
profiles from the confined liquids.

- Structure of Smectic Liquid Crystal Nanofilm Confined between Mica Surfaces —

At first, we used smectic liquid crystal (LC), 4-cyano-4’-octylbiphenyl (8CB), as a liquid sample because it
has relatively high regularity. Surface separation (D) was adjusted to be 1.7 £ 0.5 nm and the normal pressure
on 8CB was changed to be 0.38 MPa, 0.31 MPa, and 0.26 MPa.

Figure 2 shows the time course of diffraction profiles of 8CB confined between mica surfaces at D = 1.7 +

— 524 —



0.5 nm under the normal pressure of 0.31 MPa. Just after 640
W
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6 min

injection of 8CB between mica surfaces, a diffraction
peak at ¢ = 1.99 nm™, corresponding to the lamellar
spacing of 8CB, was observed. The diffraction pattern
indicated that 8CB was highly oriented due to the flow
caused in the approaching process. The intensity of

diffraction peak gradually decreased with time, indicating
the structure of 8CB relaxed. The decrease in the peak
intensity at g = 1.99 nm” was found to depend on the

normal pressure applied to 8CB. We could directly

monitor the time course of the structural change in 8CB 0
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Fig. 2 Time course of the X-ray diffraction intensity
profiles of 8CB confined between mica surfaces at D =
1.7 £ 0.5 nm after sample injection. Profiles were
obtained with the exposure time of 11 min. The elapsed
time from sample injection is denoted by the median of
the collected data. Profiles are vertically sifted for clarity.

under molecular-scale confinement.
- Ionic Liquids Confined between Mica Surfaces —

Tonic liquids (ILs) have attracted considerable attention
as a new class of materials. Although there are many
studies of the bulk structure, for the applications of ILs,
understanding of the structure in confined space is
imperative because the surface and the spatial limitation play a crucial role in applications such as
electrochemical systems and lubricants. In this study, to directly investigate the structure of confined ILs,
synchrotron X-ray diffraction measurement with SFA was applied to two ILs, 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([C,mim][OTf]) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
amide ([C,mim][NTf,]).

Two diffraction peaks were observed for both ILs in a g-range from 2 to 20 nm™. Based on the crystal
structure, the peak at low-¢g value was assigned to the spacing between cation-cation or anion-anion and the
peak at high-¢g value was assigned to the spacing between cation-anion. By decreasing the surface separation
from D =1 pum to 3 nm, the increase in the integrated intensity of the diffraction peaks was observed, indicating
the ratio of ordered structure increased by confinement.

Chapter 3 Confinement Effect on Electric Field Induced Orientation of Nematic Liquid Crystal

In LC devices, surfaces and electric field are two main factors to Fringes of equal chromatic order

control the molecular orientation. Here, it would be interesting and
important to know the influence of confinement on LCs oriented

. . Capacitance
by the electric field. In this study, resonance shear measurement probe M
. . U ellca ea
(RSM) was performed to investigate confined 6CB ou 7uspnngs
(4-cyano-4’-hexylbiphenyl) between mica surfaces under the | Fourssctsied piezo

Shear

electric field and the orientation of confined 6CB was determined
(Angular frequency, w)

Y

by synchrotron X-ray diffraction measurement.

Figure 3 shows a schematic of RSM system. The upper surface
was laterally oscillated with various frequencies, f, by applying the
sinusoidal voltage (= Uj,) to the piezo tube and was monitored by
the capacitance probe as an output voltage (U,y). The resonance

Cylindrical silica disks

. Horizontal leaf springs
White light

6CB Surface
separation (D)

Fig. 3 A schematic of resonance shear
measurement system

curves were obtained by measuring the normalized amplitude (U,/Ui,) as a function of angular frequency, @

(= 2mf), of input voltage. RSM on 6CB was performed as a function of the surface separation with and
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without an electric field. 10

Figure 4 shows the damping parameter (b), which
corresponds to viscosity, of 6CB obtained by analyzing the 10"
resonance curves. The behavior for D < 17 + 2 nm was quite
different from that at D> 17 £ 2 nm. For D> 17 £2 nm, the
b values obtained with the electric field (ac 1 kHz, 1.87
kV/mm, homeotropic orientation) were ca. 1.8 times larger

than the values obtained without the electric field (0 kV/mm,

Damping parameter of 6CB (Ns/m)
3 3

o
<
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planar orientation) due to the difference in the molecular 0
orientation. On the other hand, for D < 17 + 2 nm, the b Fig. 4

because 6CB is originally in the planar orientation on the
mica surfaces. In order to directly determine the orientation,
synchrotron X-ray diffraction measurement was employed (Fig. 5).
At average thickness of 12 nm, the diffraction peak corresponding
to the long axis spacing of 6CB dimer was observed both with and
without the electric field, indicating 6CB was in the planar
orientation. Whereas, at average thickness of 20 nm, the
diffraction peak corresponding to the long axis spacing of 6CB
dimer was not observed with the electric field. These results
directly showed that the orientation of 6CB cannot be changed

when the confinement effect became significant.

Chapter 4 Characterization of Lubricant Confined between Mica

Surfaces at High Temperature

Reduction in friction by lubricants is important for low carbon
society and energy saving. Lubricants are used in confined space and
are frequently used at high temperature. Therefore, elucidation of the
properties of lubricants under confinement and at elevated
temperature is desired. In this study, a heating system, which was
used focused infrared light, was employed to RSM. The properties of
perfluoropolyether lubricant, Zdol-2000s [HOCH,CF,(OCF,CF,),
(OCF,){OCF,CH,0H p, q = 10], under molecular-level confinement
at room temperature to 60°C were investigated.

Figure 6 shows the surface separation dependence of damping
parameters of Zdol-2000s obtained at various temperatures. At D >
~20 nm, the b values did not change with decreasing the surface
separation and the b values were lower at higher temperature. At D =

5-10 nm, the b values increased drastically as decreasing the surface

100

200 300 400

Surface separation (nm)
Surface separation dependence of
values of 6CB with the electric field were almost identical to  damping parameters of 6CB with the electric

those without the electric field, indicating 6CB both with and ~ field (open symbols) and without the electric
field (filled symbols). Inset shows magnified

without the electric field were in the same orientation. The figure at short surface separations. Different
most likely orientation of 6CB was parallel to the surfaces symbols indicate data from different experiments.

The dashed lines are guide to eyes.
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Fig. 5 Diffraction intensity profiles from
6CB confined between mica surfaces with
the applied electric field. (a) D = 10 nm
(average thickness of 20 nm) (b) D =2 nm
(average thickness of 12 nm). Bold solid
line is fitting curves by Lorentzian function,
1(q) = I/[1 + 4(g-99/we)*] + aq + b,
where [ is the peak amplitude, g, is the
center of the peak, and w is the half-width.
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Fig. 6 Surface separation dependence
of damping parameter of Zdol-2000s
obtained at various temperatures.

separation, indicating the occurrence of structuring. The drastic increase in b value was occurred at shorter
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distance with increasing temperature. This is due to the suppression of hydrogen bond at higher temperature. At
hard-wall thickness (D = 1,7-2.3 nm), the b value was larger at higher temperature unlike the b values at large
distances (D > ~20 nm).

Chapter 5 Summary and Conclusion

In this study, novel approaches using synchrotron X-ray diffraction measurement and RSM were developed
and applied for characterizing the confined liquids. (1) The measurement using SFA combined with synchrotron
X-ray diffraction measurement was developed and was applied to confined 8CB, [C,mim][OTf], and
[Comim][NTf;] to directly investigate the structure. X-ray diffraction pattern from liquid nanofilm confined
between solid surfaces was obtained for the first time. (2) RSM and synchrotron X-ray diffraction measurement
were performed for 6CB with the applied electric field. It was found that the orientation of 6CB cannot be
changed by applying the electric field when the confinement effect becomes significant. (3) RSM was
performed for Zdol-2000s at high temperature. The temperature dependence of the behavior of confined
Zdol-2000s was observed.

Reference
1) S. Granick, Science 253 1374 (1991). 2) S. H. J. ldziak et al., Science, 264 1915 (1994). 3) E. Perret et al.,
Europhys. Lett. 88 36004 (2009).

— 527 —



A L AL AE R DR F

F ) A= bR = ORBOBEERREMICEENZREIX, Rl OBEERBOICEA CIADHE
RV LD LIXRRDEEER T T, ZOK D R CIADKEOEMIT, Mk - BB ET e
MCBNWTEEL R->TWVWD, BEFIL. FALADKREICOWTOEBEEZFIZHED H72DIT, HEE X
AL, BERERICEENZRET ) BEOCEETHEEEZF 72T L. B UADREOHEETE
WZRREI LTz, F£72, BAUIADERE~DELOBRPCIEEDRIZOWTHZITRET L, 2D & & DEE)
FRAOGHICILE, BRIINODOBEREELHELDT, BRELV D,

E1EIIFRTH D,

52 B O, BN XIRE A L2 CADIREOBETMEDOHRB KR OZDREEDAA 7 F v 7
Wl & A A VBEEA~DISHIZOWTERTWA, £9°, F ISR L EBOBRIZ OV TR, F
TRy 2 7Ty REELOERBIZOW TR LTS, KIZ, ARA7F v 7ikEEREE LTRIELST
W, BERERICEE NS F LYV OELZDEED L DEFTROBIEICHDH TR L TWDH, LT,
T BRI LA bV A A 7 F v 7 iR OBIER OB L O OREIZ OV TORE. 7/ ZH
B CiAD BT A A RIEOBETHIC OV TRRTE Y | KAEESERATHEZ L 2R L TV
5,

BI3ETIX, BHEMIELRF v 7 RE~DH CIADNERDEZBIZOWVWTHERE L TW\W5D, KfH
D IR A B AT A X Te DS DASECIIB M 2 M T & B IRV IE” ICHZICERBENOME 2
FAF, RATEIHEE 17 nm BLETIE, BHICLVKSES TOEREEZ b DA, REMESR 17 nm
LTFTIE, BACADBESEZICRDD, BHEAML THRED TORMEEZ LNV EVWI R
BRIRVERZ R L C\W5, £, REMEREL 7 0 — Ry 7B L Y —Eicfk OB 2 Hiiz 108
AL, BHEZEMNL COME Y X BREFHAEZTV, ./ ZRICEE CiAD b k& sy T OB % B
FICHER LT 5,

EABE T EBEOFBTAMERIIE WV THZICERE SNBSS R T b2 #HIET Y BIEICHE A L.
B AR E RN E N ERROBEIC L AREEIZ OV TR LT3, KEREEERT 2EEH
BB U, BEIC X 2ME s 0z, 7/ ZEMPICBWTOIERIZEMENPRE S RDRTFRER
7= e BB ORI K L T\ 5,

5 EIIMRETH D,

UEBETBICRR/E, 7/ A— MR — )V OZERIZE UiAD b RIEOEEZ T 57200
BIEEORR L Z0F Rk, KU CADBRE~DOERIRER & OHNERINF OB OWTH IR
SHLZbOTHY, EBBZNICEETHS L L BIMEHEZORBIZEET5 L ZABRKE,

Lo T, KRBT DOEMRITE LTAKRERD B,

— 528 —





