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GENERALINTRODUCTION

GENERAL INTRODUCTION

     Since around 1970s sot-get method has been drawing a tot of attention for its

advantage for tow temperature synthesis of gtasses and ceramics [1-3]. In recent years,

the enthusiasms of most researchers seem to be shifting to porous materiats and

organic-inorganic hybrids [4]. Porous materiats have been utilized in an extended

apptication such as catatysts, sensors, separation media, opticat and etectronic devices etc.

taking advantage of its pore structure, high surface area and transportation behavior

inside the pores. Hybridization of inorganic frameworks and organic moieties has atso

been a foremost strategy of mechanicat improvement of brittte ceramics as wett as

functionatization by reactive organic functionat groups.

    The first aeroget with extremety high porosity, tow density and tow refractive index

was prepared by supercriticat drying (SCD) of watergtass-derived sitica get in 1930s by

Kistter [5], and decades tater, his sodium siticate-derived aerogets were improved by

Teichner et at. as an atkoxysitane-derived sot-get process together with SCD. Aerogets

have been highty important for thermat insutators, Cherenkov detectors and space industry

apptications etc [6,7]. An ordered mesoporous sitica named MCM-4t was firstty prepared

by supramotecutar temptating which was reported by the researchers in Mobit Oit Corp.

[8,9]. Highty ordered mesoporous materiats have been fascinating the wortd since then

because of their beautifut textures and promising apptications. In generat procedure of

supramotecutar temptating [8-12], organic compounds such as surfactants, amphiphitic

btock copotymers and dendrimers etc. are inctuded into the starting sotution. The

micette-forming surfactant interp{ays with growing sitica potymers and directs the growing

sitica into micette structures resu{ting in highty ordered mesostructures. In another

method catted microemutsion temptating [13-16], a liquid crystatline mesophase consists

of surfactants is pre-formed, and potymerizing species repticate the pre-formed

mesophase structure subsequentty. This kind of mesoporous materiats with various pore
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GENERALINTRODUCTION

structures is becoming one of the key subjects of recent nanotechnotogy.

    Another novet porous materiat through sot-get was invented in 1990s by Nakanishi et

at. [17] Sitoxane gets with wett-defined bicontin,uous macroporous morphotogy are

synthesized by sot-get accompanied by phase separation. Inducing spinodat

decomposition during the network-forming sol-get reaction of siticon atkoxides and

freezing the transient phase-separating structure by getation yietd a unique feature of get.

Macropores with micrometer-range sizes are formed by spinodat decomposition and

mesopores with nanometer-range by subsequent hydrothermat aging [18] or even by

supramotecutar temptating [19]. This kind of high-porosity doubte pore structure finds an

apptication to a separation medium for high performance tiquid chromatography (HPLC).

Compared with the conventionat particle-packed HPLC cotumns, doubte pore sitica

monotiths are highty advantageous in HPLC because macropores contribute the higher

Permeabitity and mesopores suppty a high surface area which separates the sampte sotutes

effectivety. Thus doubte pore sitica monotiths actuatize more rapid and efficient

separations than any other cotumns [20].

    Monotithic cotumns with porous structure are usuatty prepared by potymerization

reactions such as sot-get [17] and (tiving) radicat potymerizations [21-25]. Most potymeric

monoliths are directly synthesized in a capittary. The art of these in situ potymerizations

is undoubtedty an excettent formabitity. Every kind of cotumn has to be covered by

potymers or metats to ensure the high pressure durabitity in HPLC after the formation of

pore structure, whereas a monolithic cotumn can be obtained without ctadding; a starting

sotution is simply introduced in a motd and attowed to potymerize there. However,'

sot-gel-derived monotithic cotumns atways suffer from a considerabte shrinkage during

aging and drying because potymerization is a condensation reaction [3]. Thus the "thick"

monotjths prepared by so(-gel have to be encapsutated by heat-shrinking

poty(ether-ether-ketone) (PEEK) [26] in order to reinforce the cotumn against the high

drMng pressure. This bothersome process of ctadding can be avoided by decreasing the

radiat thickness of the cotumn because the shrinkage of the sot-get derived sitoxane get
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becomes smatter with decreasing the cotumn radius. Thus the technicat interests

concerning miniaturization into pressure-driven capittary HPLC, capittary

etectrochromatography (CEC) and Lab-on-a-Chip with sitica monotith have been gathering

much attention [27]. Moreover, miniaturization of separation media teads to higher

sensitivity and tower environmentat toad.

    Atthough some successfut applications to miniaturized devices are reported [26-28],

sot-get preparation into smatt confined spaces is often significantty affected by the surface

of the motd especiatty when the size of the motd becomes smatter. The resuttant get

morphotogies are often deformed and spatiatty anisotropic whereas potymer-based

monotiths are easy for miniaturization [29] due to their different pore-formation

mechanism and the non-shrinking potymerization system. Spinodat decomposition, which

makes macropores in siloxane sot-get systems, is an interfaciat phenomenon: Onty

compositionat contrast witt grow in the initiat stage, and the interfaces between

separating phases become ctear and the characteristic tength of the phase-separating

structure becomes tonger in the middte stage. And finatty, after the interfaces become

perfectty distinct, onty the characteristic tength becomes tonger and the structure

coarsens in a setf-simitar manner in order to reduce the interfaciat area. This kind of

sequentiat interface-forming and hydrodynamic coarsening (especiatty in sitoxane sot-get)

processes make it diffjcutt to prepare an isotropic bicontinuous porous structure in a smatt

confined space. In both tow motecutar systems and potymer btend systems, the effect of

surfaces on phase-separating behavior has been extensivety studied. In the earty stage of

spinodat decomposition, "surface-directed spinodat decomposition" [30-32] has reveated

to throw a criticat effect by preferentiat diffusion-induced wetting onto a surface. In the

tatter hydrodynamic coarsening stage, the wetting is further acceterated by

"hydrodynamic pumping" mechanism suggested by Tanaka [33]. In addition to these

surface effects, inside mesoporous Vycor gtasses [34,35] the criticat phenomena is strongty

suppressed by random-fietd andlor wetting effect [36-38]. Thus the importance of phase

separation in confined geometry is wett recognized because materiat shoutd be confined in
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GENERAL INTRODUCTION

a container in any experiment and production.

    Spinodat decomposition in potymer btends have been wett-studied especiatty by tight

scattering because of both the stow dynamics resutting from high viscosity and tong

characteristic tength [39-41]. Due to the reciprocat space anatysis, however, the

obtainabte information is strictty limited to overatt characters such as characteristic length

and compositionat contrast etc, and the extraction method of tocat characteristics such as

interfaciat curvatures has been unknown. Recentty, phase separation in potymer btends

or sotutions and its dynamics are extensivety investigated by using Laser Scanning Confocat

Microscopy (LSCM) in reat space [42-50]. Jinnai et at. extracted various tocat geometricat

information from a series of obtained 2D sticed LSCM images and subsequent 3D

reconstruction, and proved, for the first time, that the time evotution of tate stage of

spinodat decomposition at a criticat composition keeps setf-simitarity in both gtobat and

tocat structures in a reat space [51]. They atso demonstrated that LSCM is advantageous

in 3D anatysis of phase-separated sintered macroporous silica get [52].

    In the present study, the micro-surface effects on the phase formation in sitoxane

sot-get are examined in various confined spaces. Especiatty detailed anatysis using LSCM

in a two-dimensionat (2D) motd is performed and the origin of the deformation is presumed.

By examining effects of micro-surfaces in various conditions, a ptausibte way to prepare

isotropic structure in a capittary is suggested by etiminating such an undesirable surface

effects and avoiding cracks and voids. The main systems used in this study are one

derived from tri-functionat methyttrimethoxysitane (MTMS) because of its better

formabitity in confined spaces. A tetra-functionat tetramethoxysitane (TMOS)-derived

system is atso investigated for comparative purposes. The fottowings are the detaits of

contents in each chapter.

    ln Chapter 1, fundamentat techniques used in this study are cottected. Modet

sot-get systems, motd preparations, LSCM observations and image anatyses are detaited.

These are quite important to understand the extensive discussions given jn the fottowing
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chapters. Atso, newty devetoped methods for LSCM observation of sitoxane gets are

demonstrated.

     In Chapter 2, phase-separated structures in a 2D confined space, i.e. a gap between

two parattet ptates, are investigated by LSCM. At first the chemicat effect of the surfaces

is discussed but the hydrodynamic effect is proved to be dominant. A cruciat idea for

understanding surface effects is described.

     In Chapter 3, the structurat variations in a ID capiltary and a rectangutar-sectioned

open groove are described. As mentioned above, structurat formation in a 1D capittary is

a key technotogy to prepare isotropic high-efficiency capittary cotumns. In the open

groove, being different from the dosed system, the structurat formation is dependent on

the continuous ftow from butk reservoir and its unique geometricat feature tead to

so-catted "web-to-pittar transition" in which the inside surfaces of the grooves are bridged

by sitoxane get piltars.

    In Chapter 4, structures in a OD motd is studied. A macroporous bicontinuous sitica

is emptoyed as a OD mold. An extraordinary behavior of structurat formation is observed

due to the strict physicat confinement.

    In Chapter 5, the actuat apptication to the capittary HPLC is described. By tuning

the conditions such as compositions of the starting sotution and capittary diameters, an

isotropic bicontinuous sitoxane ge{s are successfutty obtained. These capittaries showed

excettent separatjon abitity of tow motecutar anatytes in normat phase. The controt of

surface potarity is atso demonstrated by incorporating a surfactant into a starting sotution.

    Finatty, the whote resutts and discussions are summarized in the tast summary

section.
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CHAPTER 1:METHODOLOGY

1. Introduction

    This chapter is devoted to the fundamentat methodotogies such as get preparation,

motd preparation, Laser Scanning Confocat Microscopy (LSCM) observation and lmage

anatysis. As for model systems, two methyttrimethoxysitane (MTMS)-derived systems

yietding bicontinuous structure are mainty discussed. In the two systems, crack-free and

atmost non-shrinkage gets can be obtained so that these systems are advantageous to

prepare miniaturized monolithic devices such as micro-HPLC and tab-on-a-chip.

    Laser Scanning Confocat Microscopy (LSCM) [1] has become a powerfut toot for a

three-dimensionat (3D) observation of a sampte. This observation toot has been

developed by biologicat and biochemicat researchers [2,3] and recentty Jinnai et at.

apptied it to 3D characterization of mutti-phase potymer mixtures [4]. They atso obtained

geometricat and topotogicai parameters such as mean and Gaussian curvatures and euter

characteristics etc. directly from "reat space" LSCM images by a subsequent 3D image

analysis [4,5]. Their outstanding techniques that are used throughout this study are atso

reviewed in this chapter.

2. Structurat Formation of MTMS-Derived Sot-Get Systems

2.1. Experimentat

    Methyttrimethoxysitane (MTMS, Shin-Etsu ChemicaUnd. Ltd., Japan), Formamide

(FA), hethanot (AAeOH) and Nitric acid (Hayashi Pure Chemicat, Japan) were used as

received.

    Appropriate amounts of 1.0 M aqueous Nitric acid and FA or MeOH were mixed in a
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glass tube and then MTMS was added under vigorous stirring at 0° C. After stirring for 5

min, the resultant homogeneous solution was transferred into a polystyrene reaction

vessel. Then the solution was allowed to gel at 40° C in a closed condition. The

resultant gel was aged over 24 h at the same temperature and was dried at 40° C for more

than 24 h, then subjected to SEM (S-2600N, Hitachi, Japan) observation.

2.2. Results and discussion

We used mainly two systems to prepare methylsiloxane gels; MTMS-FA system and

MTMS-MeOH system. In the MTMS-FA system (denoted as MF system), the molar ratio of

the components is fixed as MTMS : FA: H20 = 1 : f: 'F, while in the MTMS-MeOH (denoted as

MM system), the molar ratio is MTMS : MeOH : H20 = 1 : m : 'M. The onset of phase

separation (tps ) and gelation (tg) are listed in Table 1 for a typical composition in both

systems and SEM photographs of obtained bicontinuous gels are exhibited in Figure 1.

Structural formation by spinodal decomposition and sol-gel transition are obviously

sluggish in the MF system, because the polymerization reaction is conducted under the pH

around the isoelectric point (IEP) of MTMS [6]. This means the MF system remains fluidic

during the structural formation by spinodal decomposition for longer time. On the other

hand, the mobility within the phase separated gel domains is thought to become zero soon

after the phase separation in the MM system.

Here we briefly review the structural development in the MF and MM systems. In

both systems, phase separation, especially spinodal decomposition, occurs during sol-gel

transition, which makes bicontinuous porous siloxane gels. From the Flory-Huggins

equation, the miscibility of a polymeric system can be estimated [7]. In a polymeric

system, the free energy change of mixing can be described as follows,

(1-1 )

where ¢; and Pi are volume fraction and the degree of polymerization of component i (i=1

or 2), respectively. Here we assume component 1 corresponds to the siloxane gel phase,

10
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Tabte 1 The onsets of getation tg and phase separation tp,, and phase separation time (tg

  tps) for typicat compositions of two systems.

tps ( min) t, (Min) tg tps (min)

MTAAS : AAeOH : H20

  = 1 : 1.0 : 2.0

 MTMS : FA : H20

  =1:2.3:2.5

120

3039

184

3148

64

109

Figure 1 The SEM images of obtained sitoxane gets;

and (b) MTMS : FA: H20 = 1 : 2.3 : 2.5.

Åqa) MTMS : AAeOH :H20 = 1 : 1.0: 2.0

11
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and component 2 to the potar sotvent phase (FA or AteOH). The parameter x is the

interaction parameter, which retates to the sotubitity parameter (6i) of component i as

       )c. (6i '62)2. (1 '2)
            kBT

Since the sotubitity parameter is proportionat to the cohesive energy density, potar species

tend to have a targe vatue of sotubitity parameter. In the present system, potar sitanot

groups with high potarity are consumed in the polycondensation reaction, so the potarity of

get phase graduatty decreases whereas the potarity of the sotvent mixtures remains high

(1g.2 cati/2•cm-3i2 for FA, 14.s cali/2•cm-3i2 for AAeoH, 11-12 cati/2•cm-3/2 for TMOS-derived

potymer, and Åqlo cati/2•cm-3/2 for MTA/ts-derived potymer [8]). As a result, the interaction

parameter .lc increases during sot-get transition, which makes AG targer. In addition to

that, Pi in the eq (1) becomes targer, which also makes AG targer. Thus the system

phase-separates during the potymerization of MTMS. When getation occurs much eartier

than phase separation, transparent gets with nanometer-sized pores can be obtained.

Bicontinuous structure, aggregates of partictes and isotated pores can be obtained if the

sol-get transition and phase separation proceeds nearty concurrently. When getation

takes ptace much tater than phase separation, sitoxane get phase with higher density

settles down due to the gravity effect and exhibits macroscopic two phases.

    In the AtWL system, the typica{ getation time is around 3 hours, however, in the MF

system, it is as tong as 60 hours. The difference between these two systems can be

exptained as fottows: Since formamide is hydrotyzed under the presence of a strong acid

(IM nitric acid in this case), pH of the sotution becomes higher during the sot-get reaction,

namety around the isoetectric point of MTms [8]. Retation between starting compositions

and resuttant get morphotogy in the both systems are shown in Figure 2. Since the

sotubitity parameter of FA is stightty targer than that of heoH Og.2 catii2•cm'3i2 for FA, and

14.s catii2•cm'3/2 for lvleoH), phase separation tendency is higher in the FA system (targer

composition areas are recognized representing macroscopic two phases) and bicontinuous

structure can be obtained in an extended compositionat area in the A/WL system. The
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IAA NA

30 70
IM NA
55 100

          eeeo. ;giO ?eOÅíe&

  MTAtts 7o FA MTAAS Io 4s MeOH                Mass% Mass%
Figure 2 Retationship between starting compositions and resuttant get morphotogies in (a)

MTtvifS-FA (MF) system and in (b) AATAAS-A/tethanot (IWVN) system. Reaction temperature is 40

0C. Symbots are e: nanoporous, $: bicontinuous structure, O: particte aggregates, @:

isotatedpores, and O:macroscopictwophases.
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phase-separated structures which can be obtained from both systems generally tend to be

more coarsened with increasing amount of polar solvents (FA or MeOH). In both systems,

the interaction enthalpy becomes larger with increasing amount of solvents, which makes

the onset of phase separation earlier. Moreover, the increased amount of solvent brings

about the slower gelation due to dilution effect, by which the more coarsened structure

will be obtained.

3. Molds Used in This Study

The purpose of this study is focused on the structural formation in confined geometry.

Here "confined" means "where the effect of micro-surfaces is possibly emerge".

Basically, when any effects appear, the system is said to be "confined", however, in some

cases there is little influence from the micro-surfaces. Moreover, the term "confined" is

not related directly to the size of the space. As described above, the influence of the

surfaces is little even when the size of the mold is small. Whereas the resultant gel

sometimes is significantly affected in a large space.

The shape of a confining mold is defined according to the dimensionality. A2D mold

is a gap between two parallel plates with a spacer between them; only the thickness

direction is confined. A 1D mold is a long cylindrical or rectangular-shaped capillary with

only one longitudinal direction is not restricted. Arectangular-sectioned groove with one

face is open is also used as a mold which is denoted as "an open groove". This is regarded

as a kind of 1D mold. AOD mold is short cylindrical maze-like pores inside a bicontinuous

porous medium. In fact, a porous silica gel which is also prepared via sol-gel with phase

separation is used. Molds used in this study are overviewed in Table 2.

3.1. Preparation of a 2D mold

As a hydrophilic surface, a soda-lime silicate glass slide is used. Aglass slide is

14
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subjected to uttrasonic washing in water, and then rinsed off with ethanot fottowed by

drying in air. As a hydrophobic surface, an octadecytsitytated gtass stide is used.

Amino-substituted octadecyldimethy-N,N-diethytaminositane derived from

octadecytdimethytchtorositane is used as a hydrophobic coating agent [9]. A set of two

ptates are set together to construct a gap wi'th an appropriate spacer between them. For

LSCM observation, one ptate of the two shoutd be a coverstip with decreased thickness

(-150 ptm). Gaps with various thicknesses may be prepared; however, the resuttant get

thickness is atways suffering from discrepancy with the spacer thickness especiatty in a gap

with thinner spacers (1oo pm or tess). Possibte reasons are stight curve of a coverstip

and/or unintended fotding of a spacer.

3.2. Preparation of a ID motd

    As a ID motd, capittaries with circutar or rectangutar sections are used. As a

hydrophitic motd, these capittaries are used without any pretreatments. As a

hydrophobic motd, the pretreatment procedure is the same as a 2D hydrophobic motd. In

this titerature, since the resutt is atmost the same between circutar- and

rectangutar-sectioned capittaries, onty the result with cytindricat capiltaries is deatt.

    An open groove is another type of a 1D motd. The grooves are fabricated on a sitica

gtass chip and used after uttrasonic washing in water, ethanot rinsing and drying in air.

The templated sitica gtass chips are kindty supptied by Techno Quartz lnc. (Tokyo, Japan).

3.3. Preparation of a OD motd

  Porous sitica get with bicontinuous structure as a OD motd was prepared as fottows.

First, O.65 g of poty(ethytene)gtycot (Atg,=10,OOO) and O.90 g of urea were dissotved in 10

mL of O.Ol mot/L acetic acid in a gtass sampte tube. Then 5 mL of tetramethoxysitane,

TMOS (Shin-Etsu Chemicat Co., Japan), was added under vigorous stirring and ice-cooted

condition. After being stirred for 30 min, the resuttant homogeneous sotution was

transferred to an autoctave and attowed to get at 400C in a closed condition. The

16
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resuttant get was aged at the same temperature for 24 h fottowed by a hydrothermat aging

at 100eC for 24 h. The aged get was dried at 40eC for about 24 h, and then sintered at

1000eC for 2 h. Characterization of the pore structure of the motd get was performed by

mercury porosimetry (PORESIZER-9320, Micrometrics, USA) and the average pore size of

the motd was determined as approximatety 2.74 pm.

4. Laser Scanning Confocat Microscopy (LSCM)

4.1. Principtes

    Laser Scanning Confocat Microscopy (LSCM) enabtes 3D observation by obtaining a

number of thin-sticed images of one sample. The foca{ depth is made to be extreme{y

thin by using a confocat pinhote in front of a detecton ln Figure 3 the tight path of LSCM is

described. The diffraction-limited incident {aser beam is focused in the samp{e via the

scanner (not shown) through the objective tens. Emitted ftuorescent tight from

ftuorescent agent(s) in the focal ptane (sotid tine) in the sampte is focused again at the

confocat pinhote via the scanner and dichroic beam sptitter. The focused tight is directed

to the detector (photomuttiptier) through the fitter in front of it. The fitter, typicatly a

tong-pass fitter, setectivety put the ftuorescent tight through and the reftective tight of the

incident beam is shut. The ftuorescent tight from unfocused ptanes (dotted tine) is

effectively cut by the confocat pinhote acting as a "spatiat fitter". Sequentiat 2D sticed

images are obtained by moving the sample in the direction parattel to the incident beam.

Thus the sliced montage images can be obtained as far as the sampte can transmit tight.

    In this titerature LSM510 and LSM5 Pascat (Cart Zeiss, Germany) was used. The

resotution of these LSCMs is derived by Cart Zeiss as fottows:

    For the axiat resotution,

      O.88A
   (n - n2 - NA2)
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Figure 3 The tight path in LSCM. The sampte shoutd contain ftuorescent agent

enhance the contrast in the images. Ftuorescent tight from unfocused ptanes in

sampte is effectivety cut by confocat pinhote in front of the photomuttiptier.
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and for the laterat resotution,

   0.51Aexc

    (NA)

where n indicates the refractive index of immersion oit of the oit-immersed objective tens.

In the standard setting, an Ar taser with wavetength of 488 nm, oit-immersed x63

(NA=1 .25) and immersion oit with n=1 .518 was used, so the axiat and taterat resolutions are

O.553 pm and O.199 pm, respectivety.

4.2. Practicat procedure to obtain 3D information by LSCM

    As described above principtes section, in order to obtain a image with strong contrast

by LSCM, observation has to be performed with fluorescence mode and the sampte is

required to be enough transparent so as for the incident beam and ftuorescent tight to pass

through. In ftuorescence mode, the "structure" of the sampte is determined by the

difference of ftuorescent intensity between different regions. In the structurat

determination of phase separated structure of porous sitoxane get, a ftuorescent agent

shoutd be introduced either in the siloxane-rich phase or sotvent-rich phase. In addition,

we have to tet the sampte be transparent by filting a sotvent-rich phase or macropores a

tiquid which has atmost the same refractive index as the get sketetons. In the fo(towing

practicat examptes, it is confirmed that both requirements (transparency and introduction

of ftuorescent agents) are futfitted.

Case 1. Adding a ftuorescent agent in a starting sotution

    The first is the method by introducing a ftuorescent agent in a starting sotution.

This method is suitabte for the observation of an as-prepared structure, however, it is

needed that the as-prepared get is transparent enough. Since the refractive indices of

the get phase and the sotvent phase is roughty dose in the MF system, this technique can

be apptied.

    In practice, a titt{e amount of ftuorescein (Figure 4) is added into a starting sotution,
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and the observation can be done in situ. As ftuorescein is distributed in the sotvent phase,

the sotvent phase is detected as a bright region (so the get phase is as a dark region) in the

obtained images Åqreversed mode).

    Atthough this method is simpte and easy, it is not apptied to a variety of systems. As

for the MF system, though the transparency of the as-prepared get is retativety high, it is

not enough for the observation in the deeper regions. Furthermore, since the minor

amount of ftuorescein is atso distributed in the gel phase, the contrast in the images is not

very strong.

Case 2. Introducing a ftuorescent agent by sotvent exchange

    This method is appticabte to a variety of systems since the introduction of a

ftuorescent agent and contrast matching is performed after get preparation. A

f(uorescent agent is dissotved in an appropriate sotvent which has atmost the same

refractive index as the get phase, and then this sotution is introduced into the sotvent

phase or macropores. In this case, observation is conducted under a reversed mode as

weU in which the solvent phase is seen as a bright region.

    In the MTAAS-derived system, ftuorescein is typicatty dissotved into formamide (FA) or

dimethytacetamide (DIWaL), that have a{most the same refractive index as the get phase

(Dma is the doser), and then wet or dried get sampte is immersed in the sotution. Note

that when using Dma as a sotvent, ftuorescence intensity of ftuorescein is considerabty

weak, so it is better to use ftuorescein sodium salt (uranine, Figure 4) as a dye component.

After the comptete intrusion of the sotution (sotvent exchange), the sampte is ready to be

observed under LSCM.

    The sotvent is not timited to FA or Dma: lt can be substituted by any other sotvents

as far as they can dissotve ftuorescein and have ctose reftective indices as the get phase.

In the practicat observation, since the evaporation of the sotvent becomes a significant

probtem, it is better to use the nonvotatite sotvents.
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Case 3. Chemicatty attaching a ftuorescent agent on a sampte get [10-12]

     lf it is needed that the get phase has to be observed as a bright region, i.e. in normat

mode, we must try this method or the fottowing method, Case 4. In this method the

surface of a sampte get is chemicat(y modified by ftuorescein-attached siticon atkoxide

monomer. More specificatty, ftuorescein-4-isothiocyanate (FITC isomer 1, Figure 4) is

covatentty attached to the sitane coupting agent, 3-aminopropyttrimethoxysitane (APTMS)

by an addition reaction between thioisocyanate group and amino group (Figure 5).

    The typicat procedure is as fottows: A smatt amount of FITC isomer l (approx. 54 mg)

and 8.8 mL of APTMS is dissotved in 80 mL of ethanot, and then the sotution is aKowed to

stir overnight (sotution A). After the addition reaction, sampte get is immersed in the

resuttant "sotution A" and fo(towed by adding a {ittte amount of saturated aqueous

ammonia sotution. The amount of saturated ammonia sotution is typicatty 5-10 O/o in

votume. The coupting reaction is aUowed to continue for 3-6 hours at 400C in a

tight-shietded condition. The resuttant gel shoutd be washed with ethanot after the

coupting reaction and then sotvent-exchanged with appropriate sotvent(s) to ensure

transparency.

    This method is appticabte onty to the gets with mesoporous sketetons. Since the

ftuorescent agent is attached just onto the "surfaces", it is impossibte for the ge{s with

nonporous sketetons to see the whote regions in the get phase as bright regions. For this

reason, this method can not be appticabte to MTMS-derived nonporous gets.

Case 4. Co-potymerization with a fluorescein-attached atkoxide monomer

    As described in Case 3, FITC isomer 1-attached siticon atkoxide monomer is obtained

by the first addition reaction. This resuttant solution can be used as a monomer which

may co-potymerize with MTMS monomer in the starting solution. The typicat procedure

to obtain "sotution A" is atmost the same as Case 3. An appropriate amount of "sotution

A" is added into the starting so{ution and attowed to get in the normat way.

    However, it is difficutt to co-potymerize homogeneousty probabty because of the
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Figure 4 Structurat formulae of ftuorescein (teft), ftuorescein-4-isothiocyanate isomer l

(FITC isomer 1, middte) and ftuorescein sodium satt (uranine, right). Isothiocyanate group

in FITC isomer l is cova{entty bonded with amino group by addition reaction.

HO o p. o
      "t'

     COOHf
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 N=C=S

+
         9Me
H,N-C,H,- Sl i-OMe

         OMe

HO

HN-F/dN-C,Hg-Si-OMe
    s
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Figure 5 Preparation of dye-attached silane monomer through addition reaction between

isothiocynate and amino groups. The dye-attached monomer reacts with the surface of

sitoxane gets. Copotymerization between TMOS or MTMS is atso possibte, but it is difficutt

to be dispersed homogeneousty throughout the get matrix.

22



CHAPTER 1: METHODOLOGY

butky group in FITC isomer l-attached monomer and the difference of reactivity. Stitt,

co-potymerization with tetraethoxysitane (TEOS) seems to resutt in homogeneousty

distribution of the dye component throughout the get sketeton.

5. Image Anatysis

5. 1. Definition of a digitat image

    A 2D digitat image is divided by tetragonat tattice and each tattice cett is termed a

pixet. Everypixelpossessesitsownintensityvatue. Inourexperiment,LSCMimagesare

obtained by 8 bit gray scate 512x512 pixets2 images. In such images, the tetragonat 2D

image possesses totat 262,144 pixets and each pixet has a gray vatue raging from O to 255

(the total number of the vatue is 28=256).

5.2. Image processing

    The best-taken LSCM image is stilt suffering from undesirabte high-frequency noises

and intensity variations. These uncertainties must be removed by appropriate image

processing before stacking into a 3D reconstructed image.

    For the purpose of getting rid of tocat intensity variations, constant variance

enhancement (CVE) [13,14] is used. In this process, contrast, which is defined by

variance of intensity of an image, and average intensity are catcutated in a given size of

area, and then convert these vatues into desirabte ones. By changing the size or shape of

the mask and continuing the process in a whote image, tocat intensity and variance are

effectivety equatized.

    Median fitter [15] is a widety used fitter to get rid of satt and pepper noise. For

instance, in 3Å~3 median fittering, the nearest 8 neighbors surrounding a point of interest

(POI) are chosen, and then assign the median vatue m of the 9 pixets to the POI. The

median vatue m represents the vatue that hatf of the poputation has smatter vatues than m,
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and the other hatf has targer va{ues than m. In the practicat process, we used 3D median

fittering which is extended to 3D. The effect of CVE and 3D median fittering is shown in

Figure 6(a) and (b). It is confirmed that the image contrast is successfutty enhanced and

noises were atso reduced after these image processing procedures.

5.3. Binarization and reconstruction

    Next the processed sequentiat images are binarized and reconstructed. The images

are binarized into btack and white images, and stuck together using marching cubes

atgorithm [16]. The intensity histograms of the images have to be wett-defined bimodat

distributions to ensure the accurate interface definition and avoid artificiat errors. In

other words, taking the best images by LSCM is the most important step in this procedure.

The process of binarization and reconstruction is exhibited in Figure 6 (c) and (d),

respectivety.

    Atthough as much attention as possibte should be paid for obtaining the best images

with high contrast by preparing samptes and maniputating a LSCM device carefutty, we can

not exctude the arbitrariness during the binarization process. Otsu's method [17] is one

way to exctude such artificiat effects (see Appendix A). In Otsu's method, threshotds are

determined by a mathematicat procedure in which a threshotd is determined by

catcutating variances of two ctasses divided by the threshotd so that the variance between

two ctasses becomes targest. This technique gives a unique vatue of threshotd and no

arbitrariness is inctuded. In the fottowing chapters, this technique does not be used

because the adequacy is not futty checked yet, but this technique shoutd be inctuded in

the future because this is an importance process in determining a "unique structure" in a

reproducibte way.

    In the fottowing sections, three kinds of anatysis by using processed images are

reviewed.
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5.4. 3D Fast Fourier Transformation (FEHr)

    Att the digitat images are the superposition of many sine waves with various

wavetengths. Each LSCM image contains information about bicontinuous structure, and if

there is a periodicity in it, a representative wavetength which contributes to the image

most can be regarded as a "characteristic tength" of the structure. Bicontinuous

structure derived from spinodat decomposition is known to have spatiat periodicity and

Fourier-space anatysis using 2D FFT of a digitat image is found to be advantageous to

extract such periodicity that the human eye is hardty recognize [18,19]. This is obvious

because spinodat decomposition itsetf is atso a superposition of many compositionat

ftuctuations (spinodat waves) in 3D [20].

    Fourier transform E and inversed Fourier transform f of an image intensity f(x, y) is

defined as fottows,

   F(q.,q.,)-Jff(x,y)exp(-J2Jt(q.x+q.vY))`ixdY (1.s)
   f(x, y) == JfF (q. , q, ) exp( ]' 2a (q.x + q., y))dq.dq,

where q. and qy are spatiat frequencies or wavenumbers and j2=-1. The power spectrum

is defined as

   IF (q., q., )l2=Re(F (g., q, ))2+Im(F(g., g., ))2, (1 -6)

where Re and lm show the reat and imaginary parts, respectivety. In the practical process,

Fast Fourier Transform (FFT) [15,21] in 3D is used and obtained power spectrum is

circutarty averaged in the q.-qy ptane. Note that both 3D extension and averaging

postutate a 3D structural isotopic nature of phase-separated structure. The

characteristic tength /1. of bicontinuous structure can be catcutated from the fottowing

retation,

     m qm

where q. is a wavenumber at the peak intensity.
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5.5. Area-averaged curvature determination by Parattet Surface Method (PSM)

    Since the shape of an interface derived from spinodat decomposition is quite

essentiat to deduce the structurat formation, mean and Gaussian curvatures are

introduced by which the shape of the interface can be determined quantitativety.

    Take a curved interface for exampte, when the interface is cut by a ptane which

contains the surface normat at a POI, there are oscutating cirdes at the POI in the ptane.

The targest and the smattest radii (Ri and R2) of the oscutating circtes are defined as

principte curvatures (Kii 1IRt and K2i 1/R2), and the signs of curvatures are defined to be

opposite between two different sides divided by the interface. AAean and Gaussian

curvatures are defined as fottows;

   H =- Kl +2 K2 =tl (lil;+lil ), K =- Ki -K2 =Rl IR2• (1 -8)

    The shape around the POI is characterized by the sign of i(. Figure 7 shows an

exampte of a curved interface and the retationships between curvatures and shapes. The

sign of mean curvature H determines the concavity and convexity. For the bicontinuous

spinodat decomposition, the most part of the interfaces are recognized to be hyperbotic,

KÅqO, since the bicontinuous pattern is a superposition of att sinusoidat compositionat waves

in 3D. Jinnai et at. reveated that the spinodat interfaces devetops with time setf-simitarty

and keeps the minimat interfaciat area, i.e. KÅqO and H=O, throughout their time resotved

observation [4].

    In the curvature computing process, a "Parattet Surface Method (PSM)" is used in

which area-averaged curvatures can be obtained [22-24]. A paraLtet surface to an

interface is formed by transtating the interface atong its normat vectors by an equat

distance everywhere on the interface. According to the differentiat geometry, the

surface metric of the parattet surface is retated to the metric of the interface (A(O)) by

   A(d)-A(O)(1+2ÅqHÅrd+ÅqKÅrd2), (1-9)
where d is the oriented distance atong the normat vector and A(d) is the area of a parattet

surface. This equation is retiabte when the disptacement d is sufficientty smatt. The
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schematic iLtustration of a parattet surface and origjna{ interface is shown in Figure 8. In

this technique we obtain the area-averaged curvatures,

   ÅqHÅr=; (Kt,ii2)da, ÅqKÅr= (;jdKi)da, (1.lo)

where da is the area etement of the interface. Since the curvatures of the interface is

varied from point to point, this technique is usefut to overview the averaged {ocat

structure, however, if we wish to obtain a "reat" tocat structure, we have to obtain the

curvatures at each POI and distribution of curvatures by measuring as many points as

possibte. Nishikawa et at. have devetoped this kind of technique catted "Sectioning

Fitting Method (SFM)" [25] but we do not deat detai{s in this titerature.

6. Future Perspectives

    Other recent 3D observation techniques such as Transmission Etectron

Microtomography (TEMT) [26] or X-ray Computerized Tomography (X-ray CT) [27] have

been on a rapid progress and these methods are definitety appticabte to our sol-get derived

structures. For exampte, TEMT witt become a powerfut toot to visuatize meso-structures

in macroporous sitoxane gets and X-ray CT witt be a simpter and easier method compared to

LSCM if onty the resolution is improved because X-ray CT does not need a ftuorescent dye

and transparency of a sampte.
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CHAPTER 2: STRUCTURES IN A TWO-DIMENSIONAL
MOLD

Sectien 2.1 Three-Dimensienal Observation ef Phase-Separated

MTMS-Derived Gels and Cemparisen with TMOS-Derived Ones:

Global Geornetry

1. Introduction

    It is known that wett-defined macroporous sitica-based gets with bicontinuous

structure can be prepared by inducing spinodat decomposition during the sot-get transition

{1 -3]. In a system containing formamide as a potar sotvent, tetramethoxysilane (TMOS) or

methyttrimethoxysitane (MTMS) as a sitoxane source and nitric acid as an acid catatyst,

phase separation occurs between the potar sotvent and the potymerizing sitoxane

component I4]. The bicontinuous sitoxane get has found an apptication as a separation

medium for high performance tiquid chromatography (HPLC) [5,6] and the miniaturization

of the separation medium is of high technicat interest [7-12]. In apptying such continuous

porous materiat to micro-devices such as capittary cotumns, thin tayer chromatography

ptates, and chip cotumns, the surface effect cannot be negtected. Namety, in such a

micro-confined space, since the ratio of surface area to totat votume of a sample becomes

targer, wetting phenomena and shrinkage during aging and drying processes witt

presumabty change the morphogenesis and phase separation tendency.

    In the case of phase separating potymer blends in confined geometry, it is

demonstrated that preferentiat wetting of surface(s) by one component strongty

inftuences the phase separation behavior [13-20]; this wetting phenomenon induces the

so-c' atted "surface directed spinodat decomposition" and it finatty brings the system into a
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tayered structure stacked perpendicutar to the surface [21-33]. The inftuence of this

spinodat decomposition perpendicutar to the surface increases with decreasing fitm

thickness because the part of the fi(m that is in ctose proximity to the surfaces amounts to

a significant portion of the totat votume of the system. Another effect that becomes

significant when thickness of the fitm decreases, is surface-induced spinodat waves from

both sides of the fitm that interfere with each other, so the intriguing morphotogy

perpendicutar to the surfaces appears [34]. These phenomena are of great importance in

designing of thin potymer fitms.

   Recentty, reat space analysis techniques of phase separated potymer mixtures have

been devetoped utitizing Laser Scanning Confoca{ Microscopy (LSCM) [35-37]. By using

LSCM, opticatty sticed two-dimensionat (2D) images atong the incident beam can be

obtained. The series of sticed images is appropriatety digitized and reconstructed to

perform the 3D anatyses. A butk sintered s"ica get with bicontinuous structure has

atready been successfutly analyzed in 3D by this method; it is reveated that the

geometricat features of the bicontinuous sitica get are simi{ar to a phase separating

potymer btend at a comparabte votume fraction [38].

    In this section, si{oxane gets with bicontinuous structure derived from the MF system

were prepared in 2D confined space such as a gap between two parattet ptates, and the

structurat variety of confined gets was observed in 3D by LSCM. The variety of

morphotogy near a surface, depending on surface character or starting composition is

discussed.

2. Experimentat

2. 1 Preparation of 2-dimensionat Motds

    Gtass slides (denoted as G) and octadecytsitytated gtass stides (denoted as O) were

used, respectivety, as hydrophitic and hydrophobic ptates to construct 2D confined space.
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Each plate was subjected to ultrasonic cleaning in water, followed by rinsing with ethanol

and drying in air. Then the plates were brought together into G-G and 0-0 pairs with

various spacers such as 50 I-lm, 30 I-lm and 13 I-lm in thicknesses between them as

schematically shown in Figure 1. The actual thickness of each gel, which was determined

by LSCM, and corresponding spacer would be described in the following section. For LSCM

observation, either plate of each mold was replaced by a coverslip. In the notation of the

molds, an initial letter indicates silicon alkoxides (T for TMOS and M for MTMS) , the

following number indicates the thickness of the sample and the following two letters

indicate the set of plates. All the molds were placed in an identical polystyrene vessel

(the reaction vessel) to be used as a reaction container.

2.2 Preparation of the Starting Solution (MTMS system)

First, 15.08 g of 1.0 M aqueous solution of nitric acid and 31.58 g of formamide as a

polar solvent and 0.04 g of fluorescein as a fluorescence dye for LSCM observation were

homogeneously dissolved. Then 40 mL of MTMS were added under vigorous stirring in an

ice-cooled condition. That is, the molar ratio of starting solution was; MTMS : FA: H20 =

1 : 1.8 : 2.0. After being stirred for 5 min, the resultant homogeneous solution was

transferred into the reaction container followed by 1 min of ultrasonic agitation and 5 sec

of evacuation with an aspirator to introduce the solution into the molds. The reaction

solution was then allowed to gel at 40 •C in a closed condition. The resultant gel was

aged at the same temperature for 24 h then the aged gel (wet gel) was subjected to LSCM

observation. After observation, the gel was dried at 40· C and the dried monolithic gel

was again observed by LSCM. The dried gels are also observed under SEM (S-51O, Hitachi

Ltd., Japan). Hereafter, we denote the gel prepared between plates as "confined gel",

and the gels prepared with the same composition and no confinement effects as "bulk

gel".

2.3 Preparation of the Starting Solution (TMOS system)
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Figure 1 Schematic ittustration of the motd for get preparation, axis definition and the

observation directions of LSCM.
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Figure 2 A SEAA photograph of dried butk methytsiloxane get representing a typicat

bicontinuous structure. The characteristic tength (sketeton thickness ptus pore diameter)

is 9.6 pm.
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The preparation procedure is atmost the same as the MTMS system described above. The

starting composition is as fottows: 9.75 g of 1.0 mot/L nitric acid aqueous sotution, 33.53 g

of formamide, O.02 g of ftuorescein and 50 mL of TMOS. That is, the motar ratio of

starting sotution was; TMOS: FA: H20 =1:2.2:1.5.

2.4 LSCM Observation and Image Processing

    The interfaciat structure of the resuttant get was observed by LSCM (LSM510, Cart

Zeiss, Germany). An oit-immersed 63x/1.25 objective tens (Ptan-Neoftuar, Cart Zeiss,

Germany) was used. The increment atong the z-direction was O.50 pm for alt samples.

The observation direction is atong the z-direction as indicated in Figure 1. The taser was

scanned in the ptane perpendicular to the z-direction (x-y ptane), measuring ftuorescent

intensity in a 2D opticatty sticed image composed of 512x512 pixets2. In the case of wet

confined get, pores were fitted with the sotvent containing ftuorescein. The Ar taser with

488 nm wavetength was used to excite ftuorescein motecutes. Dried monotithic get was

observed in atmost the same way as reported etsewhere [38]; the dried monotithic gel was

immersed in a mixture of totuene and chtoroform (17:83) to attow the taser light to

transmit through the turbid get, and a 488 nm Ar taser was used to excite ftuorescein

motecutes distributed in the get phase.

    The LSCM images were binarized and 3D reconstructed by stacking the digitized 2D

images [37]. The depth profites (atong the z-direction) of votume fraction of sitoxane

phase are depicted by summing the pixets representing sitoxane phase in the series of

binarized images for atl confined samptes. The characteristic tengths of the phase

separated structure are determined by the structure factor S(q), which is obtained from

Fast Fourier Transformation (FFT) of the series of binarized images and then averaged in

the qx-qy ptane. The interfacial curvatures of the samptes were atso computed using the

"Parattet Surface IVtethod" (PSM), and obtained curvatures were further scated with

respect to the interfaciat area per unit votume. The detaits of these anatyses can be

found etsewhere [36-38].

                                   36



CHAPTER 2:STRUCTURESIN A TWO-DIMENSIONALMOLD

3. Resutts and Discussion

3. 1 Structurat observation of methytsitoxane gets in near-surface region

    Figure 2 shows the SEM photograph of the dried monotithic gel exhibiting the typicat

morphology of bicontinuous structure; the get is consisted of the continuous

methylsitoxane sketetons and macropores. From the direct measurement of the SEM

image, characteristic tength (defined as the tength of the thickness of the get sketeton ptus

the pore diameter) of the dried monotithic get is estimated to be ca. 9.6 ym. Figure 3

shows the LSCM photographs of the dried sampte M92GG (a-c) and M3800 (d-f), exhibiting

the depth dependence of the morphotogy atong the z-direction. The thicknesses of the

spacers are 50 ptm and 13 ym, respectivety: The actuat thicknesses of the synthesized

gets were found to be thicker than the thickness of the spacer. This discrepancy of the

thickness is thought to be due to the unintended curve of the coverstips and/or partia(

fotding of the thin spacers. Both samptes have tayered structure; interface (a,d),

methytsitoxane depletion tayer (b,e) and continuous butk-like phase (c,f). The tayered

structure found near both surfaces is schematicatty shown in Figure 4. Structure of the

interface was not detected due to the tow contrast of the LSCM images; however, SEM

observation revea(ed that skin tayer had grown on the O surface (part (a) in Figure 4).

Since MTMS otigomers are highty hydrophobic, hydrophobic attractive interaction worked

between the O surface and MTAAS otigomers to devetop the skin tayer. Conversety, the

interaction between the G surface and MTMS otigomers is thought to be tess attractive.

However, Si-O-Si chemicat bond shoutd form between the Si-OH on the G surface and those

on AATms otigomers at the interface (part (b) in Figure 4). Atthough the methytsitoxane

deptetion tayer was formed both in the M92GG and M3800, the forming mechanism must

be different. in the case of M3800, due to the comptete wetting of the ODS-modified

surface by MTMS otigomers, the methytsitoxane deptetion tayer had formed.
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Figure 3 The LSCM images of dried confined gets; upper row is the sampte M92GG, tower

row is the sampte M3800. Each image in a row shows a different attitude atong the

z-direction; (a) and (d) the surface, (b) and (e) 5 ptm beneath the surface showing the

methytsitoxane deptetion tayer, and (c) and (f) 15 ptm beneath the surface showing the

butk-tike tayer. The bright and dark areas correspond to the methytsitoxane phase and

the solvent phase, respectivety.
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(a)

Hydrophobic glass $ubstrate

q

(b)

Hydrophilic glass substrate

Figure 4 Schematic cross sectionat ittustrations of tayered structure near the surfaces; (a)

M3800 and (b) AA92GG. The dark area corresponds to the methytsitoxane phase. The

most evident difference of the two is the skin tayer on the hydrophobic surface.
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Once the skin layer formed by hydrophobic interaction, the MTMS monomers or oligomers

near the hydrophobic substrate decrease because the most of the MTMS components in this

region are distributed to the skin layer. In the case of M92GG, although the attractive

interaction between the G surface and MTMS oligomer is not as strong as the case with 0

surface, MTMS-derived phase will be attracted to the G surface probably because of the

low interfacial energy of MTMS-derived phase. The bulk-like phase was formed in the

region slight away from the surface. In this region, since the effect of the surface

becomes negligible, bicontinuous structure that is similar to the monolithic gel was

formed.

The characteristic length of the bulk phase did not change during drying process in all

of the confined gels, resulting in the larger domain size than that of the bulk gel. It is

also possible that the densification of gel network due to condensation between silanol

groups causes some shrinkage during the aging process. In order to examine the shrinkage

during aging, the sample of the same composition was prepared and observed under LSCM

before and after aging. The LSCM images showed that the confined gels had not shrunk

during aging process in contrast with the bulk gel. Namely, no shrinkage occurs in the

confined gels during both aging and drying process. The attractive interaction between

the gel domains and plate surface, Si-O-Si chemical bonds in the case of G surface and

hydrophobic attractive interaction in the case of 0 surface, was strong enough to inhibit

the free shrinkage of the confined gels. From the various thicknesses of the samples, an

trend can be seen, that is, the characteristic length of the confined gel generally becomes

longer with decreasing the thickness of the samples (for example, part (c) and part (f) in

Figure 3).

3.2 Structural analysis by 3D reconstruction

3.2.1. Geometrical properties of the bulk gels

Figure 5 shows the 3D reconstructed images of the dried bulk gels derived from (a)
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the MTMS and (b) TMOS. The characteristic tength determined from the structure factor

and the votume fraction of methytsitoxane or sitica get and the scated area-averaged mean

and Gaussian curvatures are tisted in Tabte 1. The area-averaged curvatures ÅqHÅr and

ÅqKÅr are scated by the interfaciat area per unit votume E, that is, (iiÅr=ÅqHÅr12 and

(k)=ÅqKÅrIE2. The characteristic tength of the MTms-derived get is much tonger than

that of the TMOS-derived get, indicating that the spinodat decomposition is frozen in a

tater stage. These data are in good agreement with the resutts previousty reported for

sintered bicontinuous sitica get: Both the sotvent and sitoxane phases are bicontinuous

exhibiting the 3D periodic isotropic structure; the scated mean and Gaussian curvatures of

the dried butk gets derived from MTMS and TMOS, respectivety, are around zero and

negative. This means that most of the interface between the two phases is hyperbolic,

which is typicat in bicontinuous structures induced by spinodat decomposition [38].

3.2.2 Structurat variation near a hydrophobic surface

    Figure 6 shows the (a) 3D reconstructed image and Åqb) depth profile of the aged

sample M5900, where z=O indicates the position of the hydrophobic surface. The

thickness of the spacer used for M5900 is 30 um. According to SEM observation, a skin

tayer has grown at the surface of the methytsitoxane get fitm contacting the hydrophobic

surface. The skin tayer has formed as a resutt of comptete wetting by the methytsitoxane

phase on the hydrophobic surface, due to the tow potarity of the methytsitoxane phase.

Since the thickness of the wetting tayer is quite thin (approximatety a hundred

nanometers), it is far betow the resotution of LSCM, so a comptetety accurate profite of the

confined gel-hydrophobic surface interface cannot be depicted. In the case of thin

potymer b(end fitms (approximatety tens to hundreds of nanometers thick), when one

component segregates preferentiatty to a surface, surface directed spinodat

decomposition teads to a tayered structure (i.e., tamettar structure) perpendicutar to the

surface. However, in the present system, tayered structure appears onty at ctose
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(a) (b)

Figure 5 Three-dimensionally reconstructed images of dried bulk gels derived from (a)

MTMS-FA system and (b) TMOS-FA system. Each gel exhibits the typical bicontinuous

structure derived from spinodal decomposition.

Table 1 The characteristic length, volume fraction of siloxane phase, the scaled mean

and Gaussian curvatures of the dried bulk gels

Characteristic Volume fraction of Scaled mean Scaled Gaussian

length (I-lm) siloxane phase curvature < H > curvature < K >

Dried MTMS bulk

Dried TMOS bulk

14.1

3.86

0.25

0.22

42
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proximity to the surface when the sot-get transition occurs and arrests the phase

separation, so it is hard to conctude that the tayered structure woutd devetop throughout

the fitm. Nonethetess, due to the comptete wetting of the hydrophobic surface, a

methytsitoxane deptetion tayer has formed beneath the skin layer. In the region deeper

than the methytsitoxane deptetion tayer, the butk-tike phase, there exists a bicontinuous

structure, which proceeds into the thick fitm.

    The morphotogy of the methytsitoxane deptetion region appears as cytindricat

cotumns perpendicutar to the surface, connecting the skin tayer and the butk-tike phase.

The representative binarized sticed images at various positions in the z-direction are inset

in Figure 3 (b); the white and black regions correspond to the sotvent and sitoxane phases,

respectivety. The sitoxane phase is dispersed in the major sotvent phase in the deptetion

region; in the deeper region, a bicontinuous "butk-tike phase" appears.

    Figure 7 shows the (a) 3D reconstructed image and (b) depth profite of the aged

sampte T7400 (the thickness of the spacer is 13 pm). From SEM observation, it is

reveated that the skin tayer has devetoped at the interface, as seen in the AATMS system.

The surface of TMOS otigomer is generatty thought to have hydrophitic character, however,

the starting composition of this system contains less than the stoichiometric amount of

water for comptete hydrotysis, so the surface of the alkoxy-containing s"ica get can be

highty hydrophobic. For this reason, the morpho{ogy and the depth profite are simitar to

the MTms system. In this case, however, the depletion is shatlower than that of the MTMS

system (see Figure6(b)). •
ln the deptetion tayer of the MTms system, cytindricat cotumns connecting the skin tayer

and the butk phase have formed, but these cannot be found in the TMOS system. This

difference can be exptained as fottows: since unreacted sitanots in the get condense during

the aging process, the get shrinks to some extent. The density of the sitoxane network is

tower in MTMS-derived get because each monomer has onty three functionat groups that

can react. Therefore, when the get shrinks toward the center of the fitm, MTMS-derived

get sketeton is ftexibte and can stretch to endure the stress of shrinkage, so the cylindricat
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Figure 6 The 3D reconstructed image and the depth vs. volume fraction profile of aged

M5900. The uppermost plane of the reconstructed image represents the surface (z=O).

The column-like structure that connects the interface and the bulk phase can be seen in

upper part of the image.
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Figure 7 The 3D reconstructed image and the depth vs. volume fraction profile of aged

T7400. Unlike the MTMS system, bicontinuous structure is maintained throughout the

sample.

44



CHAPTER 2:STRUCTURES INA TWO-DIMENSIONAL MOLD

cotumns perpendicutar to the surface are formed. On the other hand, the sitoxane

network of TMOS-derived get is thought to be more rigid than MTMS-derived get, so the get

skeleton cannot change its shape during shrinkage. Instead, the get sketeton broke up in

the drying process, in which more shrinkage occurs due to the evaporation of the sotvent,

white MTMS-derived get did not crack at att. This fact is atso confirmed by the inset

images in Figure 7 (b); bicontinuous structure is maintained throughout the sampte.

Another factor drasticatty affects the morphotogy in the proximity of the surface is the

characteristic tength of the butk. Since tonger characteristic tength means (onger time

between the onset of phase separation and getation, such deformation becomes more

significant when the phase separation time becomes tonger. Thus the reasons why

TMOS-derived get did not show significant deformation near the surface are; (1)

TMOS-derived get is hardty deformabte because of the rigid network and (2) shorter

characteristic tength in this case.

3.2.3 Structurat variation near a hydrophitic surface

    Figure 8 shows the (a) 3D reconstructed image and (b) depth profite of the aged

sampte M83GG (the thickness of the spacer is 13 ptm). In contrast to the hydrophobic

surface, the interaction between the hydrophitic surface and AATms otigomers is thought to

be tess attractive; however, the depth profite appears simitar to the hydrophobic case (see

Figure 6 (b)). The MTIVLS otigomers with tow potarity are thought to exhibit a tess

attractive interaction with hydrophitic surfaces; however, Si-O-Si chemicat bonds can form

between the sitanot groups on the hydrophilic gtass surface and MTMS otigomers or

monomers, so a rather attractive interaction between them teads to partiat wetting of

MTMS phase to the hydrophilic surface. tVlore importantty, the partiat wetting forms

"foothotds" to endure the shrinkage of get phase that teads to the methytsitoxane

deptetion tayer beneath the surface just as the hydrophobic case. The depth profite tooks

quite simitar to the case of hydrophobic surface. Since the skin tayer at the hydrophobic
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Figure 8 The 3D reconstructed image and the depth vs. volume fraction profite of aged

M83GG. There is tittte difference between this case and hydrophobic case (see Figure 6),

though the adsorption mechanism is quite different.
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Figure 9 The 3D reconstructed image and the depth vs. votume fraction profite of aged

T82GG. Again, though the adsorption mechanism is thought to be quite different, there is

tittte difference between this case and the hydrophobic case (see Figure 7).
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surface is quite thin, it has barety inftuenced the morphotogy in the deeper region, which

resulted in tittte difference between hydrophobic and hydrophitic cases.

    Figure 9 shows the (a) 3D reconstructed image and (b) depth profite of the aged

sampte T82GG (the thickness of the spacer is 30 ptm). In this case, as is described above,

since the surface character of TMOS otigomers is probabty highty hydrophobic, partiat

wetting by TMOS otigomers coutd have occurred on a hydrophitic surface, which resutted in

atmost the same behavior as the MTMS system.

    In summary, both kinds of affinity between the get phase and the surface (either

hydrophobic interaction or forming a chemicat bond) tead to the get deptetion tayer in

both MTMS and TMOS systems. The surface segregation tendency is thought to be stronger

for the hydrophobic interaction, which resutted in comptete wetting of the get phase on

the surface. The shape of the get deptetion tayer is quite different between the two

atkoxide systems due to the difference in crosstinking density and phase separation time.

    The characteristic tengths of the bicontinuous structures of the confined gels are

tonger than for the butk gets. Atthough we cannot give an expticit account for this

phenomenon at the present stage, it is probabte that the shrinkage during the

condensation reaction of sitanots is restricted due to the geometricat confinement.

4. Condusion

    Bicontinuous sitoxane-based gets were synthesized in 2D confined spaces and 3D

observation was performed by LSCM. The votume fraction of the confined gets oscittates

with depth near the surface. The structurat variances of the thick samptes near a

hydrophobic surface and a hydrophilic surface are simitar to each other; however, SEAA

observation reveated that a skin tayer has formed at the interface of a hydrophobic

substrate. In the case of the MTMS system, a cytindricat cotumnar get sketeton formed in

the methytsitoxane deptetion region, which reftects the ftexibitity of the 3-functionat get.
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Conversely, since the TMOS-derived gel has a more rigid siloxal")e network and shorter

characteristic length which exhibits the shorter phase separation time, such deformation

could not occur.

In the following section, more detailed discussion about the relationship between

structural deformation and phase separation time is given. Since deformation occurs

during phase separation (more precisely, during the systems remain fluidic after the

occurrence of phase separation), this dynamic factor will be found more effective than the

static chemical factor which was discussed in this section.
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Section 2.2 Lecal Geemetrlcal Anatysis ef Structural
Deformatien in MTMS-Derived Phase-Separating Gels: Effect of

Wetting, Gravity, and Visceelasticity

1. Introduction

    ln the previous section, near-surface structure of phase-separated sitoxane gets

confined between two parattet substrates is observed under LSCM, and the origjn of

deformation was discussed from the viewpoint of chemicat characters of the surfaces.

    Compositionat oscittation due to the preferentiat wetting in thin potymer btend fitm

had been reported as "surface-directed spinodat decomposition" [1]. In this mechanism,

the more wettabte phase with tower interfaciat energy segregates onto existing surface(s)

by van der Waats interaction in a diffusive manner and the oscittating wave perpendicutar

to the surface propagates into the fitm internats with time [1,2]. Surface-directed

spinodat decomposition, however, is a characteristic phenomenon onty in the earty stage of

SD, and in the tater stage of spinodat decomposition, the dynamic interptay between phase

separation and wetting in potymer btends or sotutions confined in 2 or 1 dimensionat spaces

has been studied by Tanaka et at [3]. They found that hydrodynamic flow derived from

wetting in a potymer mixture ptays an important rote during the morphotogicat evolution

via spinodat decomposition. Namety, more wettabte phase wets on a surface through

bicontinuous channets, which are originatty formed by spinodat decomposition and

transform to a cotumnar structure in the tater stage. More recentty, Jinnai et at.

performed the reat-space anatysis of phase-separating deutrated potybutadiene

(DPB)/potybutadiene (PB) potymer btend sandwiched between two parattet coverstips by

LSCAA [4]. When the characteristic tength, A., of the btend exceeds the separation, D,

between the coverstips, i.e. D/AmÅq1, the isotropy of bicontinuous structure break up

significantty and sequentiat transition to cotumnar structure connecting thick wetting
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tayers has been observed. In the case of 2D confined methytsitoxane gets, it was found

that the more etongated cotumnar structure was formed nearby gtass substrates in

retativety thick samp{es as described in Section 2.1. Atso, the osci(tating wave of votume

fraction of sitoxane phase had been reveated in the depth direction. The oscittating wave

seems to be simitar to that of surface-directed spinodat decomposition, however, the

formation mechanism is thought to be totatty different as is described above. Obviousty,

it is important to examine how wetting effects impose the structura{ deformation when

considering precise structurat controt of phase-separated sitoxane gets in confined

geometry.

   In this ch4pter, phase-separated structure of methytsitoxane get has been synthesized

in a variety of confining motds and structurat deformation due to preferentiat wetting has

been observed. In particutar, LSCM observation and curvature determination by Parattet

Surface Method (PSM) [5,6] have been performed in a thinner gap between parattet ptates

(a 2D space) than what is reported in Section 2.1. Interfaciat curvatures are the most

fundamentat tocat properties in the course of tate-stage spinodat decomposition, because

the morphotogicat devetopment is mainty driven by interfaciat energy. Hence the shape

of the spinodat interfaces normatty keeps minimat surface area in the case of 3D isotropic

spinodat decomposition.

2. Experimentat

  A gap between two gtass ptates was used as a 2D motd. A pair of potyethytene fitm

spacers was used to adjust separation between the ptates, ca. 25-50 pm. Gtass ptates

were deansed in water using an uttrasonic washer, and one of the gtass ptates is reptaced

by a coverstip for the purpose of LSCM observation. As a scated spacing of the motds, we

atso introduce D/A. in this study [4]. Here, D is defined as separation between the

substrates for the 2D motd, and A. shows characteristic tength of 3D isotropic butk get.
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Methyltrimethoxysilane (MTMS, Shin-Etsu, Japan) and formamide (FA), methanol

(MeOH) and nitric acid (Hayashi Pure Chemical Industries, Japan) were used as source

materials without further purification. The molar ratio of the starting solution is MTMS :

FA: H20 = 1 : f: 2.5, for the MF system, and MTMS : MeOH : H20 = 1 : m : 2.0 for the MM

system. The molar ratios f and m was varied from 2.0 to 2.3 and 0.9 to 1.1, respectively.

Appropriate amounts of 1.0 M aqueous Nitric acid and FA or MeOH were mixed in a glass

tube and then MTMS was added under vigorous stirring at 0° C. After stirring for 5 min,

the resultant homogeneous solution was transferred into the polystyrene reaction vessel in

which the molds were placed, followed by an ultrasonic agitation for 1 min and vacuum

deaeration. Then the solution was allowed to gel at 40° C in a closed condition. The

resultant gel was aged over 24 h at the same temperature. Then some of the 2D and 3D

samples were solvent exchanged with Fluorescein-dissolved FA or DMA solution in order to

enhance the contrast in LSCM images. Thus, LSCM observation was conducted in reversed

phase; solvent phase (pores in dried state) and siloxane phase are seen as bright and dark

areas, respectively. The other samples were dried at 40° C more than 24 h, and then

subjected to SEM observation.

Laser Scanning Confocal Microscope (LSM 510, Carl Zeiss, Germany) and SEM (S-2600N,

Hitachi, Japan) were employed for observation of the gel morphologies. In LSCM

observation, sufficiently thin focal depth can be obtained by shutting emitted light from

unfocused planes in a sample by a confocal pinhole, and hence series of 2D sliced images in

the depth direction can be obtained by moving the motorized observation stage along the

light axis. An Ar (A=488 nm) laser was used to excite Fluorescein molecules, and an oil

immersed 63x/1.25 objective lens (Plan-Neofluar, Carl Zeiss) was used. Intensity of

fluorescence from a particular point in a focal plane (x-yor lateral plane) at a given depth

z, I(x,y,z), was recorded by the detector behind the long-pass filter (over 505 nm) into

512x512 pixels2
, 8 bit gray scale images.

From digitized LSCM images, the area-averaged mean «H> !-Am' l ) and Gaussian «K>

I-Am'2) curvatures determination of the spinodal interfaces was performed on the basis of
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PSAA [5,6], in which variation of surface area is measured by parattet disptacement of an

original interface. The area of the parattet surface, A(d), and that of the originat

interface, A(O), depend on the interfacial curvatures, thus

   A(d).A(o)(1+2ÅqHÅrd+ÅqKÅrd2), ÅqHÅr=Ki +2K2, ÅqKÅr=K,K,, (2-1)

where d presents a disptacement of the parattet surface from the originat interface, Ki and

K2 are the principat curvatures of an interface. This equation is vatid when the

disptacement dis sufficientty smatt. Since the vatues of ÅqHÅr and ÅqKÅr are stightty affected

by the size and portion of the obtained structure, we introduce the dimensiontess scated

curvatures, (fi), (kÅr as

   (iiÅr=ÅqHÅr!x (iill)-ÅqKÅrIE2 (2-2)
where E is interfaciat area per unit votume (pm'i) of the spinodat interface, which is

directty obtained from LSCM observation. Hereafter, we discuss the interfacia{ curvature

using these scated vatues.

3. Resutts and Discussion

3. 1 The MF system

    ln Figure 1, reconstructed LSCM images are shown (f=2.3 for part (a)-(c), f=2.4 for

part (d)-(e)). The feature of the butk prepared far from any surfaces, we denote it as 3D

butk, ctearty exhibits isotropic bicontinuous structure where both the si(oxane sketeton

and macropores are interconnected as shown in part (a). The geometricat properties are

tisted in Tabte 1, which shows the scated mean and Gaussian curvatures, (fi) and (kÅr,

were calcutated as -O.446 and -1.78 respectivety, indicating most of the spinodat

interfaces consist of saddte-tike hyperbotic ones [7] and are stightty concave to the

sitoxane phase [8]. The periodic tength of the structure, Am, which is another

characteristic parameter in the course of spinodat decomposition, was computed by 3D
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Figure 1 Three-dimensional reconstructed images obtained from LSCM; (a) 3D bulk gel

prepared in free space far from any surfaces ({=2.3), (b) and (c) confined gel (identical

composition with part (a) prepared between parallel plates separated by 47.0 and 34.5 Ilm,

respectively and (d) confined gel prepared between parallel plates separated by 25.3 Ilm

({=2.4). The values of OfAm in part (b), (c) and (d) are 2.9, 2.1 and 0.67, respectively.

The significantly elongated columnar structure in part (b) and (c), and wetting transition in

part (d) can be easily confirmed.
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FFT of the each binarized sliced images then the structure factor is circutar averaged in

the q.-qy ptane. The wavenumber at a maximum intensity, qm, has the retation with A.

as Am=2xlqm and A. of the 3D butk is found to be 16.3 pm.

    The get features in a 2D confined motd are considerabty affected by the parattet

surfaces. Part (b) in Figure 1 exhibits the identicat MTMS-derived gets confined between

parattel g(ass ptates separated by 47.0 pm and hence D/A.=2.9. The uppermost and

towermost ptanes are corresponding to the gtass surfaces of the motd. Different{y from

previous(y reported DPB/PB potymer btend system [4], drastic structurat deformation near

the surfaces occurs even in a retativety targe vatue of scated thickness DIA. in the present

methytsitoxane system. This is partty because the high wettabitity of MTms-rich phase in

the present case attows phase-separated components to move more rapidty than potymer

btend system. That is, separated phases can "feet" the existing surface even in the far

inside portion of the 2D sampte. Here, "wettabitity" is characterized by the asymmetry

of interfaciat energies of different phases, and is the driving force that causes preferentiat

transport of one of the phases. Its dynamicat behavior is naturatty retated with the

viscosity. That is, in the present case, MTMS-derived phase is thought to have the tower

interfaciat energy compared to the sotvent phase which mainty consists of FA and MeOH

because MTAAS otigomers do not have a strong effective intermotecutar interaction at the

onset of phase separation compared to methanot and FA, which are tend to form hydrogen

bond.

    Actuatty, the confined get seems to have wetting tayers in the proximity of the

surfaces, however, we cou{d not capture them obvious{y because the wetting tayers are

very thin and are to be observed in negative phase as described in the experimentat

section. The existence of the wetting tayers is deduced from the fact that 4!,it of the

shown votume of the sampte is onty O.156, which is tess than Git of 3D butk (=O.290).

   In Figure 2(a), the partitioned figures of the same image are shown. The image is cut

by the border depicted in Figure 2 (b), which indicates the votume fraction profite of the

identicat sampte in the depth direction. Drastic deptetion regions are confirmed nearby
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Figure 2 (a) Montage images of 2D confined get shown in Figure 1(b). Partition borders

are depicted in part (b). In the regions 1 and 1', which are nearby the surfaces,

etongated cotumnar structure perpendicutar to the surfaces can be corroborated, and in

the region 2, rather transversat bicontinuous structure is teft at nearty midst of the sampte.

(b) The depth profite of votume fraction of sitoxane phase, Åëkit, which oscittates

significantty between the surfaces. in particutar, the drastic deptetion region near both

the surfaces reftects the cotumnar structure resulted from wetting. The broken tine

corresponds to the Åë!,it of the 3D butk get.
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both the surfaces, which correspond to the cotumnar structure. The upper and tower

parts of the montage image ctearty show that most of the gel sketeton is etongated and

perpendicutar to the surface and middle part of it shows that there is transversat

bicontinuous structure in nearty the midst of the sampte. The characteristic tength in the

bicontinuous part is tonger than that in 3D butk get (see Tabte 1), but the reason is stitt

unc{ear'i. The etongated sketetons perpendicutar to the surface are thought to act as

materiat transfer channets [3] through which the more wettabte MTMS-derived phase is

brought onto the surfaces. Comparison of the curvatures between these three parts and

3D butk are tisted in Tab(e 1. The Gaussian curvature (k) of the various portion of the

sampte is atmost unchanged, however, the mean curvature (fiÅr changed considerabty

between cotumnar get sketeton and bicontinuous portion. This reftects the geometricat

difference between these structures. Since the principat curvature whose center tocates

in the sotvent-rich phase is defined positive, deviation to a targe absotute vatue with

signed negative means the devetoped cotumnar structure as ittustrated in Figure 3.

Cotumnar get sketeton stitt mostty has a hyperbotic surface, i.e.(k)Åqo, however, from

Figure 2(a), its surface is found to be more straight than bicontinuous one. This is indeed

retated to the deptetion of sitoxane phase in the cotumnar region Åqupper and tower part in

Figure 2 (a)). The targe vaiue of the mean curvature is unfavorabte from the view point of

interfaciat energy. According to Laptace equation, when different phases are separated

by an interface with mean curvature H, pressure difference generates between the phases

fotlowing the equation

   Ztp =r(Ki+K2)= 27H, (2-3)
where Ap and 7are the pressure difference and interfaciat energy, respectivety. That is,

wetting is dominated by the pressure difference between wetting tayer and etongated

sketeton, not by interfaciat energy [3,4].

    In the sampte which has more decreased thickness, D=34.5 ptm, i.e. D/Am=2.1, the

typica{ bicontinuous structure has disappeared and observed were onty the cotumnar get

sketetons connecting between two surfaces as is shown in part (c) of Figure t. These
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Figure 3 Schematic ittustration of the retationship between the shape of sitoxane get

sketeton and curvatures; (a) cotumnar sketeton often observed near the surfaces and (b)

saddte-tike sketeton in the bicontinuous portion. Since KiÅrO and K2ÅqO, mean curvature

H=(Ki+K2)/2 becomes smatter in cotumnar sketeton where l Ki l and l K21 becomes smatter

and targer, respectivety. Whereas hyperbotic saddte-tike points in the bicontinuous

pattern shows 1Kd=1K21 thus H=O. Gaussian curvature K=Kirc2 is not apparentty varied

between these two.
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significantty deformed structures do not resembte the case of DPB/PB potymer btend fitm

[4], in which the cotumnar structure easity breaks up due to the tow viscosity asymmetry.

Indeed, the present case is somewhat retated with the "viscoetastic phase separation" [9]

where if the separated phases had intrinsic dynamic asymmetry, phase separation behavior

woutd be dominated by the difference in viscosities of the phases in a certain time regime.

Since the present system separates into the solvent-rich phase with no e(asticity and highty

viscoetastic network-forming sitoxane get phase, significantiy etongated cotumnar

sketetons appeared owing to the "viscoetastic phase separation". Shrinkage during aging

and drying process due to condensation of residuat sitanots [10] is atso responsibte for the

etongated cotumnar structure as seen in these two samptes. According to the tisted

vatues of curvatures in Tabte 1 , this structure seems to have an elliptic interface, but these

vatues are significant{y affected by the ettiptic portions of the sitoxane phase as shown in

Figure 1(c). Since the etongated get sketetons are to be broken up in the course of

wetting, these parts are thought to be the resutt of breakup and adsorption to the

surfaces.

    The sampte with more increased vatue of f (=2.4), where DIA. became tess than

unity, showed "wetting transition" in the 2D mo{d. The characteristic tength of 3D butk

get is 37.8 pm, which is shown in Figure 1 (d) and Tabte 1. In the sampte with D=25.3 ym,

(thus D/A.=O.67), the sitoxane component completely wets the surfaces forming thick

wetting tayers, and no structure is teft between them as is shown in Figure 1 (e) and Tabte

1. When spinodat wavetength exceeds the dimension ofthe motd, there witt be no way to

devetop the wave in the confining motd, and transition to comptete wetting witt be

promoted. What is noteworthy is the congruency of 4sit in 3D butk and 2D confined get as

is shown in Tabte 1, and both the curvatures become ctoser to zero, indicating the mostty

p{aner interfaces.

3.2 The MM system

    As described in Chapter 1, phase separation and getation behavior is substantiatty
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Tabte 1 Geometricat parameters of phase-separated methytsi{oxane gets.

Am (ptM) Åë!'it E' (ym") (ii) (k)

Butk get in Figure 1(a)

Region 1 in Figure 2(a)

Region 2 in Figure 2(a)

Region 1' in Figure 2(a)

Confined get in Figure 1(c)

Butk gel in Figure 1(d)

Confined get in Figure 1(e)

16.3

-**

24.7

-tt

29.0

37.8

 -t*

O.290

O.128

O.283

O.105

O.104

O.429

O.415

O.407

O.205

O.355

O.171

O.0996

O.264

O.206

-O.446

-1.71

-O.469

-2.19

-2.90

-O.317

-O.112

-1.78

-2.16

-1.95

-3.46

 9.21

-O.795

 1.66

"E: Area of spinodat interface per unit votume

"" : lt is hard to define characteristic tength because the power spectrum does not have a

sharp peak (no periodic structure).

Tabte 2 The geometricat parameters of sitoxane gets obtained from the mu system

(m-1.0).

D/Am
(,i7År (k)

Butk

Thin GG

Thin oo

Thick GG

Thick OO

2.60

4.80

18.2"

18.2"

-O.27

-O.47

-O.42

-O.72

-1.05

-1.79

-2.05

-2.31

-1.88

-2.52

"The actuat thickness can not be determined by LSCM. Sampte thickness D is deduced as

200 pm which is a thickness of the spacer.

62



CHAPTER 2: STRUCTURES IN A TWO-DIMENSIONAL MOLD

different between the MF and the MM systems. If the hypothesis of the origin of

deformation, that is, preferentiat wetting by hydrodynamic ftow during the phase

separation, is correct, a significant variation in the dynamic deformation shoutd appear.

Since the deformation due to preferentiat wetting occurs in between the onset of phase

separation and that of getation, the effect of wetting witt be insignificant in the MM system

with shorter phase separation time.

    In Figure 4 phase-separated sitoxane gets derived from the A/W{ system (m=1.0) are

exhibited, and the geometricat parameters are tisted in Tabte 2. Part (a) represents the

butk get with A.=11.0 ptm and it is confirmed that the votume fraction profite is ftat

(dyii=O.31). Part (b) and (c) shows the identicat get confined between hydrophitic and

hydrophobic ptates, respectivety. Atthough the votume fraction profile oscittates in both

cases, the structurat deformation is much less than the case of the MF system. The inset

images on the votume fraction profites indicate that there remains a somewhat transversat

get connection, which is a brittiant contrast to the AAF system (see Figure 6 (b) in Section

2.1).

    On the contrary, when the identicat gets are confined between much thicker 2D

spaces, deformation became more significant. Figure 5 shows the samptes confined in

D=200 vm spaces. Much etongated get ske{etons beneath the surfaces are confirmed in

both (a) hydrophitic and (b) hydrophobic cases. Since the bu{k ge{s prepared from the IVW{

system is susceptibte to the gravity because the system phase-separates into heavier

viscoetastic sitoxane-rich phase and tighter sotvent-rich phase with no etasticity (siloxane

sketeton density is ca. 1.44 g/cc from Hg porosimetry, and that of methanot, which is the

main constituent of sotvent-rich phase, is O.79 g/cc), this unexpected phenomenon in

confined geometry is atso considered as the gravity effect [11]. That is, when

surface/votume ratio becomes smatter, the upper surface must endure the weight of targer

votume of get. During the phase formation after the onset of phase separation, the

63



CHAPTER 2: STRUCTURES IN A TWO-DIMENSIONAL MOLD

30

30

25

25

20

20

15

15

10

10

Depth /I-lm

Depth / I-lm

0.4

0.3

01

000 ',-_,---_---,-_-,-_----,_----,_---,

0.35

0.10

0.25

0.05

"iii 0.20
-e-

0.15

"iii
-e- 0.2

0.4

0.3 :J
"iii

0.2~-e-

0.1

0.0

10 20 30 40 50

Depth /I-lm

Figure 4 Three-dimensional reconstructed images of phase-separated siloxane gels

derived from the !'AM system (m=1.0). (a) Bulk gel (¢Si/=O.31), (b) gel confined between

hydrophilic plates (0=29.1 t-tm and OfAm=2.6) and (c) gel confined between hydrophobic

plates (0=52.9 t-tm and OfAm=4.8).
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Figure 5 Phase-separated sitoxane gets derived from the mu systems confined between

thick 2D spaces fabricated by (a) hydrophitic substrates and (b) hydrophobic substrates.

The thicknesses of the both samptes are 200 ptm. The starting composition is the same as

in Figure 3.
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near-surface structure is slightly deformed into columnar gel skeletons perpendicular to

the surface, and then the deformed skeletons are elongated by the larger volume of a gel

which is settling down by the gravity. The absolute values of mean curvature, which is

the indication of deformation, become larger due to the significantly deformed columnar

gel skeletons as listed in Table 1. Since the siloxane gel phase tends to wet more

significantly onto the hydrophobic substrate because of the hydrophobic interaction, the

columnar deformation is slightly larger in the case of hydrophobic substrates.

As described above, these deformation phenomena are considered to be related to

"viscoelastic phase separation" [9], that is, the system phase-separates into very

viscoelastic siloxane-rich phase and solvent-rich phase with no elasticity. From this point

of view, if the viscosity of solvent-rich phase becomes higher by adding water-soluble

polymers etc., the deformation will be restricted. As is confirmed in DPB/PB polymer

mixture system [4], the lack of difference in viscosity should avoid the deformation.

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)

(EOlOSP070EOlOS, A\v=12,600) (denoted simply as EOPOEO) was added to the starting

solution instead of MeOH, and it was confirmed that all of the EOPOEO block copolymer

molecules were distribute in the solvent-rich phase by TG-DTA measurement. Figure 6

represents the gels obtained from this block copolymer-included system. The 2D

substrate is hydrophobic substrate with 0=200 I-lm in which the deformation becomes most

significant in the MM system as shown in Figures 4 and 5. Although small depletion can be

seen at around 6 I-lm in depth, the deformation is highly suppressed: In Figure 5 (b) we

can confirm the well-developed columnar skeletons (as long as 25 I-lm) and siloxane phase

fraction in the depletion region settles down to 0.04. However, in the same 2D substrate

the depletion is much smaller (¢Sil=ca. 0.19) and transversal connections of siloxane gel

skeletons are confirmed. For the purpose of investigating the effect of phase separation

time within the MM system, a phase-separated gel was prepared using dilute OAM NA as a

catalyst. By using a dilute acid, hydrolysis will slow down due to the decreased

concentration of the catalyst [10,12], and polycondensation reaction will also be retarded

66



CHAPTER 2: STRUCTURES IN A TWO-DIMENSIONAL MOLD

302010

Depth /~m

0.1

0.3

0.4 " o
Co

0.2

Figure 6 Phase-separated siloxane gels derived from MTMS-EOPOEO-1M NA system

confined between thick 2D spaces fabricated by hydrophobic plates. The thickness of the

sample is 200 ~m. The striking deformation seen in Figure 4 (b) is effectively suppressed

by incorporating viscous EOPOEO in the solvent-rich phase.
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since the pH in the reacting solution becomes closer to the IEP of MTMS [10]. In the

MTMS-MeOH-OAM NA system, both the gelation and phase separation times become over

three times those of the MM system where 1M NA is used. In the hydrophilic substrates

with D=200 f-lm, the thickness of the siloxane wetting layer is confirmed to be 0.8 f-lm and

4.0 f-lm in the 1M NA and the OAM NA systems, respectively. This fact implies that the

dynamic factor such as the phase separation time affects the wetting behavior of siloxane

gel.

4. Conclusion

The effect of wetting, gravity, and viscoelastic factors on the phase separation in 2D

molds is intensively studied.

In a phase-separated gel derived from MTMS-FA-1M NA system (MF system) in a

thinner 2D mold, columnar deformation near a surface is much notable compared to the

case of thick samples shown in Section 2.1. The relationship between wetting effect is

discussed using Tanaka's hypothesis and Laplace law. According to the curvatures in the

deformed regions, "hydrodynamic pumping" mechanism is suggested to be predominant.

For the purpose of confirming the "hydrodynamic pumping" hypothesis, where the

dynamic parameters such as phase separation time will be influential, the MM system with

a much faster reaction rate is studied. In the MTMS-MeOH-1M NA system (MM system), as

is anticipated, the deformation is effectively suppressed compared to the MF system.

However, when the thickness of the 2D substrate becomes as thick as to be affected by the

gravity, extraordinary deformation appears. In avoiding such deformation induced by the

gravity, a water-soluble polymer such as EOPOEO which is mostly distributed to the

solvent-rich phase plays a crucial role by reducing the difference in viscosity in the both

siloxane-rich and solvent-rich phases. The effect of reaction time is also confirmed by

using the similar system with diluted catalyst.
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In this chapter, a prehistory of the consideration of siloxane deformation in a 20 mold

was demonstrated. The dynamic effect was found to be more significant than the

chemical one, contrary to the tentative conclusion given in the previous part. But the

author thinks the truth is not certified unless the time-evolution is observed in real space;

scattering method such as light scattering does not give an insight. Time-resolved

real-space analysis of the phenomena is strongly needed to further approach the truth in

these results.

Footnote

*1: Coarsening acceleration was observed by experimentally [13], and it was confirmed by

numerical simulation [14] that the hydrodynamic wetting accelerates the coarsening

"near" surfaces.
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CHAPTER 3: STRUCTURES IN A ONE-DIMENSIONAL
MOLD

Seq~ion }J.1 Ph~s,~Separated Structure of Methylsiloxane Gel in a

Long CylindricalcapiUary

1. Introduction

In the previous chapter, phase-separated structure of methylsiloxane gels derived

from both MF and MM systems in a 2D mold was investigated especially by LSCM. The 2D

confined gels derived from the MM system are revealed to be less deformed compared to

those from the MF system. This means the MM derived gels are advantageous for applying

to a HPLC separation medium which is required to have isotropic homogeneous structure.

Preparing such an isotropic structure in a 1D capillary is of high technical and practical

concerns for capillary HPLC and capillary electrochromatography (CEC) [1-6]. Also, phase

separation and wetting of mixtures of low molecules and/or polymers in a 1D capillary

holds rich physics.

In this section, structures of MF- and MM-derived methylsiloxane gels in a long

cylindrical capillary are studied. Owing to the technical difficulty of LSCM observation of

a capillary, the structural observations are performed only by SEM. The practical

application to capillary HPLC is detailed in Chapter 5.

2. Experimental

Molds used in this chapter are detailed in Chapter 1. A long cylindrical capillary

(Polymicro, Phoenix, USA, denoted simply as capillary) are used as received (hydrophilic)
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or after octadecylsilylation (hydrophobic). The internal diameters (ID) of capillaries are

10, 50 and 100 !J,m. In this case the scaled spacing of a mold DIAm is also defined. Here,

D in a capillary represents ID.

The experimental procedure is the same as in the previous chapter. Two systems

yielding methylsiloxane gels, the MF and MM systems are examined. The molar ratio in

the MF system is MTMS : FA : H20 = 1 : f : 2.5 and that in the MM system is MTMS : MeOH :

H20 = 1 : m : 2.0. Characterization of obtained gels was performed by SEM (S-2600N,

Hitachi, Japan).

3. Results and Discussion

3.1 Gels dedved from the MF system in a capillary

In the sample with f=2.2, 3D bulk and gels confined in hydrophilic capillaries are

shown in Figure 1. Periodic length of the 3D bulk (see part (a)) is found to be Am =1.06 !J,m,

which was directly measured from the enlarged SEM micrograph. In the capillaries with

larger internal diameters (D=100 and 50 !J,m, shown in part (b) and (c), respectively),

homogeneous bicontinuous structure was formed. Since the smaller Am corresponds to

shorter time-lag between the onset of phase separation and the complete structural

freezing point, wetting effect has not been become significant yet at that stage. This is

because the hydrodynamic wetting effect starts to play right after the phase separation

takes place [21]. On the other hand, thinner capillary with D=10 !J,m, an intriguing

transition to the columnar structure has occurred even if it has the larger value of DI Am

(=9.4), which is shown part (d). In a thinner capillary, there is not enough space for the

development of bicontinuous structure, only columnar structure was left inside, which is

similar to the 2D case shown in Figure 1(c) in Section 2.2.

In Figure 2, results of the system with increased phase-separation tendency with

f=2.3 are shown, where periodic length of the 3D bulk (part (a)) is Am=25.9 !J,m, gels with

72



CHAPTER 3: STRUCTURES IN A ONE-DIMENSIONAL MOLD

Figure 1 Scanning electron microscope images of 1D confined gels derived from the MF

system(f=2.2). (a) 3D bulk gel (Am=1.06 ~m) and (b)-(d) the corresponding confined gel in

1D hydrophilic molds with internal diameters of 100, 50 and 10 ~m, respectively. The

values of OfAm are (b) 94, (c) 47 and (d) 9.4.
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Figure 2 Scanning electron microscope images of gels confined in hydrophilic capillaries

with more increased value of f (=2.3). The placement of the figures is the same with in

Figure 2. The values of DfAm are (b) 3.9, (c) 1.9 and (d) 0.4.
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columnar skeleton near the surfaces and core structure was obtained in the hydrophilic

capillaries with 0=100 and 50f.tm (0IAm=3.9 and 1.9, respectively) in part (b) and (c),

respectively. These behaviors are thought to be similar to the 2D case, however,

formation of the columnar gel skeleton seems to start at the larger 01Am value probably

due to the larger surface area per unit volume in 1D geometry. In the capillary with

0=10 f.tm, no phase-separated domains were left inside the space, showing the wetting

transition has occurred. The value 01Am=OA is less than unity which is also similar to the

case of 2D mold.

3.2 Gels dedved from the MM system in a capillary

In the previous chapter 2D confined gels derived from the MF system tend to be more

deformed compared to those from the MM system. In a 1D capillary, it is also revealed

that the MF-derived gels deform significantly when 01Am becomes closer to unity, and

wetting transition is found to occur when 01Am becomes less than unity. Here the

structures of MM-derived gels are discussed.

Figure 3 represents the MM-derived gels with m=0.9 and Am of the bulk (a) is 6.27 f.tm.

Parts (b) to (d) exhibit the gels inside hydrophilic capillaries, and very homogeneous

structure is confirmed in all capillaries. Especially even in 10-f.tm-capillary allows an

isotropic structure with no deformation, which is a good contrast to the case of the MF

system. The MF-derived gel in 10-f.tm-capillary is significantly deformed into columnar

structure at 01 Am=9A (see Figure 1 (d)), whereas the MM-derived gel in the same ID of

capillary does not exhibit the deformation at 01Am=1.6. Here, again, difference in the

phase separation time may affect the extent of the deformation. In a hydrophobic

capillary, more unambiguous difference appears. Figure 4 exhibits the gels in

octadecylsilylated hydrophobic capillaries. The bulk gel is identical with one in Figure 3

(a). For all samples, a thick skin layer is developed on the interface of the capillary.

This is the result of hydrophobic interaction and since there are few chemical bonds

between siloxane-rich phase and the octadecylsilylated surface, the gels are stripped off
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Figure 3 Scanning electron microscope images of 1D confined gels derived from the MM

system(m=0.9). (a) 3D bulk gel (Am=6.27 f.A.m) and (b)-(d) the corresponding confined gel

in 1D hydrophilic molds with internal diameters of 100, 50 and 10 f.A.m, respectively. The

values of D/Am are (b) 16, (c) 8.0 and (d) 1.6.
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Figure 4 Scanning electron microscope images of confined gels derived from the MM

system(m=0.9) in hydrophobic capillaries. The 3D bulk gel is Figure 4 (a). Capillary IDs

are (a) 100 f-lm, (b) 50 f-lm and (c) 10 f.A.m. The values of D/Am are (a) 16, (b) 8.0 and (c)

1.6.
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from the surface and shrink during aging and drying. Although bicontinuous structure is

almost homogeneous in a capillary with 100 flm ID, columnar structure appears near the

surface in a 50 flm ID capillary. Part (c) shows the wetting transition and the gel skin is

stripped off as well. Thus structural deformation is much proceeded in a hydrophobic

capillary. As the driving force of hydrodynamic wetting emerged from interfacial energy

is the same in both hydrophilic and hydrophobic capillaries, these drastic differences must

have been induced by hydrophobic interaction. Although an effective difference is not

observed between hydrophilic and hydrophobic surfaces in a 2D mold described in the

previous chapter, in a 1D capillary the drastic difference is confirmed.

Figures 5 and 6 also show the phase-separated structure at m=1.0 in hydrophilic and

hydrophobic capillaries, respectively. Again, gels in hydrophobic capillaries tend to be

more deformed which can be obviously understood by comparing two figures. The

columnar structure which is similar to the MF system (0/Am=9.6) is also appeared in the

MM system. However, the value of 0/Am is 0.91 where the wetting transition occurs in the

MF system. Figure 7 and 8 are the more coarsened gels with m=l.l. The similar

tendency is also corroborated in these figures. Part (d) shows the hydrophilic capillary

with 10 flm, and the transition to complete wetting is recognized to be under proceeding.

Here again, gels in hydrophobic capillaries are more deformed.

Characteristic length in the cross-sectional direction, that is, within the paper plane,

tends to become shorter than the corresponding bulk. On the contrary, in a 2D mold, it

becomes longer in the x-y plane as described in the previous chapter. From this

discrepancy, it can be deduced that the characteristic length in the confined direction

becomes shorter and that in the non-confined direction becomes longer than bulk. For

instance, from Figure 6 in Section 2.1 clearly shows the characteristic length in z-direction,

i.e. the confined direction is shorter than the bulk (14.1 flm for the bulk and ca. 10 flm for

the confined sample). An LSCM image of phase-separated structure of MF-derived gel in a

rectangular-sectioned capillary is shown in Figure 9, and it can be confirmed that the most
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Figure 5 Scanning electron microscope images of 1D confined gels derived from the MM

system(m=1.0). (a) 3D bulk gel (Am=11.0 !lm) and (b)-(d) the corresponding confined gel

in 1D hydrophilic molds with internal diameters of 100, 50 and 10 !lm, respectively. The

values of D/Am are (b) 9.1, (c) 4.5 and (d) 0.91.
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Figure 6 Scanning electron microscope images of confined gels derived from the MM

system(m=1.0) in hydrophobic capillaries. The 3D bulk gel is Figure 6 (a). Capillary IDs

are (a) 100 !!m, (b) 50 !!m and (c) 10 !!m. The values of DfAm are (a) 9.1, (b) 4.5 and (c)

0.91.
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Figure 7 Scanning electron microscope images of 1D confined gels derived from the MM

system(m=1.1). (a) 3D bulk gel (Am=29.7 ~m) and (b)-(d) the corresponding confined gel

in 1D hydrophilic molds with internal diameters of 100, 50 and 10 ~m, respectively. The

values of DJAm are (b) 3.4, (c) 1.7 and (d) 0.34.

81



CHAPTER 3: STRUCTURES IN A ONE·DIMENSIONAL MOLD

Figure 8 Scanning electron microscope images of confined gels derived from the MM

system(m=1.1) in hydrophobic capillaries. The 3D bulk gel is Figure 8 (a). Capillary IDs

are (a) 100 ~m, (b) 50 ~m and (c) 10 ~m. The values of DfAm are (a) 3.4, (b) 1.7 and (c)

0.34.
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Figure 9 An LSCM image of phase-separated siloxane gel structure derived from the MF

system in rectangular-shaped capillary. The bright and dark regions are corresponding to

the solvent-rich and siloxane-rich phases, respectively. The dark regions on both right

and left sides are capillary walls.
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gel networks are directed to the non-confined direction. Thus phase-separating structure

coarsens preferentially in the non-confined direction, while that in the confined direction

can not coarsen rapidly. Since the coarsening behavior also has a complex relation with

wetting and its derivative structure, note that this is not the only case determining the

characteristic length. Cumming et al. found a fast-mode domain growth in addition to

the normal growth by light scattering in a thick polymer blend film [9,10] and concluded

that the fast-mode kinetics are resulted from a surface-mediated wetting. Although their

conclusion is derived from 2D light scattering and lack of evidence, both wetting and

confined geometry should affect the coarsening dynamics.

4. Conclusion

From SEM observations, the structural deformation in a long cylindrical capillary was

discussed. In the MF system the overall features of deformation was found to be similar

to the 2D cases that were already discussed in Chapter 2. Gels derived from the MN\

system showed a drastic difference from the MF system. In a hydrophilic capillary, the

extent of deformation is much smaller than the MF system and transition to the columnar

structure was observed when OfAm became less than unity. Wetting transition took place

when OfAm became much smaller. In a hydrophobic capillary, much deformed gel with

thick skin layer was obtained, and wetting transition occurred when OfAm became less

than unity. This is the same result as the MF system. The reason of the fast deformation

is thought to be hydrophobic interaction. Although we have suffered from experimental

difficulty to prepare a sample with intended thickness in a 2D mold, a 1D capillary gave us

the more detailed information on structural variation and tendency. Characteristic

length in the confined direction is usually found to become shorter whereas that in the

non-confined direction tends to become longer. A complex relationship between

characteristic length and wetting-induced deformed structure is also responsible for the
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Open Groove

1. Introduction

Silica gels with bicontinuous structure have been applied to analytical devices such

as high performance liquid chromatography (HPLC) [1] and solid phase extraction (SPE) [2]

etc in recent days. This type of monolithic column is synthesized via sol-gel accompanied

by spinodal decomposition [3]. In siloxane sol-gel systems, phase separation can be

induced by the growth of siloxane polymer in the presence of water soluble polymers or

low molecular weight polar solvents. Another important process is mesopore formation

inside the silica skeletons [4] developed by phase separation. The mesopore formation is

achieved by aging-treatment with a basic aqueous solution or incorporating surfactants in

the starting solution.

Methylsiloxane gel derived from 3-functional methyltrimethoxysilane (MTMS) etc is

another promising material for various applications because 3-functional gel prepared with

small amount of water in an acidic condition does not tend to shrink and crack during aging

and drying, which allows better formability than 4-functional silica gel. Miniaturized

monolithic separation devices such as capillary columns or those prepared in flow channels

in Lab-on-a-chip devices are drawing a lot of attention because fewer amount of sample is

required and very high efficiency of mixing, synthesis, separation and purification is

expected. For this purpose, much effort has been made for tailoring micro-structures

using inorganic sol-gel [5], molded polymerization [6] and deep reaction ion etching [7].

In this section, we show the general tendency of development of pillar structure in

micro-fabricated open grooves and propose a phenomenological model of the growth of it.
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2. Experimental

An optical microscope image of the grooved glass chip is shown in Figure 1. The

widths of the grooves are 1, 3, 5, 7, 10, 15 and 20 !!m. In this case the scaled spacing of a

mold DfAm is also defined. Here, D represents the width of a groove.

The experimental procedure is the same as in the previous section. The schematic

illustration of the preparation in open grooves is exhibited in Figure 1 (b). Note that the

groove inside and the starting solution is continuous throughout the process.

Characterization of obtained gels was performed by SEM and LSCM.

For the sample subjected to LSCM, in order to obtain the normal phase images, i.e.

siloxane-rich phase is recognized as a bright region, co-polymerization with dye-attached

monomer is tried using the MF system. The preparation of dye-monomer is given in

Chapter 1. Molar ratio of starting solution is MTMS : FA: H20 = 1 : 2.9 : 2.5 and 1 mL of

dye-monomer solution was dissolved just before MTMS was added. All the other

procedures and conditions are the same as those described in the previous chapter.

3. Results

3.1 The difference between two systems

As described above, two different systems are investigated in this study. In the MF

system, since the hydrolysis and polycondensation reactions are significantly slow because

the pH in the starting solution rises to 4-5 when the condensation reaction proceeds. This

is because formamide is hydrolyzed by a strong acid and water. Thus the MF system is

thought to be allowed an efficient period of time for the competitive structural formation

between spinodal decomposition and wetting and the frozen structure reflects the

well-developed one. While in the MM system, as the reaction rate is about 20 times

higher than the MF system, the obtained structure does not represent the well-developed
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(b)

Reaction Vessel

Figure 1 (a) Optical microscope image of the surface of the glass chip on which

micro-grooves are fabricated. (b) Schematic cartoon of the procedure. The template

glass chip is soaked in a starting sol, and then it turns to gel with forming web-like

bicontinuous structure. Inside the grooves and outer bulk solution or gel is continuous

throughout the process.
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one. Other detailed features in both systems have been already described in Chapter 1.

3.2 The MF system

As described above, the MF system is thought to exhibit the well-developed structure

during wetting, so we start with the results of the MF system. Figure 2 shows the

MTMS-derived bicontinuous structure with f=2.3; (a) bulk, (b) in 20-, (c) in 15- and (d) in

10-~m wide grooves. The bulk characteristic length is estimated to be 8.3 ~m from LSCM

images. Therefore these grooves are wider than bulk characteristic length; i.e. 0/Am>1.

Web-like phase-separated structure which is characteristic feature of spinodal

decomposition can be confirmed in these figures. Especially, the similar structure as bulk

can be seen in the micro-fabricated grooves. On the other hand, in the narrower grooves

than bulk characteristic length, that is 0/Am<1, a sharp transition to pillar structure can be

seen in Figure 3. This is what we call "web-to-pillar transition". The pillar structure is

somehow disordered in 7-~m-wide grooves as shown in part (a), however, more orderly

aligned in 5- and 3-~m grooves which are shown in part (b) and (c), respectively. In

1-~m-wide grooves (part (d)), even though an overall morphology is a little varied, the

pillar structure remains.

3.3 The MM system

The MM system allows much shorter time until gelation, which makes the wetting

tendency smaller than the MF system. As a consequence, the web-to-pillar transition

does not occur until 0/Am becomes much smaller, i.e. phase separation is more progressed.

Figure 4 exhibits the structural transition in (a) 7-, (b) 5-, (c) 3 and (d) 1-~m-wide grooves

with m=1.0. The bulk characteristic length is 7.4 ~m. Obvious pillar structure can be

seen only in 1-~m-wide grooves (0/Am=0.14); the others are more or less remaining

"branched" network structure. This is a remarkable difference from the MF system.
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Figure 2 Phase-separated structures of the MF system; (a) bulk, (b) inside a 20-lAm-width

groove, (c) inside a 15-lAm-groove and (d) inside a 10-lAm-width groove. The width of the

groove is indicated in part (b). These grooves are wider than the characteristic length of

bulk 8.3 lAm, and spatially homogeneous web-like bicontinuous structure can be confirmed.

The values of OfAm are (b) 2.4, (c) 1.8 and (d) 1.2.
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Figure 3 Gel structures derived from the MF system showing "web-to-pillar transition".

The widths of the grooves are (a) 7, (b) 5, (c) 3 and (d) 1 !lm, those are narrower than the

characteristic length of the bulk. The values of DfAm are (a) 0.84, (b) 0.60, (c) 0.36 and

(d) 0.12. The pillar structure is more aligned in the narrower grooves.
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Figure 4 Gel structures derived from the MM system showing "web-to-pillar transition".

The widths of the grooves are (a) 7, (b) 5, (c) 3 and (d) 1 !Am. The values of DfAm are (a)

0.95, (b) 0.68, (c) 0.41 and (d) 0.14. Although these are narrower than the characteristic

length of the bulk, there are a lot of connections of the gel skeletons in the longitudinal

direction; only part (d) shows the intact pillar structure.
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4. Discussion

4.1 Wetting phenomena in phase-separating fluids

Wetting behavior of a phase-separating polymer liquid mixture was closely studied by

Tanaka [8] and experimentally studied by Jinnai et al. using LSCM [9]. Here, we briefly

review the wetting behavior in a closed mold such as a gap between parallel plates. In a

closed confined space, one phase which has lower interfacial energy must wet the surface

after the onset of phase separation. In the present methylsiloxane sol-gel system,

siloxane gel phase gradually loses its polar groups (silanol groups) as polycondensation

reaction proceeds. Besides, since the solvents (methanol or formamide and water) have

high polarity, MTMS-derived gel phase has the lowest interfacial energy in the system.

For this reason methylsiloxane gel phase moves to the surface preferentially. After

homogeneous phase separation, MTMS-derived components near the surface start to wet

and spread on the surface, resulting in the formation of material transfer channels

perpendicular to the surface. Thus siloxane phase flows to the surface not by diffusion

but by hydrodynamic flow; the components move cooperatively with forming smaller area

of interfaces. Once the channels form, wetting will be accelerated by pressure

difference between inside the wetting layer and the channels. The schematic illustration

is depicted in Figure 5 (a). According to the Laplace law, pressures of the components

separated by an interface are dependent on their mean curvatures (arithmetic average of

two principal curvatures) of the interface: When two components are divided by a curved

interface, pressure inside the interface is always higher than outside. In this case,

pressure inside the channels are supposed to be higher than inside the wetting layer

because the channels have larger mean curvature than the planar wetting layer (-0).

This pressure-assisted acceleration of material flow to the surface is called "hydrodynamic

pumping" [8]. This effect continues until both surfaces of a gap are connected by pillars

developed from the channels (Figure 5 (b)). The pillar structure will either decay or grow

depending on the radius of the pillars and separation of the gap. In Figure 6, a schematic
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(a)

(b)

t - Wetting layer

-~
Channels

- Pillars connecting the
two surfaces

Figure 5 Schematic illustrations of "hydrodynamic pumping" process. As shown in part

(a), the flow channels form if one phase (gray phase in this case) is preferentially wetted

on the surfaces shown in black. Since this channel part has a larger mean curvature than

the bicontinuous part located in the center of the mold, pressure in the channels will

become large compared to the wetting layer. Thus the flow to the surfaces is accelerated

by hydrodynamic pumping as a result (see also Figure 6). The accelerated wetting leads

to the pillar structure connecting the two surfaces as shown in part (b).
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illustration which exhibits the pillars with different diameters is shown. The thinner

pillar"A" has smaller diameter QA compared to the thicker pillar "B", QB. In this situation,

the mean curvature is defined as follows;

(3-1 )

where Q; means the radius of pillar "i" (i=A or B). Note that 0' is the diameter of one of

the osculating circles and supposing that the two principal curvatures have opposite signs.

In the present example, the sign of a curvature is defined as positive if the center of an

osculating circle exists inside the pillar. The pressure difference can be written as

(3-2)

where r shows interfacial energy between two phases and !1p is the pressure difference

between inside a pillar and wetting layer. Since rand 0' are constant now, !1p becomes

positive when Q;<O'. In this situation pressure inside the pillar becomes higher, resulting

in flow into the wetting layer. Thus the pillar will disappear. Conversely, when Q;>O', the

pressure inside the pillar becomes smaller than the wetting layer, the pillar will be

fattened by the flow from the wetting layer.

Although there are some differences between polymer fluid mixture system and

gelling siloxane system, we have observed the similar phenomenon in siloxane-based

sol-gel systems. In "closed" confined spaces such as a gap between parallel plates and

long cylindrical capillary etc, the "transient" pillar structure has been observed. This

type of pillar structure will turn to complete wetting, in which all of the gel phase is

spread on the surfaces of the mold (wetting transition). In other words, pillar structure is

formed just before the wetting transition occurs in a closed system, and it will disappear

when phase separation tendency becomes larger or 01Am becomes smaller. The wetting

transition takes place when 01Am becomes less than unity in the MF system, while in the

MM system, it does not take place until 01Am becomes much smaller compared to the MF

system. This fact reflects the difference in the reaction rate between two systems as
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Figure 6 A schematic illustration of the pillar formation/deformation processes. The

pillar "A" is thinner than D', the thickness of the mold D minus thicknesses of the wetting

layers. In this case, since the mean curvature of pillar "A" becomes larger than that of

the wetting layer, pressure inside the pillar becomes larger. Thus flow from the pillar to

the wetting layer induced, and the pillar will diminish. In the case of pillar "B", a

completely converse phenomenon happens, and the pillar will be fattened.
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already described above.

4.2 A reasonable model which elucidates the formation mechanism

As the siloxane sol-gel system is fluidic between the onset of phase separation and

gelation, Tanaka's theory about liquid polymer mixtures becomes a good guide in

considering the present case. In Figure 7, a schematic illustration exhibits the case of the

closed system. Columnar-shaped gel skeletons are formed perpendicular to the surfaces

in the proximity of them due to the wetting flow when D/ Am is relatively large. Then all

of the gel structure is deformed into complete wetting because gel portion inside the

confined space is equally strained by the surface wetting layer. The same is true for

different-shaped closed space such as 2D gap between parallel plates and 1D cylindrical

capillary etc. While in the open grooves, the stabilization of pillars is related with the

characteristic triple-face surfaces and a unique structure that emerges before the

web-to-pillar transition. Figure 8 shows the possible formation mechanism of the pillar

structure in an open groove. There are two routes to the transition of the structure; one

is when the lateral pillar is thicker than the vertical pillar (al>av ) , and the other is the

reverse (al<av ). The lateral pillar is connecting two surfaces and the vertical pillar is

bonded between the lateral pillar and the basal plane. At first, spatially homogeneous

spinodal fluctuation develops inside the groove as shown in the left figure in Figure 8.

When the lateral pillar happens to be thicker than the vertical pillar in a certain portion of

the sample, the vertical pillar will disappear by the flow indicated as arrows (the upper

route). This flow supplies MTMS-derived gel components to the lateral pillar and makes it

a stable structure. On the contrary, when the lateral pillar is thinner than the vertical

pillar (the lower route), the lateral pillar will disappear owing to the flow in the indicated

direction. The remained blob on the basal plane will also disappear in order to reduce

the interfacial energy. Thus some portions will remain as the pillars but the other portion

will transform into the complete wetting making whole part into the pillar structure as

shown in Figures 3 and 4.
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Figure 7 A schematic illustration of phase separation progress in a closed space. After

the onset of phase separation, more wettable gray phase flows onto the surrounding

surfaces, and then turns to complete wetting in which all of the gray phase segregates

onto the surface, leaves no structure inside the space.

~ 0
OJ

?7

~~ ~ ~
Q/ < Qv

Figure 8 A schematic illustration of phase separation progress in an open groove. After

the homogeneous phase separation, trifurcate structure, which is a characteristic

structure in the present case, appears inside the groove (2 and 4). If the vertical pillar is

thinner than the lateral one (2), the lateral pillar tends to remain (3), and if the vertical

pillar is thicker than the lateral one (4), the lateral pillar disappears (5) and flattened by

the requirement of interfacial energy (6).
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Although the proposed mechanism has not been checked yet because real-time

observation is technically difficult, 3D observations of resultant gel structure using LSCM

has been additionally performed and the transient structures such as part (2), (4) and (5)

in Figure 8 have found practically (shown in Figure 9). We are expecting this kind of

analysis will clarify the formation mechanism and lead to a thorough control of the

structural characters such as pillar diameter and density etc.

4.3 Difference between MF and MM systems

The reaction rate is significantly different between MF and MM systems as described

above. Since sol-gel reaction is quite sluggish in the MF system, the system remains

fluidic for longer time during phase separation. This fact surely affects the wetting

behavior in both systems. From Figures 2 and 3 the web-to-pillar transition in the MF

system is recognized at DIAm=1, while it occurs when DIAm becomes smaller in the MM

system. This means that in the MF system the obtained structure reflects the most stable

form in the course of phase separation and wetting, however, the transient structure is

frozen in an unstable form in the MM system because of the rapid gelation. For this

reason the occurrence of the web-to-pillar transition shifts to the smaller value of DIAm.

This difference in reaction rate also affects the obtained structure in a closed mold.

As described in Chapter 2 and Section 3.1, the MM system is less affected by the surfaces

and less deformed, homogeneous structure can be obtained in the very narrow space.

Thus the MM system has the edge in the application to micro-devices such as capillary

chromatography or lab-on-a-chip.

5. Conclusion

The pillar structure can be tailored in micro-fabricated open grooves on a silica glass

chip by methylsiloxane sol-gel accompanying phase separation. In a closed mold, wetting
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Figure 9 The reconstructed LSCM images of gels derived from dye-incorporated MF

system in open grooves. The width of the groove is 15 I-lm. Bulk characteristic length is

14.7 I-lm. The portions indicated by arrows show (a) the trifurcate structure which

corresponds to part (2) and (4) in Figure 8, and (b) the remaining blob which corresponds

to part (5) in Figure 8. The trifurcate structure can also be found in the right groove in

part (a).

101



CHAPTER 3: STRUCTURES IN A ONE-DIMENSIONAL MOLD

transition occurs when bulk characteristic length exceeds the size of the mold; however,

pillar structure remains in an open groove. This discrepancy is derived from the

characteristic shape of the mold. As the confined space is surrounded by three faces, the

transient structure during web-to-pillar transition is trifurcate and directed to each

surface. This unique transient structure yields a pressure difference among lateral and

vertical pillars and the wetting layer, leading to the pillar structure.

Although both MF and MM systems show web-to-pillar transition, values of DIAm

when the transition occurs are different; this reflects the reaction rate difference, in

particular, phase separation time.

The author is expecting many unknown interesting phenomena will be found in the

field of phase separation in confined geometry, and they will be effective and useful in the

application to porous flow channels such as micro-HPLC. One example is double phase

separation induced by rapid structural coarsening by wetting coupled with relatively slow

compositional diffusion [10,11]. In Figure 10 SEM and FE-SEM photographs are shown, in

which secondary phase separation appears in the solvent phase (macropores in dried state).

Structuring new kinds of porous morphology is currently underway.
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Figure 10 An intriguing double phase separation observed in the foAM system: (a) a SEM

image and (b) an FE-SEM image with higher magnification. The width of the groove is 3

!Am. The origin of this phenomenon is deduced from the fact that compositional diffusion

can not keep up with the fast coarsening accelerated by wetting, making nano-scaled

bicontinuous structure derived from secondary phase separation in the solvent-rich phase.
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CHAPTER 4: STRUCTURES IN A ZERO-DIMENSIONAL
MOLD

1. Introduction

In recent years, porous siloxane gel with bicontinuous structure has been utilized as a

separation medium for high performance liquid chromatography (HPLC) [1]. This type of

bicontinuous gel can be prepared by inducing phase separation during sol-gel transition of

silicon alkoxides such as tetramethoxysilane (TMOS) and methyltrimethoxysilane (MTMS)

etc. In the application of such siloxane gel to miniaturized devices, the porous gels can

be prepared in an every small confined space as long as the starting sol can be introduced,

however, the surface effects become significant and structural deformation often takes

place in such a small system.

In Chapters 2 and 3, the phase-separation behaviors in confined geometries were

discussed. In the present system hydrodynamic flow in the late stage of spinodal

decomposition is revealed to playa crucial role rather than the chemical character of the

surface which affects the wetting behavior in diffusive surface-directed spinodal

decomposition. In a long cylindrical capillary or a gap between parallel plates, Tanaka et

at. has revealed that the hydrodynamic flow in liquid polymer blends took an important

role in wetting phenomenon which determined the overall morphology of the blends [2,3].

More recently, Moffitt et at. demonstrated that the surface-directed spinodal

decomposition-like phenomenon has occurred even in a thick film about a hundred

micrometers [4]. They showed layered structure of polymer blend film and found

hydrodynamic channels for the first time by LSCM which are evidence of wetting by

hydrodynamic composition flow.

For inside the random bicontinuous structure and severely low dimensionality,

another problem arises. Critical behaviors of a liquid mixture in a porous Vycor glass or a
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macroporous glass are intensively studied by lots of physicists [5-11]. They revealed the

phase separation kinetics become much slower (usually macroscopic phase separation does

not occur) in such a porous medium as termed "critical slowing-down", and discussed

whether randomness of the space, which leads thermodynamic instability and slow

diffusion, or wetting truly induce such an effect. However, since the experimental results

are limited to the scattering methods or NMR, and no direct observation has been done,

the slow dynamics still remains unexplained. Moreover, their confining molds are Vycor

glass with pore sizes typically only 7-100 nm, that are comparable to bulk correlation

length and it is too small to observe a hydrodynamic effect.

In this chapter, in order to further clarify the relationship between the structural

development and the dimension of the mold, we prepared phase-separated siloxane gels in

short cylindrical pores (approximately 2.74 f-lm in diameter) in a porous medium, and then

the obtained structures were closely observed under SEM. Some phenomenological

discussion was also conducted.

2. Experimental

2.1 Preparation of the mold

Bicontinuous porous silica gel is used as a porous media in this study. The

preparation procedure is as follows. First, 0.65 g of poly(ethylene glycol) (Aldrich,

M.v=10,000) and 0.90 g of urea (Hayashi Pure Chemical Ind. ) were dissolved in 10 mL of 0.01

mol/L acetic acid aqueous solution in a glass sample tube. Then 5 mL of

tetramethoxysilane, TMOS (Shin-Etsu Chemical Co., Japan), was added under vigorous

stirring and ice-cooled condition. After being stirred for 30 min, the resultant

homogeneous solution was transferred to an autoclave and allowed to gel at 40° C in a

closed condition. The resultant gel was aged at the same temperature for 24 h followed

by a hydrothermal aging at 100° C for 24 h. The aged gel was dried at 40° C for about 24 h,
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and then sintered at 1000° C for 2 h. Characterization of the pore structure of the mold

gel was performed by mercury porosimetry (PORESIZER-9320, Micrometrics, USA) and the

result is shown in Figure 1 with an SEM photograph. The average pore size of the mold

can be determined as approximately 2. 74 ~m.

An as-sintered silica gel was used as a hydrophilic porous medium and

octadecylsilylated silica gel was used as a hydrophobic one.

2.2 Preparation of siloxane gel (guest gel) in the mold

In the MF system, the compositions of samples are MTMS : FA: H20= 1 : fM : 2.5 in

molar ratio. The value fM is varied from 1.3 to 2.6. In the MM system, the molar ratio is

MTMS: MeOH : H20= 1: m: 2.0, and the value m is varied 0.2 through 1.2. In the TMOS-FA

system (denoted as TF system), the molar ratio is TMOS : FA: H20=1: IT: 1.5, and the value

IT was varied from 1.0 to 2.5. In general, the more the amount of FA is increased, the

larger phase separation tendency becomes in these systems.

An appropriate amount of FA or MeOH and 1.0 molll nitric acid aqueous solution

were mixed in a glass sample tube, and then MTMS or TMOS was added under vigorous

stirring and ice-cooled condition. After stirred for 5 min, approximately 0.50 g of the

confining mold gel was put in the identical glass sample tube followed by an evacuation

with aspirator to introduce the sol into the mold. The sample tube was sealed and

allowed to gel at 40°C. After gelation, the samples were aged more than 24 h at the

same temperature, and then dried for about 24 h at the same temperature. The obtained

gels are observed under SEM (S-2600N, Hitachi, Japan). The pore structure

characterization of some of the samples was performed by mercury porosimetry.

Hereafter, we denote the guest gel outside the mold as "bulk gel" or more shortly, "bulk".

3. Results and Discussion
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Figure 1 (a) An SEM image of the porous silica medium used as a confining mold in this

study. (b) Pore size distribution of the mold characterized by Hg porosimetry. The

average pore size is 2.74 f.A.m.
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3.1 The MF system

Figure 2 shows the phase-separated structure of methylsiloxane gel in hydrophilic OD

molds. In part (a) to (c), 3D bulk gels with different values of fM are exhibited, and in part

(d) to (f), the corresponding confined gels with identical compositions are shown. A gel

with almost homogeneous network has developed in a relatively large value of D/ Am (=3.2),

and transformed to a columnar structure connecting mainly two points on the surface of

the mold as is shown in part (e), and then wetting transition occurred (see part (f)). The

evidence of the wetting transition is corroborated by mercury porosimetry; both the pore

volume and the mean pore size decreased compared to the original mold (Figure 3).

These behaviors might be considered to be similar to that in the molds with other

dimensions, however, what is intriguing is that the size of the phase-separated structure is

quite different from the case of other dimensionalities. Namely, phase-separated

structure keeps its "shape", only varying its own scale in a self-similar manner in a

severely confined space.

In Figure 4 the gel structures in hydrophobic OD molds are indicated. Similarly to

those in Figure 2, confined gel structure transforms from homogeneous one to columnar

one, and to complete wetting with increasing value of fM. The prominent difference

between hydrophilic and hydrophobic occasions is the siloxane wetting layer on the

surface of the mold. In a hydrophilic mold, tightly bonded wetting layer forms on the

surface of the mold as clearly seen in Figure 2 (f). The wetting layer and skeletons of

silica mold can be regarded as a united body. On the contrary, wetting layer on a

hydrophobic surface exhibits a distinct interface and looks like "skin" layer, suggesting

there is no covalent bond between methylsiloxane gel and octadecylsilylated silica gel.

3.2 The MM system

Although the structural transition behavior in the MF system in a OD mold is similar to

that of 2D and 1D cases, the MM-derived gel exhibits an extraordinary behavior in a OD

mold. In Figure 5, phase-separated gels in both hydrophilic and hydrophobic OD molds are
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Figure 2 Scanning electron microscope images of 00 confined gels derived from the MF

system. (a)-(c) 3D bulk gel in different compositions; (a) fM=2.0, (b) fM=2.1 and (c) fM=2.2.

(d)-(f) Corresponding confined gel in 00 molds. Almost homogeneous structure formed at

the relatively large value of OfAm (=3.2 in part (d)), then transformed to columnar

structure when OfAm=1.2 shown in part (e), and wetting transition occurred when OfAm

became less than unity (part (f)).
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Figure 3 Comparison between the bare silica mold (open circles) and after guest gel

(fM=2.2) is included (filled circles). Both pore size and pore volume are reduced after

guest gel inclusion, showing the evidence for wetting transition.

111



CHAPTER 4: STRUCTURES IN A ZERO-DIMENSIONAL MOLD

Figure 4 Scanning electron microscope images of OD confined gels derived from the MF

system. (a)-(c) 3D bulk gel in different compositions; (a) fM=2.1, (b) fM=2.2 and (c) fM=2.3.

(d)-(f) Corresponding confined gel in hydrophobic OD molds. In this case, the same

tendency as in Figure 2 is confirmed except for the thick skin layer. Note that the value

of fM is different because of poor reproducibility, but the bulk characteristic lengths are

close to those in Figure 2.
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Figure 5 Scanning electron microscope images of gels derived from the MM system

confined in hydrophilic and hydrophobic 00 molds. The left images of each row (a)-(d)

corresponds to the bulk gell in different compositions; (a) mM=O.9, (b) mM=1.0, (c) mM=1.1,

and (d) mM=1.2. The center and right images of each row show gels confined in

hydrophilic and hydrophobic molds, respectively. The bulk characteristic lengths of part

(b) and (c) are 0.933 and 3.43 !!m, respectively, that is, DJAm becomes less than unity in

part (c).
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indicated. Confined gels in hydrophilic molds (see center column) exhibits the similar

tendency to the case of 1D capillary, and there is no evident difference between the MF

and MM systems. The bulk characteristic length Am exceeds the mean pore diameter of

macroporous silica (2.74 !-lm) in part (c) (for part (b) Am=0.933 !-lm and part (c) Am=3.43

!-lm). There still remains a columnar structure and the system does not fully transform to

complete wetting yet, suggesting the early structural freezing in the MM system. In the

hydrophilic case the skeleton thicknesses of the confined gels are much thinner than the

corresponding bulk. The possibilities are that a little amount of siloxane species is

attracted onto the surfaces of a mold making the composition inside the pore slightly

changed [12] and/or the skeletons are elongated by the stress generated from the

additional condensation, which occurs during aging and drying, under restricted shrinkage.

On the other hand, wetting transition occurs in a hydrophobic OD mold even if D/Am is

much larger than unity. The right column in Figure 5 shows the confined gels in

hydrophobic molds. Bulk characteristic lengths of parts (a) and (b) are shorter than the

size of the OD mold. Each confined gel clearly shows the occurrence of wetting transition.

There are two confinement effects in this system. One is preferential wetting by

diffusion in the early stage of spinodal decomposition, and the other is also preferential

wetting by hydrodynamic flow in the later stage. According to the 3D numerical study of

hydrodynamic spinodal decomposition (model H in the Hohenberg-Halperin notation [13])

under the influence of a surface [14], though thickening dynamics of wetting layer by early

diffusion is slower than that by later hydrodynamic flow (t l13 for diffusion and t for

hydrodynamic flow), it is anticipated that the wetting completes through diffusion in the

early stage of spinodal decomposition because of the strong attractive interaction

between polymerizing hydrophobic siloxane and hydrophobic surfaces of the mold.

Moreover, the diffusion length is short enough to accomplish the complete wetting in the

small, geometrically random porous media. To check the acceleration of coarsening by

diffusive wetting, gels with more decreased amount of MeOH, that is, more decreased

phase separation tendency, were prepared. Bulk gels show no well-defined porous
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structure suggesting the phase separating structures were frozen in the initial stages as

seen in Figure 6. In hydrophilic silica molds, the confined gel structures resembled their

bulk. However, more coarsened gels were obtained in hydrophobic molds where

polymerizing species and the surface of the mold attract more strongly. Again, this fast

coarsening phenomena attributes to the fast diffusion resulted from strong hydrophobic

attractive interaction and shorter diffusion length inside the random porous network. As

shown in Figure 6 (c), the transient structure just before the complete wetting in a

hydrophobic mold does not show the deformed structure, which means there is no

evidence of hydrodynamic wetting. This is an extraordinary example exhibiting the

complete wetting induced only by diffusion.

Then, why this diffusive complete wetting does not occur in the MF system confined

in a hydrophobic porous medium? Although the diffusion effect may appear in the

hydrophobic MF system, it is much slower due to the higher viscosity in the MF system.

Although viscosity arises drastically near the gel point, the overall viscosity of the system

and the diffusion coefficient of the polymerizing siloxane are strongly dependent on its

composition at the onset of phase separation. The only major difference of starting

compositions between the MF and MM system is the kind of solvent; the MF system contains

more viscous FA and the MM system does less viscous MeOH (viscosity ry=3.75 and 0.611

mPa·s for FA and MeOH at 20° C, respectively). Another possibility affecting the initial

diffusion is hydrogen bonding between polymerizing MTMS and FA. FA is known to make a

hydrogen bond between polymerizing silica, and makes cross-linking density lower [15].

If this is true for MTMS system as well, FA will trap the polymerizing MTMS and make the

mobility of it lower. In the initial stage of spinodal decomposition, the compositional

contrast between siloxane-rich and solvent (FA)-rich phases is not developed yet.

Therefore considerable amount of MTMS-derived species and FA are contacted each other,

resulting in a considerable hydrogen bonding between the two.

3. The TF system

115



CHAPTER 4: STRUCTURES IN A ZERO-DIMENSIONAL MOLD

Figure 6 Scanning electron microscope images of gels derived from the MM system

confined in hydrophilic and hydrophobic OD molds with more decreased phase separation

tendencies. The left images of each row (a)-(d) corresponds to the bulk gel in different

compositions; (a) mM=0.2, (b) mM=OA, (c) mM=0.5, and (d) mM=0.6. The center and right

images of each row show gels confined in hydrophilic and hydrophobic molds, respectively.
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Figure 7 Scanning electron microscope images of OD confined gels derived from the TF

system. (a)-(c) 3D bulk gel in different compositions; (a) 17=1.6, (b) f-r1. 9 and (c) fM=2.2.

(d)-(f) Corresponding confined gel in hydrophilic OD molds. Fine, disordered structure

can be corroborated in all compositions.
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Figure 7 shows a curious tendency in the TF system in a hydrophilic OD mold. Bulk

characteristic lengths of parts (a) and (b) are shorter than the size of the mold, and that of

part (c) is obviously longer than the pore size of mold silica. However, fine, disordered

structure which is quite different from the bulk structure is found in the confining mold.

As the disordered structure does not have a well-defined surface, in this case the initial

diffusion is also affected by the surfaces of the mold. Bulk gel in part (a) is slightly

translucent indicating this composition is on the borderline of phase separation. The

corresponding confined gel exhibits the disordered globular morphology and is a little

different from the other two samples, which shows the confined gel is frozen as soon as

the effect of the surfaces appears, Le. phase separation starts. The other two shows the

similar morphology; fine bicontinuous structure with rough surfaces.

The light scattering experiment of the TF system at 40° C shows that the typical

initial dominant wavelength of spinodal decomposition (ca. 3.5 [lm) is longer the size of

the bulk (2.74 [lm) [16]. Thus the disordered structure without a well-defined surface is

observed for all compositions. If a critical liquid mixture is confined in a porous medium

whose pore size is shorter than the initial correlation length, it is known phase separation

kinetics is saliently suppressed and no macroscopic phase separation with distinct

interfaces takes place. However, some composition variations on macroscopic scales

were observed with NMR micro-imaging 14 days following the quenching of the

temperature [9]. According to Wiltzius et al., in the case where pore radius of confining

mold r is much longer than the characteristic length A, wetting phenomena should dictate

the structure. On the other hand, if r« A, the chemical potential exerted by the internal

surface of the mold is random on the relevant length scales in the phase-separating system

and should act as a random field [17,18]. The present case (TF system) resembles the

latter while the other cases may follow the former. In the practical system the

random-field effect and wetting phenomena should not be independently divided but

interplay each other and the TF-derived gel confined in a hydrophobic mold exhibits the

mixed tendency. Figure 8 shows the interplay between suppression of phase separation

118



CHAPTER 4: STRUCTURES IN A ZERO-DIMENSIONAL MOLD

Figure 8 Scanning electron microscope images of 00 confined gels derived from the TF

system. (a)-(c) 3D bulk gel in different compositions; (a) f-r=1.6, (b) f-r=2.1 and (c) fM=2.4.

(d)-(f) Corresponding confined gel in hydrophilic 00 molds. Bulk characteristic length of

par (b) is 1.56 J-lm, i.e. OfAm becomes less than unity in part (c).
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and wetting transition. In part (e) the disordered bicontinuous structure remains in the

OD mold, and wetting transition occurs as indicated in part (f). The surfaces of the guest

gel structure are rough before the wetting transition, suggesting the suppression of phase

separation due to the random-field effect. Due to the attractive interaction between

hydrophobic surfaces of the TMOS-derived species and octadecylsilylated surfaces of the

mold through hydrophobic interaction, the distinct transition to complete wetting took

place.

4. Conclusion

In this chapter the structural observation in a macroporous sintered silica with varied

surface characters was performed. In the MF system it was found the overall tendency is

similar to the cases of the molds with other dimensionalities. That is, when 01Am is much

larger than unity, isotropic bicontinuous structure develops, when 01Am becomes closer to

unity, the isotropic nature is broken, and finally, when 01Am becomes less than unity,

wetting transition occurs. In the MM system, the similar tendency was observed in a

hydrophilic mold; however, wetting transition took place for all 01Am values inside a

hydrophobic mold. The TF system exhibits the more curious morphological change.

For a hydrophilic mold, fine structure with rough surfaces was observed for all 01Am values,

and for a hydrophobic mold, wetting transition occurred when 01Am becomes less than

unity.

Two effects are thought to rule the morphological development. One is diffusion in

the early stage of spinodal decomposition. The extraordinary behavior observed in the

MM system in a hydrophobic mold is elucidated by rapid diffusion during the initial stage.

And the other is the effect of random space. If a system is confined in a small space

shorter than its initial wavelength, phase separation kinetics is significantly suppressed.

The TF system shows this feature in a hydrophilic mold but simultaneously wetting
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transition occurs in a hydrophobic mold when the bulk characteristic length becomes

longer. This implies interplay between two phenomena.

The effect of confinement is prominent in the case of OD mold. Namely, the above

extraordinary phenomena were not confirmed in the other molds. Still, it should be

confirmed in the future experiment whether the dimensionality or simply the size of the

mold play an essential role. At least the variation of the initial wavelengths in the other

systems (i.e. the MF and MM systems) should be studied by light scattering experiment.

Also, the present systems containing FA and MeOH are the two extremities from the

viewpoint of the attractive interaction between a solvent and the MTMS-derived species.

A series of amide solvents has to be examined with different hydrogen bonding ability to

explore the effect of hydrogen bond.

From a practical point of view, wetting transition may be applied as a coating

technique. A thick and uniform coating can be performed on the surfaces of a narrow

space such as flow channels or macroporous siloxane gel by a simple procedure (see also

wetting transition in 1D capillary in Chapter 3).
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CHAPTER 5: APPLICATION TO CAPILLARY HPLC

1. Introduction

Porous silica gels with bicontinuous structure can be prepared via sol-gel

accompanying phase separation, especially, spinodal decomposition [1]. This kind of

silica gel possesses well-defined micrometer-range continuous pores and its porosity

reaches typically as high as 80%. After tailoring micrometer-range structure, mesopores

with 5-10 nm in diameters can be formed by heat-treating with basic aqueous solution [2].

This process is known as Ostwald ripening [3] in which convex parts with larger curvature

dissolve and reprecipitate onto concave parts with larger curvature, making the whole

silica gel into that with hierarchical double pore. The double pore structure is favorable

in applying the material to separation media for high performance liquid chromatography

(HPLC) because it requires high macro-porosity in order to obtain high flow rate and the

mesopores which contribute to the separation of the mixture of molecules [4,5].

Recently, much effort has been made to apply bicontinuous silica gel to miniaturized

HPLC [6] such as Lab-on-a-chip or micro-HPLC because porous bicontinuous structure can

be prepared in a variety of small confined spaces as far as a starting solution can be

introduced in. Also, porous bicontinuous organic-inorganic hybrid gels are intensively

studied to obtain a variety of surface character and/or functions [7,8]. For one example,

such hybrid materials can be tailored from three-functional methyltrimethoxysilane

(MTMS) which can provide a hydrophobic surface [9] because the methyl groups are mainly

directed outward the gel surfaces [10]. However, the "flexible" MTMS-derived network

tends to deform under the influence of surfaces, which makes it difficult to prepare ideal

structures in small confined spaces as detailed in the previous chapters. Thus,

investigation on the surface effect is highly required.

In polymeric multi-component systems which undergo phase separation, the surfaces
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induce a wetting effect during phase separation [11-14]. Especially in bicontinuous

spinodal decomposition, more wettable component(s) flows onto the contacting surfaces

through bicontinuous pathways in a hydrodynamic manner [13]. This hydrodynamic flow

leads to a significant deformation of siloxane gel; the larger the domain size becomes, the

more significantly the structure deforms because longer time is needed to obtain the more

coarsened structure, which in turn means longer time is allowed for wetting.

In this chapter, tailoring isotropic methylsiloxane structure in a capillary and

application to capillary HPLC is described. The wetting-induced deformation in a

capillary is already given in Chapter 3.

2. Experimental

Methyltrimethoxysilane (MTMS, Shin-Etsu Chemical Ind. Ltd., Japan), Methanol

(MeOH), and Nitric acid (Hayashi Pure Chemical Ind., Japan) were used as received.

The MM system with molar ratio MTMS : MeOH : H20=1 : m : 2.0 is used because in the

previous chapters it is revealed the MM system is not susceptible to micro-surface effects

due to its rapid reaction rate.

The experimental procedure is as follows: Appropriate amounts of 1.0 M aqueous

Nitric acid and MeOH were mixed in a glass tube and then MTMS was added under vigorous

stirring at 0° C. After stirring for 5 min, the resultant solution was transferred into a

polystyrene reaction vessel in which the capillaries were placed, followed by an ultrasonic

agitation for 1 min. The diameters of capillaries are 200 and 530 ""m. Then the solution

was allowed to gel at 40° C in a closed condition. The resultant gel was aged over 24 h at

the same temperature followed by solvent evaporation at 40° C. The dried samples were

subjected to SEM (S-2600N, Hitachi, Japan) observation.

For the purpose of altering the surface polarity, nonionic surfactant

Poly(oxyethylene) nonylphenyl ether with 10 and 70 oxyethylene units (NS-210 and NS-270,
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respectively) are included in the starting solution before adding MTMS.

In chromatographic characterization, a conventional HPLC system consisting of a

pump (LC-10AD, Shimadzu, Japan), an injection valve (Model 7725i, Rheodyne, Berkeley,

CA, USA), a UV detector (CE-1570, JASCO, Japan) and a data processor (BORWIN, JASCO,

Japan) was used. The overview of the system is exhibited in Figure 1. The mobile phase

was hexane/2-propanol (100:2, v/v) and sample mixture contains toluene,

2,6-dinitrotoluene and 1,2-dinitrobenzene as solutes. Toluene is not retained on the

siloxane surface and gives dead time to (see below).

Number of theoretical plates N, Column permeability K and Separation impedance E

were calculated from the following equations:

?

N= 5.54(-.!.JL)- ,
wl/ 2

(5-1 )

L
U=-,

to
(5-2)

E _ !!:.Pta
- YJN2 ' (5-3)

where tR and W1l2 are retention time of a solute and peak width at half height, respectively.

u shows linear velocity of mobile phase, 1] solvent viscosity, L column length, AP and to

column pressure drop and dead time (time for unretained species to reach the detector),

respectively. Retention factor k'=(trto)/to is also calculated from the obtained

chromatogram.

3. Results and discussion

3.1 Important factors that affect the structural development in confined geometry

Here, let us briefly review the important factors that become crucial for tailoring

phase-separated siloxane gel inside micro-surfaces. Wetting-induced deformation is

125



CHAPTER 5: APPLICATION TO CAPILLARY HPLC

Pump

Injector
Capillary column

T joint

(only for 200 ~m capillary)

Figure 1 The HPLC system used in this study. A "T joint" splitter is used only for the

capillary with diameter of 200 !lm in order to lower the back pressure.

Figure 2 Scanning electron microscopy photographs of phase-separated siloxane gels

derived from the M.M. system in (a)-(c) 530-!lm-ID capillaries and (d)-(f) 200-!lm-ID

capillaries. The starting compositions are as follows: (a) and (d) are m=1.1, (b) and (e)

are m=1.0, and (c) and (f) are m=0.9. A saber-like void can be confirmed near the surface

in part (c), however, there is no void in 200-!lm-ID capillaries.
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persistently described in the previous chapters, so it is not explained here again.

In the course of spinodal decomposition, when the separating two phases possess far

different dynamics, e.g. if "A" phase has a high viscosity and "B" phase has a low viscosity,

the system phase-separates in a very unique manner called "viscoelastic phase separation"

[15-17]. In the conventional theory for spinodal decomposition, bicontinuous structure

can develop when the volume fractions of separating phases are close enough [18,19].

However in the viscoelastic phase separation, the more viscoelastic "A" phase can be

elongated and keep connectivity even if the volume fraction of "A" phase is far less than

0.5. Siloxane sol-gel system described here is a typical example of viscoelastic phase

separation because one phase usually consists of low molecular solvent and the other

phase contains siloxane polymer which will lose mobility during sol-gel reaction. That is,

the more viscoelastic "A" phase corresponds to the siloxane-rich phase. Jinnai et at.

have also studied an organic polymer blend system consisting of deutrated polybutadiene

(dPB) and polybutadiene (PB) [20], which is an ideal fluid phase separation model, that is,

the both separating phases have almost the same characters (for example, viscosity,

interfacial energy etc.). The more wettable PB-rich phase gradually wets the surface in a

2D mold separated by ca. 55 !-lm, however, the structural deformation is far less than

siloxane sol-gel system. Since dPB/PB polymer blend system does not undergo

viscoelastic phase separation, elongated portion of PB phase with larger curvature easily

breaks up while siloxane gel phase can deform into columnar shape in siloxane sol-gel

system. Besides, the wetting transition does not take place even if DIAm becomes less

than unity in dPB/PB blend system. Instead of that, spatial symmetry of bicontinuous

structure is significantly broken, and transforms into pillar-like structure connecting two

wetting layers (see Fig. 4c in ref. 20). The difference comes from the symmetric property

of wettability. Namely, in dPB/PB system, both the separating phases have almost the

same interfacial energy so that the driving force of wetting is not so large. In contrast to

that, there is a large difference of interfacial energy in siloxane system leading to the

acceleration of wetting.
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Chemical character, especially hydrophobicity of the surface is another important

factor. However, when the surface of a mold is octadecylsilylated, the wetting behavior

is hardly affected in MTMS-derived system which is already well-discussed in the previous

chapters. The reason is still unclear but the possibility is that the surface energy of

methylsiloxane phase is low enough that the wetting behavior is less susceptible to the

interfacial energy change of the surface. Chemically, MTMS-derived polymer can interact

with hydrophilic/hydrophobic surfaces using hydroxyl/methyl groups, respectively. The

methylsiloxane polymer forms Si-O-Si chemical bonds with hydrophilic surface on which

silanol groups exist. While with hydrophobic surface, methylsiloxane polymer does not

make a chemical bond, but attracts each other through hydrophobic interaction.

Hydrophobic interaction is much weaker than a chemical bond, thus the resultant gel is

subjected to free shrink during aging and drying especially when the volume/surface ratio

becomes larger.

3.2 Structural modification for capillary HPLC

In order to apply the bicontinuous siloxane-based gels to capillary HPLC, generation

of voids around the internal surface can be a critical problem because a large fraction of

the sample flow possibly goes through the voids, which results in deterioration of

separation efficiency. The formation of the voids is related mostly to two factors: One is

shrinkage during synthesis, and the other is adhesiveness to the internal surface of a mold.

Shrinkage is the inevitable phenomenon as far as the polymerization reaction

proceeds as the "condensation" reaction. After the homogeneous gelation, the

unreacted silanol or alkoxide groups condense each other, leading to the shrinkage to some

extent during the aging and drying step. In the MTMS-derived siloxane gel, the

unfavorable shrinkage can be suppressed probably because of the steric hindrance by the

methyl group. Besides, gels prepared from tetrafunctional alkoxides such as TEOS or

TMOS is "rigid but brittle" while gels prepared from trifunctional alkoxides such as MTMS
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or MTES is "flexible" due to the low cross-linking density. This flexibility enables the gel

to endure the stress generated by the shrinkage and can suppress the formation of the

voids.

Adhesiveness is another important factor to suppress the voids. MTMS-derived gel

has a lower polarity compared to a TMOS-derived one, so it is thought to have lower

interfacial energy, which helps the gel phase flows onto the surface and spread itself there.

Then the gel and the surface connect through Si-O-Si chemical bonds tightly. Thus the

MTMS-derived gel can endure the stress toward the center of the capillary using its tight

"footholds" as well as the flexibility.

From these points of view, we have tried to prepare the spatially isotropic

bicontinuous siloxane-based gels without the voids in a capillary with internal diameter

(ID) of 200 and 530 ~m. From the preceding discussion, the MM system is more favorable

because the shorter time is allowed for wetting, which results in the more homogeneous

structure. Figure 2 (a)-(c) shows the gel structure in a 530-~m-ID derived from the MM

system. Although gels without voids can be prepared when the characteristic length of

the structure is relatively large ((a) and (b)), the formation of the voids can be confirmed

in part (c). As the capillary force resulted from solvent evaporation becomes stronger

when the pore size becomes smaller, the voids tend to be generated as shown in part (c).

Figure 2 (d)-(f) shows the gel structure in a 200-~m-ID capillary derived from the MM

system. In contrast to the case of 530-~m-IDcapillaries, no voids can be recognized even

in the case of the smallest pore size. Since the volume/surface ratio becomes smaller in

the 200-~m-ID capillary, the stress of shrinkage becomes much smaller, which restrains the

formation of the voids. Phase-separated gels derived from surfactant-incorporated MM

system are shown in Figure 3. In this system, well-defined porous monolith without a void

can be prepared as well. In the MM system without a surfactant, gel tends to be

deformed when the characteristic length becomes longer, however, coarsened gels without

the deformation is obtained in parts (b) to (d). This result may be related with the fact

that EOPOEO-incorporated system shows less deformation as indicated in Section 2.2.

129



CHAPTER 5: APPLICATION TO CAPILLARY HPLC

Figure 3 Scanning electron microscopy photographs of phase-separated siloxane gels

derived from the MM system incorporated with nonionic surfactants. The starting

compositions are MTMS : MeOH : H20=(a) 1 : 1.1 : 2.0, (b) 1 : 0.9 : 2.2, (c) 1 : 1.3 : 2.0, and

(d) 1 : 0.9 : 2.0 in molar ratios. Surfactants are (a)-(c) NS-210 and (d) NS-270. The

weight ratios of surfactantlMTMS are (a) and (b) 0.021, (c) 0.042, and (d) 0.021.
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3.3 Results of capillary HPLC characterizations

Up to now we have been studying formability and applicability to miniaturized

HPLC of silica monoliths [6,21-23], here we briefly show the application of methylsiloxane

monoliths. It is difficult to prepare well-defined structure of silica gel in a capillary,

however, we can easily prepare well-defined MTMS-derived siloxane gel in confined spaces

as described above. Figure 4 shows the resultant chromatogram for the MM system in a

200-I-.Im-ID capillary. A mixture of toluene, 2,6-dinitrotoluene and 1,2-dinitrobenzene was

used as a solute. The features of gels and the obtained chromatographic characters are

listed in Table 1. Although inside of the skeletons of MTMS-derived siloxane gels are

non-porous, the chromatographic efficiencies of methylsiloxane monoliths are comparable

to the conventional particle-packed columns. Numbers of theoretical plates (N) become

larger with decreasing size of the phase-separated structure. However, since the samples

with finer pore structures represent high back pressures, the values of permeability (K)

becomes smaller, resulting in giving a minimum of separation impedance (E) at m=1.0.

The thinner gel skeletons lead to better separation, which corresponds to smaller particle

beds in the conventional particle-packed columns. Thus similar to the conventional

particle-packed columns, finer pore structures lead to the better separation efficiency,

whereas the flow resistance becomes higher and much longer time will be needed for

analysis. However, the most important thing is, since sol-gel method starts with liquid

precursors, it provides a high formability even in a capillary with 10 [.1m of inner diameter.

Figure 5 shows the relationship between oxyethylene chain length and retention

factors k' of MTMS-derived gels incorporated with NS-210 (Figure 3(a)) and NS-270 (Figure

3(d)) in normal phase. Since these kinds of nonionic surfactants have attractive

interaction with silanol groups through hydrogen bonding, large amount of them are

distributed in methylsiloxane gel phase, which was confirmed using TG-DTA analysis [24].

The retention factors of 1,2-dinitrobenzene/toluene are 0.75 (NS-210) and 0.82 (NS-270),
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Figure 4 Normal phase-chromatograms obtained with methylsiloxane gel columns. (a)

m=1. 1, (b) m=1.0 and (c) m=0.9. The capillary diameter is 200 f.-lm and the sample

mixture contains 1: toluene, 2: 2,6-dinitrotoluene, and 3: 1,2-dinitrobenzene. See also

Fig. 2 (d-f) and Table 1.
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Table 1 Results of the chromatographic characterization of methylsiloxane gels.

MeOH/MT/1/6 Skeleton Pore size Characteristic Column length Back pressure N Kx104 E

(molar ratio) Size (rtm) (ftm) length (flm) (mm) (kgf) (11m) (m-2)

1.1 1.5 3.3 4.8 143 11,000 340 2,500

1.0 0.54 1.8 2.3 146 6 32,000 66 1,600

0.9 0.19 0.67 0.86 155 53 96,000 10 1,900
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Figure 5 Relationship between retention factor and the length of ethylene oxide chain.

The structures of surfactant-incorporated gels are shown in Figure 3(a) and (d).

Retention factors are calculated using the peaks of toluene and 1,2-dinitrobenzene. The

surface of the gel skeletons becomes hydrophilic when the ethylene oxide chain becomes

longer.
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indicating that the surface with longer oxyethylene units shows higher polarity. These

values of retention factor were not changed by varying the amount of surfactant, which

suggests that the surfaces of methylsiloxane gels are saturated with the surfactant. Thus

we can easily alter the surface character simply by adding a surfactant into the system.

Chromatograms obtained from nonionic surfactant-incorporated methylsiloxane gels are

shown in Fig. 6. Although the column lengths are different from those listed in Table 1,

separation of polar species (2 and 3) is improved and the widths of the peaks are sharper

than monoliths without any surfactants. Although further research is needed,

3-functional MTMS-based bicontinuous siloxane gel will become one of the most prevailing

candidates for analytical devices because we can easily create a crack-free monolithic

structure without effective surface-directed deformation and the surface character can be

altered using various types of surfactant in the near future.

4. Conclusion

We have been trying to tailor a unique porous structure using spinodal decomposition

and have obtained various kinds of phenomenological knowledge about surface effect in a

confined geometry. The main factor that decides the final structure is wetting of siloxane

gel phase during phase separation and gelation. Since the more polar silanol groups are

consumed in the course of polycondensation reaction, the polarity of siloxane phase

becomes smaller and siloxane gel phase always wets the surface preferentially. This

speculation is not fully checked yet, but we believe it is true to all the phase-separating

sol-gel systems because siloxane gel phase always loses polar silanol groups and then turns

into gel. In any case, the consistent thing is that wetting of methylsiloxane gel phase

onto the existing surface induces the structural deformation, which accelerates wetting in

the hydrodynamic pumping mechanism. When the spinodal wavelength becomes larger

than the dimension of a confining space, wetting transition occurs. This phenomenon is
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Figure 6 Chromatograms obtained with surfactant-incorporated methylsiloxane gel

columns. (a) MTMS : MeOH : H20=1 : 1.1 : 2.0 and the weight ratio of NS-210/MTMS is

0.021 (see also Figure 3 (a) for the SEM photograph), and (b) MTMS : MeOH : H20=1 : 1.1 :

2.0 and the weight ratio of NS-270/MTMS is 0.021 (see also Figure 3 (d) for the SEM

photograph). The capillary diameter is 200 ""m and the sample mixture contains 1:

toluene, 2: 2,6-dinitrotoluene, and 3: 1,2-dinitrobenzene. The column length of each

monoliths are 300 mm. Back pressures are: (a) 6 kgf and (b) 19 kgf. The calculated

values of N are: (a) 6,100 1m and (b) 6,200 1m.
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universal for all the "closed" confined system, but can not be applicable to the "open"

system.

The MTMS-Methanol system is less susceptible to the structural deformation due to

the rapid reaction. Capillary columns made with the MM system showed an excellent

ability of fast and efficient separation of nitrobenzenes in normal phase. Surfactants can

alter the surface character of MTMS-derived gel easily, which will contribute to the further

development of MTMS-derived micro-separation media.
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SUNIMARY

SUMMARY

The present thesis deals with the effect of micro-surface on the micrometer-range

structural formation of siloxane gel via phase separation. Shape, size and chemical

character of the mold are systematically studied.

Chapter 1 was devoted to the model sol-gel systems together with Laser Scanning

Confocal Microscopy (LSCM) and its related image analysis techniques.

Methyltrimethoxysilane (MTMS)-formamide (FA)-H20 system (denoted as MF system) and

MTMS-methanol (MeOH)-H20 system (denoted as MM system) are suitable for tailoring

micro-devices since the gels derived from such systems show excellent formability; they

show little cracks and shrinkage. This fact is quite important for both structural

observation and application. All the techniques introduced in Chapter 1 are sufficiently

complete and well-established. However, the observation methods shown in "Case 1"

through "Case 4" are just the examples and the author hopes easier and more reliable

methods are contrived in the near future.

In Chapter 2, phase-separated structures in two dimensional (2D) molds were

examined by Laser Scanning Confocal Microscopy (LSCM). Conspicuous deformation was

observed in the near-surface regions in the MF system for both hydrophilic and

hydrophobic surfaces. On the contrary, tetramethoxysilane (TMOS)-FA-H20 system

(denoted as TF system) showed only a slight deformation. In Section 2.1 the origin of

deformation was discussed from the viewpoints of chemical characters of the surface of

the mold and that of polymerizing species. In the MF system, the following was

concluded: Since hydrophilic surface and MTMS-derived species can form chemical bonds,

MTMS-derived phase wetted preferentially, resulting in a significant deformation. In the

case of hydrophobic surfaces, MTMS-derived phase wetted preferentially as well by

hydrophobic interaction, and again, resulted in a significant deformation. From SEM

observation, the gel interfaces contacted to hydrophilic and hydrophobic surfaces showed
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different features; skin layer was formed only in the hydrophobic interfaces. Since the

chemical interaction between gel and hydrophobic surfaces is quite weak, the gel was

stripped off at the interfaces, while in the case of hydrophilic surfaces the gel was broken

at the structurally weak deformed regions. In the TF system, the deformation was

critically suppressed since the gel network is rigid and does not stretch. However, there

were a lot of cracks and shrinkage which make it difficult to prepare intact samples. In

Section 2.2 the origin of the deformation was discussed from the viewpoint of

hydrodynamic effects. The local analysis clearly showed the undesirable deformation

with larger curvatures and it can be deduced that "hydrodynamic pumping" process plays

an important role. Namely, from the early stage of spinodal decomposition siloxane-rich

phase preferentially wetted the surface which makes elongated columnar structure in the

proximity of the surface. Then the wetting will be accelerated by the pressure difference

between inside the elongated skeleton and the surface wetting layer. When the bulk

characteristic length exceeded the spacing of the mold, transition to complete wetting

was observed (wetting transition). The extent of deformation became larger when the

characteristic length of the bulk becomes longer and/or the size of the mold becomes

smaller. In the MM system the deformation was much smaller than the MF system due to

its rapid reaction rate. That is, the MF system allows a considerable time for wetting

during phase separation, on the contrary, the MM system freezes soon after the onset of

phase separation. Since wetting proceeds between the onset of phase separation and

gelation, the MM system is less susceptible to the deformation. Gravity and viscosity

were also found to affect the gel formation in addition to the hydrodynamic wetting. In

the thicker samples the deformation becomes much salient due to the gravitational effect,

and when more viscous water-soluble polymer was introduced in the solvent-rich phase the

deformation is significantly suppressed.

In Chapter 3, the structural deformation in a long cylindrical capillary or a

rectangular-sectioned open groove was studied. For a long cylindrical capillary the

overall tendency in the MF system is closely resembles the case of 2D mold, which was
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described in Section 3.1. In the MM system, the deformation was much suppressed in the

hydrophilic capillaries as was seen in the 2D case. In the hydrophobic capillary, however,

the deformation was promoted compared to the hydrophilic case. Hydrophobic

interaction is also affecting this phenomenon. In Section 3.2 a markedly different

structure was observed in an open groove. The web-like isotropic bicontinuous structure

inside the groove was transformed into the pillar structure with decreasing the width of

the groove. This phenomenon is named as "web-to-pillar transition". Special conditions

that the confined gelling material is connected to the bulk reservoir and the shape of the

surfaces are responsible to it.

In Chapter 4, more extensive study on the essential effects of confinement was

described. A macroporous silica gel with mean pore diameter 2.74 11m was used as a aD

mold. Although the MF-derived gels showed a similar behavior to the former cases, the

other resultant gels exhibited a more complicated tendency. The MM system showed a

similar tendency in the hydrophilic aD mold, however, in the hydrophobic mold complete

wetting occurs even when the bulk characteristic length, i.e. the phase separation time, is

very short. A swift diffusion during the early stage of spinodal decomposition is thought

to be responsible for the rapid transition. In the TF system, the appearance of the

confined gels did not bear the slightest resemblance to the corresponding bulk. The

rough surfaces of the confined gels are the evidence of the effect in the early stage.

Since the initial spinodal wavelength in the TF system is longer than the size of the mold,

phase separation kinetics was significantly suppressed. The effect of random-field and

wetting in the early stage is thought to become important.

In Chapter 5, an example of application to capillary HPLC is demonstrated. Since

the MM system is less deformed by the contacting surface, and shorter characteristic

length and larger size of the space are preferred to prepare homogeneous gel, the

MM-derived gels with finer structures were prepared in 530 and 200 11m capillaries. Since

the 530 11m capillary was found to form voids, 200 11m capillary was used for the HPLC

characterization. Also, incorporation of a surfactant into the starting solution
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successfully modified surface polarity. Both methylsiloxane gels with and without a

surfactant showed an excellent separation of nitrobenzenes in normal phase.

The present thesis dealt the first study about the surface effects on the phase

separation in sol-gel systems. Some aspects resembled the linear polymer blend system

but there were a lot of unique contributing factors related to sol-gel. Phenomenological

experiments gave a sufficient insight and will be quite useful for various applications

whereas the most parts concerning dynamic aspect are still unexplored. Nevertheless the

author wishes this work will contribute and be helpful to both application and phase

separation physics.
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APPENDIX

APPENDIX: ACCURACY OF LSCM OBSERVATION AND OTSU

THRESHOLDING

It is necessary to investigate the accuracy of LSCM observation by comparing to other

methods. Here, a comparison between LSCM and mercury porosimetry is described.

Although all the results in the present thesis were derived from thresholding with human

eye, the validity of Otsu thresholding, one of the best methods to decide a binarization

threshold, described in Chapter 1 is also examined.

Otsu's thresholding [1]

The principle of Otsu's thresholding is very simple. Let the pixels of a given picture

be representated in L gray levels [1, 2, ... , L]. The number of pixels at level I is denoted

by ni and the total number of pixels by N=n1+n2+·· ·+nL. The gray-level histogram ni is

normalized by the total number of pixels into Pi and regarded as a probability distribution:

P. =!!i-
I N (A-1)

Now, suppose the histogram is divided into two classes Co and C1 (background and

objects, or vice versa) by a certain threshold k. Here Co denotes a group of pixels with

levels [1, ... , k] and C1 with [k+1, ... , L]. Then the probabilities of class occurrence and

the class mean levels, respectively, are given by

(A-2)

k

Jio(k) = ~ iPi / wo(k), (A-3 )

The class variances are given by
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a(~(k) = ~ (i - !io (k))2 Pi / wo(k),
L

a1
2
(k) = ikl(i - !il(k))2 Pi /w1(k).

APPENDIX

(A-4)

The total mean level of the original picture and the total variance of levels, respectively,

are

L

TiT =~ iPi = ~ Wi (k)!ij (k),
f:( J~2

L

aJ; =~ (i -TiT)2 Pi = aa,(k) + a~(k), (A-5)

exhibit the within-class variance and the between-class variance, respectively. The most

appropriate threshold is given by the maximum of the following criterion;

1J(k) = a~(k) / aJ;. (A-6)

Since aj:. is independent of k, the above thresholding is equivalent to maximizing a~(k).

Experimental

The sample used in validation is the MF-derived siloxane gel at MTMS : FA: H20 = 1 :

2.3 : 2.5. In LSCM observation, uranine/DMA solution (denoted as U/DMA) and

fluorescein/FA solution (FIFA) were employed as contrast-matching solutions containing a

fluorescent dye. For the thresholding of LSCM images, human-eye determination

(denoted as E) and Otsu's method (denoted as 0) were employed. That is, U/DMA/E,

U/DMA/O, FIFAlE, and FIFA/O are compared.

In mercury porosimetry, a cell with known volume Vc was used. Bulk volume

(skeleton plus pore) of the sample Vb is given by Vb=Vc-VHg , where VHg is the volume of

mercury introduced in the cell at a low pressure. Note that this sample does not have a

large pore and is not intruded by mercury below ambient pressure. Macropore volume Vp

is equivalent to the cumulative pore volume, which is chosen at the pore diameter around

the resolution of LSCM (553 nm in lateral resolution). Then the porosity ¢ is given by

<j>=VpIVb • The values of porosity derived from both mercury porosimetry and LSCM are

compared.
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Results and Discussion

A slight difference of appearance was observed between the samples

contrast-matched by DMA and FA. Since the refractive index of methylsiloxane gel is

closer to that of DMA, the U/DMA sample was obviously more transparent compared to the

sample FIFA. In Figure A1, raw LSCM images of the D/DMA and FIFA samples at the similar

depths are shown. The FIFA sample in part (b) suffers from low contrast and the two

peaks in the histogram are close together. On the other hand, two peaks in the histogram

of the sample U/DMA is well separated and it is better for the binarization.

Figure A2 and A3 shows the reconstructed images of the samples U/DMA and FIFA,

respectively. In part (a) thresholding was performed by human eye (U/DMA/E in Figure A2

and FIFAtE in Figure A3), and part (b) by Otsu's method (U/DMA/O in Figure A2 and FI FAt0

in Figure A3). There is no visible difference between the two thresholding methods.

Table A1 summarizes the geometrical parameters derived from mercury porosimetry, LSCM

with human thresholding and Otsu's method. With regard to the porosity, though there is

a little difference between the samples and the thresholding methods, these are in good

agreement and LSCM is proved to be an excellent reliable method. In particular, an

appropriate contrast-matching method results in better contrast images, and thresholding

with human eye is the most reliable. However, since thresholding with human eye is

dependent on an experimenter, Otsu's method should be used in the future. A slight

difference of porosity between mercury porosimetry and Otsu's method may be within the

experimental error. However, it is better to check the optical distortion or blur in LSCM

images resulted from the geometry of the confocal ray path and lor mismatch of refractive

indices. Deconvolution of images using the "point spread function" has to be examined in

particular [2].
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Figure A1 RAW LSCM images of the (a) U/DMA and (b) F/FA samples at the similar depth.

The depth is ca. 40 /lm beneath the surface of the coverslip. The graphs below the

images are corresponding histograms of pixel intensities.
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Figure A2 Reconstructed images of the sample of the same volume. (a) U/DMA/E, and

(b) U/DMA/O. The size of the both images are 731.x73.1x29.75 !--lm3
•

Figure A3 Reconstructed images of the sample of the same volume. (a) F/FA/E, and (b)

F/FA/O. The size of the both images are 731.x73.1x29.75 !--lm3
• The sample is the same

as in Figure A1, but the volume is different.
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Table A1 Parameters obtained from different procedures

Characteristic
(ii) (K)Porosity ¢

length (/-lm)

Hg porosimetry 0.674*

U/DMA/E 0.668 12.9 -0.252 -1.85

U/DMA/O 0.664 13.0 -0.241 -1.85

F/FAIE 0.664 13.5 -0.251 -1.84

F/FA/O 0.642 13.7 -0.191 -1.79

*Calculated using the value of cumulative pore volume at 557.8 nm.
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