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Chapter 1

General Introduction

Amorphous Silicas ®

The phrase “asnumerous as the grains of sand on the seashore” represents an excellent way
to express a great multitude of anything. First and foremost, the phrase must be derived from the fact
that there isa great deal of sand lying around the world. In addition, the large quantity of silicon binds
up in countless different minerals, and it is easy to see why silicon is the most abundant of all elements
except oxygen. In nature, silicon is usually found in the form of silica -SiO,. Quartz is a crystalline
form of pure silica, and silica gel, which is now widely used as absorbents, is a partially dehydrated form
of polymerized colloidal silica.

Figure 1-1 shows the present commercial manufacturing methods for amorphous silica
particles. Roughly speaking, amorphous silica can be produced by two different process; a liquid
phase process and a gas phase one. The liquid phase process, which consists essentially of the gelation
of an alkali silicate, produces several types of hydrated amorphous silica. Silica gel and precipitated
silica are manufactured by the acid treatment of aqueous sodium silicate solution. Silica gels are
formed by a 1:eaction ca'rried out under acidic conditions with a critical pH, whereas precipitated silicas
are produced from alkaline solutions. Both of these products are in a class of materials known as
hydrated silicas which contain 6 to 8 % of moisture. The chemical reaction is expressed by the

following equation.
Na,O/mSiO, + H,S0, — SiO/nH,0 + NaSO,

The physical properties of silica gel are quite distinct from the other silicas. In contrast to
precipitated silica, silica gels exhibit a high degree of porosity or pore volume and a very high surface

area. In the manufacturing process, a colloidal silica suspension of silica is first formed, then the
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internal pores are filled with water producing hydrogels. Further processing yields either xerogels or
aerogels. Xerogels are formed when hydrogels are dried and shrunk to reduce their porosity.” On
the other hand, aerogels are formed when hydrogels are dried without shrinkage by replacing most of
the water in the gel with alcohol to be subjected to be heated in an autoclave above the critical
temperature of alcohol so that there is no meniscus between liquid and gas phases.” Generally, silica
gels are compressed as they are dried. But, aerogels are an exception, and it is difficult to distinguish
them from some precipitated silicas.

Precipitated silica has littie gel characteristics in the strict sense of the term, because it is
prepared under conditions which do not permit the formation of a continuous gel structure; for instance,
by adding a precipitating salt, setting atlow pH or freezing. The product is washed, filtered, dried and
classified according to particle size and surface area. Changing such variables as reaction time,
temperature, solution concentration and composition of reactants can readily vary the physical
properties of precipitated silica.”

Silica sol, the so-called colloidal silica, is also obtained by neutralizing a water solution of
sodium silicate with an acid and subsequently by removing various salts through an ion-exchange
resin.” The most notable difference is that they come in aqueous dispersions of 15% to 50% solid
which are co_mmonly usedinindustry. Colloidal silicas differ greatly in physical properties from other
specialty silicas by their very small particle size, which ranges from 5 nm to 50 nm. By comparison, this
is nearly a thousand times smaller than silica gel or precipitated silica particles, although itis comparable
in size to anhydrous fumed silica particles. | Therefore, colloidal silica can be thought of a precursor to
these hydrated silicas. Agglomeration and precipitation to larger particle forms is prevented by the
maintenance of proper water contents and cation concentration, as well as environmental conditions,
particularly temperature. Freezing or evaporation of the sol causes irreversible precipitation. Cations
such as sodium and ammonium, in concentrations of less than 1 % by weight,.create negative charges on
silica surfaces, causing the particles to repel each other and prevent them from gelling.®

Monodisperse spherical silica is prepared from ammoniacal tetraethyl orthosilicate (TEOS)

solution. This method was first reported by Stober et al.” Detailed studies was made on the $0-



called ” Stober process” as one of the interesting fields of study in sol-gel process.” The highly
polymerized silica particles exhibit wide range of diameters up to several microns, depending on the
initial solution conditions.”

Fumed silica (or pyrogenic silica) is synthesized by dry process. The vapor of silicone
10-12)

tetrachloride (STC) is hydrolyzed in oxygen -hydrogen premix flames to generate anhydrous silica.

The net reaction for the hydrolysis process to form fumed silica is as follows;
SiCl, + 2H, + O, — SiO, + 4HCI

Very fine spheres of molten amorphous silicone dioxide are formed in the hydrolysis process, during
which the molten spheres collide and fuse together to form branched, three-dimensionally chained
aggregates. Very fine particles thus formed give rise to the formation of nonporous and amorphous
silicas withlarge surface areas and high purity. Their particle sizes and surface areas can be controlled
by changes in combustion conditions, while the purity of the fumed silica exceeds 99.9 %. The
average particle size of original particle ranges from 7 nm to 40 nm and its specific surface area ranges

13)

from 50 m*/g to 380 m?/g.

S urface-modifi-cation of Silica

These various types of amorphous silicas may be widely used as adsorbents, fillers and
additives such as reinforcing, thixotropic, anti-Blocking and flatting agents corresponding to their
different characteristics (Figure 1-1). In the field of these applications, the interfaces between silica
and surrounding materials play important roles in material properties (adhesion, wetting, colloid
stabilization, chromatography, and catalysis efc.). Especially, silica fillers as a reinforcing agents of
composite materials have been investigated and used for a long time. Extensive evaluations of silane
coupling agents in glass-reinforced polyester and epoxy composites were motivated primarily by the
objective of increasing the wet strength in glass-reinforced polymer composites.'” Hundreds of

organofunctional silanes have been developed for bonding virtually any polymer to silicain reinforced



composites.'*'® Advanced analytical techniques have been also used to characterize the interphase and

72 For

to provide direct evidence regarding the mechanism of bonding in such a particular system.
bonding a given polymer to a silica filler, a silane is selected in such a way that the organofunctional
group is capable of reactions or interactions with the polymer matrices. This interactions may result
in covalent bonds of organofunctional group with polymer matrices, or they may consist of a co-
polymerization reaction at the interphase, or formation of an interpenetrating polymer networks (IPN).
Another attention has been paid to extensively prepare graft polymers chemically bound to
silica surfaces in order to stabilize colloidal silica in organic solvents. The formation of covalently
bound polymer layers (e.g., polystyrene,” poly(dimethylsiloxane),™ ™ poly(ethyleneoxide),**”
polyester,” poly(methyl methacrylate),™ etc.) by polymerization reactions carried out on silica

surfaces via suitable initiating, terminating or polymerisable groups or by reactions of surface silanol

groups with chemically active chlorosilane or alkoxysilane groups of polymers.

I. Initiation

x* ; monomer «— X —\/\/\/

I1. Copolymerization

+ monomer @ ——

I11. Termination
%
AV SVAVAVAR,

Figure 1-2 Polymerization reactions on silica surfaces.

(Asterisk indicates activated species)



As Figure 1-2 shows, one of the following principles may be applied to the grafting of

polymers onto silica surfaces;*”

(a) the initiation of polymerization from a silica surface using functional surface sites as catalysts in
radical or ionic polymerization reaction.

(b) the propagation of polymerization on a silica surface modified with polymarizable, chemically
bound groups which are capable of acting as monomers or comonomers in polymerization
reactions.

(c) the termination of polymerization on a silica surface atfunctional surface sites which can deactivate

growing polymeric chains.

Besides the aforementioned properties (adhesion, wetting, and colloid stabilization), various
characteristics prepared for some applications including chromatography, adsorbent and catalysts have
been advanced by surface modification with organofunctional chlorosilane or alkoxysilane on silica
surfaces.”® This implies that these properties can be often dramatically altered by the attachment of

’ However,

one or more layers of organic functional groups or polymer chains at the silica surface.*
scarcely attention has been paid to integrate properties of inorganic silicas with the unique function of

organic chemistry, although the sol-gel process has thrown such a way open (vide infra).

Functionality of Silica by Surface-modification with Photochromic Compounds
Systematic studies on the relationship between surface molecules and wettability revealed that
contact angles of water droplets are markedly determined by chemical and conformational stuctures of
molecular residues attached to an uppermost surfaces of substrates.”” This fact has led Chaudhurt and
Whitesides to achieve a demonstration that a water droplet runs uphill on a silica ‘glass plate which is
surface-modified with a long-chain silylating reagent to result in a gradient in the surface

38)

hydrophobicity.™ Suzuki have proposed a concept concerning driving mechanism for micro-object

based on a hydrophobic gradient of surfaces which is induced by external energy such as heat and



light’™®  This may offer anovel way to make micromachines workable by the dynamic regulation of
surfaces at molecular levels and requires further studies on molecular surfaces responsive to external
stimuli.

On the other hand, organic photochromic compounds undergo reversible color changes
owing to their molecular structural modification upon light irradiation, accompanied by the alteration
of their physical properties other than electronic absorption spectra such as molecular shape, polarity

and so on.

Reorientation of LC molecules

Figure 1-3 Illustrative representation of alteration of LC alignment between homeotropic and planar
modes induced by the structural change of surface photochromic molecules, followed by the

reorientation of LC molecules.



Photoinduced reversible changes have attracted extensive interest from a point of view of their
applicability to photoregulation of molecular systems in versatile ways by appropriate combinations of

photochromic molecules with various materials.

Systematic studies by Ichimura et al. revealed that
the alignment of a numerous liquid crystal (LC) molecules is regulated by photochromic molecules
(commander molecules) such as azobenzenes localized at topmost surfaces (command surfaces) of
silica plates by the photoinduced structural alteration of the molecules.*® The photoalignment
involves the reversible alignment change between homeotropic (perpendicular) and planar (parallel)
states as a result of the E/Z geometrical photoisomerization of commander molecules (Figure 1-3).®
When actinic light for the E-to-Z photoisomerization is linearly polarized, liquid crystal (LC) molecules

“49  The second class of the alignment regulation

orient uniaxially to form a homogeneous alignment.
has also been achieved by slantwise exposure for the E-to-Z photoisomerization with non-polarized
light*® The third class consists of the azimuthal photocontrol of the alignment by linearly polarized

47-50)

light from a single light source. This type of the photoalignment is performed only when
command-molecules result in a planar LC alignment before photoirradiation. In these systems,
photoactive molecules are reasonably referred to as “ commander molecules ” since their
photofunctionality does not drise from the spectroscopic modification in a visible range, but from
triggering structural as well as orientational alteration of a number of molecules or residues surrounding

) This means that

the photoactive molecules which are proposed to call “soldier molecules.”
macroscopic properties can be regulated by functional molecules localized on material surfaces with
marked amplification of structural alteration of fhe surface molecules.

The stability of dispersions of colloidal silica is of great practical importance. It depends on
various factors including dispersion media, pH, additives such as inorganic salts, surface-active reagents
and polymers," ** and results from molecular interactions between colloidal surfaces and solvent
molecules. As mentioned above, chemical modification of the silica surface hag been undertaken to
render the surface oleophilic in order to improve the dispersibility in organic solvents. ~So far, however,

little attention has been paid to regulating colloidal stability in organic solvents by external stimulation,

without the aid of additives.



In the first half of this thesis, the author examined the functionality of silicas by means of
surface-modification. Especially in Chapters 3 and 4, the author proposes a novel photochemical
approach for controlling the dispersibility of colloidal silica by surface treatment with photochromic
molecules that displays a drastic polarity change upon UV irradiation (Figure 1-4). This opens a way
to an alternative photoresponsive system in which photoinduced molecular structural alteration is

converted into macroscopic change through a surface-mediated process.

Silica particle

hydrophobic phase hydrophilic phase
Figure 1-4 Polarity change of a colloidal silica surface by light stimulation

Sol-gel Process

When one considers the methods of integrating unique properties of inorganic silicas with vast
functionality of organic chemistry, there are two different approaches; one is, as aforementioned, the
surface modification of inorganic surfaces with organic molecules, while the other involves the
incorporation of organic molecules into inorganic matrices. However, the latter method has the
inherent difficulty to encapsulate organic molecules into inorganic silica matrices, i. e., typical process
temperatures employed between organic and inorganic materials has a very wide gap: Organic
compounds can rarely survive at temperatures higher than 200 C, whereas typical operation
temperatures for inorganic ceramic and glass can be well above 1000 C. Therefore, until recently

doping has been limited to salts and oxide-additives, which can withstand elevated temperatures involved



in the melting procedures.

The late 1970s and early 1980s witnessed a dramatic change; the recognition that better
ceramic materials can be obtained through the detailed tailoring of chemical aspects of polymerization
led to a worldwide burst of activity and to the birth of what became known as  “sol-gel science” .*%
Although sol-gel transitions are, of course, well documented in many polymerization and precipitation
phenomena, the terms  “sol-gel materials” , “sol-gel process” ,etc. are used today in connection with
syntheses of inorganic materials from suitable monomers, passing indeed through sol, gel, and xerogel

(dry gel) stages as shown in Figure 1-5.

Metal Alkoxide Gel Particle Pore

Solution Sol Wet Gel Dried Gel Glass
' (Xerogel)

Figure 1-5  The sol-gel process

The sol-gel process consists of two main steps. In the first step, suitable metal alkoxides
hydrolyze to cause condensation-polymerization at a room temperature to form a microporous glass
(Xerogel) with a large surface area. For instance, the sol-gel process of TEOS, which produces silica

matrix, can be described as follows:

hydrolysis : Si(OC,H,),+4H,0 — Si(OH),+ C,H,OH
condensation Si(OH), - Si(')2 +2H,0

10



Therefore, the overall reaction is:
Si(OCH)) +2H, 0 — SiO,+ 4CH,OH
In the second step, the porous glass is annealed at an elevated temperature in order to fill the pores.
This results in a shrunken, nonporous glass.

The sol-gel method has received considerable attention because it possesses a number of
desirable characteristics. It enables one to prepare glasses at far lower temperatures than that of
conventional melting. Compositions, which are difficult to obtain by conventional means because of
volatilization, high melting temperatures or crystallization problems, can be produced. In addition, the
method is ahigh-purity process which leads to excellent homogeneity. Moreover, the sol-gel process
is adaptable to producing bulk pieces as well as films,** fibers,”” and powders.”® Last but not least, the
low processing temperatures enable one to dope the gel with organic molecules. During the past 15
years, it has been widely recognized that the use of low temperatures in this process allows the
entrapment of organic compounds in an inorganic medium without either denaturing them or
impairing their functionality. It became clear that the sol-gel process is a promising candidate for
fulfilling a gap between inorganic and organic materials by virtue of the employment of an ambient
temperature up to the xerogel stage. Prior to the sol-gel work, the incorporation of organic molecules
in solids generally was limited to use of frozen solvents or organic polymer matrices. The sol-gel
method represer;ts atotally new type of organic/inorganic composite materials because the oxide matrix
not only offers a significantly more ionic environment, but also it is thermally, chemically and
dimensionally more stable, so that this methdd opens a way to various potential applications as
described the following organicinorganic composite materials (D: Polymer/norganic hybrids and

@: encapsulation of organic molecules and enzymes).

Organic/Inorganic Composite Materials
@ Polymer/inorganic hybrids
Sol-gel glass preparation has allowed the synthesis of hybrids of polymer and glasses which

have variously been called ormosils (organically modified silicates),” ceramers* and hybrid polymers. *

11



" The incorporation of organic polymers into an inorganic glass matrix via covalent bond is
particularly interesting because new hybrid materials could have controllable combination of the
properties of both organic polymers (soft and tough) and inorganic glasses (hard and brittle). ~ Wilkes
and co-workers have used sol-gel reactions carried out in solutions containing dissolved polymers or

66,68-71)

oligomers which carry silane groups. These groups become incorporated into the forming silica,

interlocking the two components. Many polymers such as poly(dimethylsiloxane),**®

;¥ polyimide,” and poly(acrylate)™

poly(tetramethylene oxide),” poly(arylene ether ketone/sulfone)
were reported to be incorporated into SiO, glass network.
However, due to poor solvating properties of typical sol-gel formulations, homogeneous
polymer solutions can be obtained by using a limited number of polymers. In order to solve problems
related to solubility and homogeneity associated with performed polymerskol-gel formations,
Ellsworth and Novak have described the formation of inorganic-organic simultaneous interpenetrating

networks (SIPNs),”*™ wherein both inorganic glass and polymer formation occur concurrently as

shown in the following scheme;

, Ru 2/ NaF
Si(OMe) 4 - /
H, O/ co-solvent §i-0, \S - o
b | 7
oS0 0si0 ST |
y; i Sil_ n
Ri Ru+3 9?0 \ 0|
/) - - Ri R

The simultaneous method gives very homogenous materials with a structure finer when compared with
using preformed polymers.

Webster et al., on the other hand, demonstrated that sol-gel process&ng allows for the
preparation of aryl-bridged polysilsesquioxanes, which were microporous with surface areas as high as
1000 m%g and thermally stable up to 400 C in air, and this property of the solid was related to the

presence of rigid-rod organic spacers interspaced at regular intervals in the silicate framework.”> "

12



As with most newly developed materials, however, itis not obvious what these hybrids will be
good for. Unfortunately, the only application so far described is in scratch-proof coating for plastic
lenses.”™ The aerospace industry is keenly interested in extending the maximum operating
temperatures of polymer composites. High temperature polymers blended with glasses should give

strong and tough materials with increased temperature resistance.

@ Encapsulation of Organic Molecules and Enzymes
Avnir et al. demonstrated that the properties and advantages of doped sol-gel glasses which are

of use for the applications are the following;™*"

1. Glasses are stable thermally, chemically and photochemically, especially when compared to
plastic matrices, which have been the only materials used so far for encapsulation of organic
molecules.

2. The encapsulated molecules are well protected again, much better than in plastics. For instance,
their photodegradation is much suppressed, compared to solution.

3. The glasses are transparent well to UV light, allowing a whole array of photochemical,
photophysical and optical applications.

4. The trap;;ed molecules are either non-leachable, or, in some cases, leachable over a very long time
period.

5. A sub-population of the non-leachable fnolecules istrapped close enough to a pore-surface to be
able to interact with substrate molecules contained in pore space. It is this portion of trapped-

yet-exposed molecules which allows the development of chemically active sol-gel glasses.

These dominant characteristics have led many applications such as chemical sensors (metal ion

83, 84)
s

sensors,”” pH sensors®" *), photochemical hole-burning (PHB) non-linear optics>*” solid-state

88-92) 93-95)

electro-optical liquid crystals,

dye lasers, organometallic catalysis,> bioactive glasses,”* and so

forth (Table 1-1).

13



Table 1-1
Applications by Encapsulation of Organic Molecules in Sol-Gel Glasses

o Starting Trapped
Applications Materials Molecules Contents
o -Phenanthrolin """~ Fe2+ (white —» red) Metalion
Chemical SIOCH3)4 Dimethylglyoxime -------}-- Ni2* (colorless —> red) Sensors
Sensors Methyl orange, Methyl red,| A prototype of a pH meter based on
Bromothymol blue, etc. a pH-sensing glass is constructed.
1,4-Dihydroxy-
anthraquinone PHB at 4.8 K
Photochemical SIOCHSW
hole-buring i 5 . A photochemical hole is formed in the
(PHB) :‘:;Pll,ﬂlvlllls, ('lf,;’l’& TCPP, | jowest transition of the Q band of TMPyP
y in the silica Film at 20K.
Non-linear . Polyaniline, Fluorescein, | Third order nonlinear effects
optical materials| ~Si(OCH)} Coumarines, efc. are observed.
: Si(OC2s)4 Rhodamine-6G, -B, The dyes can be incorporated in in-
Solid state . . ! . .
dve laser Si(OCHs)4 Com or?np envu'onment'wnhout
y ORMOSILS Oxazine-170, etc. undesirable aggregation effects.
Glass dispersed | CZHSSIOC2153 GDLC may have, in principle, the same
liquid crystals or Nematic liquid crystals performances as PDLC (polymer dispersed
(GDLC) Phenyl- (methyl) liquid crystals) for electro-optical devices.
triacethoxysilane
grgla;:i;ne tallic sggg;m‘ RhCI3, PtCl4, and CoCR Recyclable hydrogen transfer catalyst
* | Enzymes Some of entra
. . . . . pped enzymes shows
Bioactive glass|  Si(OCH3)4 (ﬂli‘;ﬁo‘;’:m“ggs‘)“’ remarkable enhancement in stability.

* Organic modified silicates

Characteristics of Trapped Molecules in Sol-gel Silica Matrices

Understanding of the reactivity of doped sol-gel glasses is intimately linked with
understanding of the nature of the entrapment and the cage properties. So far, various spectroscopies
have been employed to study the dopant cage properties and their evolution in time along the monomer

~ oligomer ~ sol ~ gel ~ xerogel transition.

The sol-gel processes and the evolution of various cage properties was first monitored with
pyrene (Py) as a fluorescent probe because of the relatively long singlet lifetime, its distinct vibronic

peaks in a fluorescence spectrum, the ability to form an excimer (Py*2) and the sensitivity of these

14



parameters to changes in environmental conditions ; especially, the ratio of the relative intensity of the
first to the fifth peak in afluorescent spectrum (I , /1 ;) is sensitive to the environment polarity, since the

19199 Changes in microenvironmental polarity and structures

ratio increases with increase in polarity.
around the probe molecules were detected and monitored from adsorption onto the surface of the
growing SiO, particles up to the complete isolation in microporous cages.

The following conclusions were reached. On a molecular scale, geometric complexity and
irregularity start to build up mainly after the gelation point. Two general patterns of behavior were
observed, depending on the water to silane ratio. At low ratios, geometric irregularity and porosity
build up gradually along the whole process, resulting firstin an increase in pyrene emission intensity as
aggregation became more pronounced, followed by a decrease in intensity as pyrene molecules became
isolated. At high water to silane ratio, a smooth surface was formed, prior to the buildup of a porous
structure. These results suggested that polymerization - gelation occurs at low water to silane ratios
whereas the formation of a colloid followed by its gelation occurs at high water to silane ratios. The
pyrene excimer disappears at the final xerogel stage, proving that the sol-gel process is an effective
method for isolating organic molecules. The changes in microenvironmental polarity during the
sol-gel process, asreflected by the I , /I sratio, are due to pyrene aggregation and not due to the support
itself.

Some other photophysical probes (e.g., 7-azaindole,” 1- and 2-naphthols,® '* pyrene-3-
carboxaldehyde,™ Rhodamine B, ”™and so on) were also used for following the sol-gel transitions.
Zink et al. have reported the preparation‘ of silica and aluminosilicate gels doped with
bipyridyltriscarbonylchlororhenium (I) as a probe for cage rigidity, and demonstrated that large
changes in the local gel structure occur during the aging period which increases the rigidity of the oxide

skeleton.'”'®

15



Table 1-2
van der Waals volume of photochromic probes
and extra volume needed to isomerize

trans, A 3 extra to isomerize, A3
Azobenzene 144 127
m - Azotoluene 170 166
1, 1' - Azonaphthalene 216 200
4 - Ethoxyazobenzene - 127
2, 2' - Azonaphthalene 216 230
Stilbene 151 222
4, 4' - Dinitrostilbene 187 262
4, 4' - Diphenylstilbene 270 S71
Thioindigo 197 212
1,3 - Di (1-pyrenyl) propane =~ —— 439

However, there have been few systematic studies on the nature of interactions between guest
molecules and silica matrices and flexibility of entrapped molecules. Photochromic reactions are
influenced by properties of matrices including polarity, viscosity, acid-base interactions, free volume,
etc. In particular, photochromic compounds with marked alternation of their molecular structure have
been employed to elucidate microstructures of different polymer matrices, as the reaction rates of
photochemical and thermal isomerizations of photochromic molecules are affected by the rigidity of
matrices owing to their molecular shape changes."” " Victor and Torkelson have calculated these
sweep volumes of several photoactive compounds after the method of Bondi (Table 1-2).'"?

Azobenzene photoisomerizes from E-isomer to Z-isomer, and the reverse‘process takes place
photochemically or thermally. The photochemistry is relatively insensitive to fluid reaction media.
The quantum yield for the photoisomerization is hardly affected by the nature of solvent."'"  Since

the geometrical isomerization requires a sufficient free volume due to the remarkable alteration of

16



molecular structure, the efficiency of the isomerization in solid phase reflects the molecular mobility.
Hence, azobenzene is a suitable photoactive probe to estimate the rigidity of matrices so that this type of
photochromic probes has been widely employed to elucidate the microstructures of polymer solid
matrices."*"™ "*""® In analogy with polymer matrices, the use of such photochromic molecules as
photoprobes is of significance in obtaining information about microstructures of silica matrices
prepared by sol-gel process.

Some reports dealt with the photochromic behavior of a fulgide and spiropyranes in sol-gel
bulk materials."*'® However, these photochromic compounds seem to be inappropriate to estimate
the rigidity of the matrix since the molecular movement associated with these 6 7 electrocyclic reactions
is very small and the photochromism of the spiropyrans is too markedly affected by the polarity of
matrices. In Chapters 6-8 of this thesis, the author studied the photoinduced trans-cis isomerization

and thermal cis-trans isomerization of azobenzene derivatives in sol-gel silica matrices.

Scope of the Present Thesis

The present thesis aims at studying on the functionality and characteristics of photochromic
organic-inorganic hybrids. - The author explored novel possibilities of silicas/organic composite by
two different approaches, i. e., by placing organic photochromic molecules onto and into silica matrices.
In the first half ;)f this thesis (Chapters 2-5), the author examined the functionality of silicas by means
of surface-modification. In the second half (Chapters 6-9), the author investigated microenviron-
mental structures in sol-gel silica matrices by évaluating the reactivity of doped organic photochromic

probes.

(Chapters 2-5: Functionality of Silica by Surface-modification with Photochromic Compounds)
Chapter 2 deals with revealing that azobenzene having an aminb residue show good
adsorptivity on a silica surface, and a silica surface adsorbing the azobenzene amphiphilic compound
displays the ability to command the photoalignment of a nematic liquid crystal between homeotropic

and planar modes.
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Chapter 3 describes a novel photochemical approach for controlling the dispersibility of
colloidal silica by surface adsorption of a calixresorcin[4]arene having azobenzene groups. A dipole
moment change of azobenzene units on a surface of colloidal particles results in the photocontrol of the
reversible alternation between dispersed and aggregated states of the particles in non-polar solvents.
This provides a novel system for molecular amplification of photonic information.

Chapter 4 also deals with the photocontrolled aggregation of colloidal silica by surface-
chemisorption of spirobenzopyran (SP) having a decamethylene spacer. When the photochromic
particles are dispersed in carbon tetrachloride, UV irradiation induced flocculation, causing the
sedimentation of the colloidal silica, while visible light irradiation recovered the dispersed state. In
Chapter 5, the thermal reverse isomerization kinetics of SP attached to a silica surface through two
different methylene spacers were studied and compared with those of their model compounds in various
solvents in order to elucidate the surface environment. The photoinduced control of the dispersibility

of the SP-modified colloidal silica will be discussed.

(Chapters 6-9: Characteristic of Trapped Molecules in Sol-Gel Silica Matrices)

Chapter 6 describes the trans-to-cis photoisomerization and the thermally induced the cis-
trans reversion of 4-methoxy-4’-(2-hydroxyethoxy)azobenzene (MHAB) in sol-gel silica films
prepared under various conditions. Furthermore, these photochemical and thermal isomerizations of
MHAB in sol-gel films were compared with that in a poly(methylmethacrylate) (PMMA) film or in
solutions. '

In Chapter 7, sol-gel glass thin films were prepared from tetraethyl orthosilicate (TEOS) in
the presence of MHAB, 4-methoxy-4'-(N-(3-triethoxysilylpropyl)carbamoylmethoxy)azobenzene
(MTAB) and 4,4'-bis(N-(3-triethoxysilylpropyl)carbamoylmethoxy)azobenzene (DTAB). This
chapter deals with the effect of covalent bond formation between a doping azobenzene moiety and silica
matrices on the geometrical isomerization. The author expected that the introduction of silylation
units at both sides of the azobenzene enhances considerably the suppression of reactivity of the

chromophore.
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Chapter 8 deals with revealing the marked differences in microenvironmental structures of
sol-gel silica between bulk materials and thin films by means of evaluating the reactivity of doped three
azobenzenes (MHAB, MTAB, and MTAB).

In Chapter 9, sol-gel films and monoliths were prepared by the hydrolysis of TEOS or
tetramethyl orthosilicate (TMOS) in the presence of 13-bis(9-anthryl)propan-1-ol (BAP), bis(9-
anthrylmethyl)amine (BAA) and intermolecular photodimer of BAA (DBAA). The intramolecular
photodimerization of these dianthryl compounds as photoprobes was examined in sol-gel glasses and
compared with those in solutions as well as in PMMA films. The purpose of this chapter is to obtain
further information on the mobility of organic molecules embedded within sol-gel matrices.
Moreover, studies of competitive photooxidation behavior of the anthracenes were also made to reveal
the permeation of atmospheric oxygen into the inorganic matrices.

Finally, the summary of this work is presented in Chapter 10.
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Chapter 2

Alignment Photoregulation of a Nematic Liquid Crystal

by Surface Adsorption of Aminoalkylated Azobenzenes
INTRODUCTION

As described in the general introduction (Chapter 1), systematic studies have revealed that the
alignment of numerous liquid crystal (LC) molecules is regulated by photochromic molecules
(commander molecules) localized at the topmost surfaces (command surfaces )of substrate plates by the
photoinduced structural alteration of the molecules. The photoalignment regulation by command
surfaces is affected by various factors'” including photochromic moieties like azobenzenes, substituents
at the commander molecules, spacers for attaching commander molecules to substrate surfaces, the
nature of substrate surfaces and so forth. In particular, command surfaces prepared from
photochromic polymer thin films demonstrate complicated features in the photoresponse® although
this type of polymer surfaces possesses very practical significance. One of the factors influencing the
responsiveness of LC photoalignment has been discussed based on the penetration of LC molecules into
photoirradiated ;;olymer thin films, leading to the randomization of photooriented azobenzene
chromophores in polymer matrices. In this respect, the surface-selective modification of silica
substrates with photochromic compounds”plays a crucial role since LC molecules cannot penetrate into
the substrate matrix because of tightly networked structures.

The surface silylation of silica plates have carried out with the use of photochromic
compounds having a triethoxysilyl residue."” Although this procedure affords versatile ways to the
three types of the LC photoalignment regulation as mentioned in the Chapter 1, the structure of the
command layers prepared by the silylation is not always well-defined because there is a possibility that
triethoxysilyl compounds form oligosiloxanes during the preparation of silylation solutions for surface

silylation.
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On the other hands, some reports described that aliphatic amino residues bind firmly to a silica
surface through hydrogen bond formation. The amino group of 7 -aminopropylsilyl residues
covalently attached to a silica surface through silylation interacts effectively with surface silanols™® while
intermolecular hydrogen bonding between an amine and a silica surface was suggested by the fact that
the adsorptivity of allylamine on a silica is two magnitude greater than that of allyl methacrylate.”
These have led us to prepare azobenzenes having an aminoalky! residue to achieve the surface
modification of a silica plate with azobenzene moieties by the adsorption through a hydrogen bond.

In this chapter, the author presents a simple and convenient method to prepare command
surfaces by the adsorption of aminoalkylated azobenzenes on asilicasurface. Since the binding site is
an amino group, the surface can be covered with a single monolayer of the commander molecules, and
silica surfaces become photoactive simply by placing a nematic LC containing the azobenzene

amphiphile without any surface treatment before cell assemblage.
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EXPERIMENTAL

Materials

Silica particles donated by Tokuyama Corp. were monodispersed particles of ca. 400 nm
diameter with a BET nitrogen specific surface area of 6.1 m*/g. Prior to adsorption experiment, they
were dried under vacuum at 180°C for 5 hr. A nematic liquid crystal (DON-103), a mixture of p-

alkoxyphenyl cyclohexanecarboxylates of TNI = 74°C, was gifted by Rodic Corp.

s
NOO(CH2)1OCOOH

1 (a) 4AzC : R =Cg4Hg, (b) 8AZC: R = CgHy7, (c) 0AzC: R=H

R
S NOO(CH2)1ONHCMQH5

2 (a) 4AzU : R = C4Hy, (b) 8AzU: R = CgHy7, (c) 0AZU: R=H

—~ )
. N—@—O(cwz)mm-i2

3 (a) 4AzA : R = C,H,, (b) 8AzA: R = CgH,;, (c) 0AZA: R=H

O
O‘O-O_—Cmi'i2m+1

DON-103

Figure 2-1 Chemical structures of azobenzenes and a liquid crystal.
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Azobenzenes (Figure2-2)
4-(10-aminodecyloxy)-4'-butylazobenzene (4AzA)
4-(10-Ethoxycarbonyldecyloxy)-4'-butylazobenzene was synthesized from 4-hydroxy-4'-
butylazobenzene by the Williamson method and purified by repeated recrystallization from methanot
to give crystals of mp 74-75°C. Calcd. for C,H,,N,O;; C,74.64; H,9.07; N,6.00%. Found: C,74.67;
H, 8.84;N,5.94%. 'H-NMR(CDCl;) 6:0.92 (3H,t,CH;-C),1.25 (3H,t,0CH,CH,), 1.2-1.9 (20H, m,
-CH,-), 2.28 (2H, t,CH(C=0)), 2.70 (2H, t,CH2-arom), 3.9-4.3 (4H, m, CH,0-arom and (C=0)OCH,),
6.95 (2H, d, H-arom), 7.26 (2H, d, H-arom), 7.82 (4H, d, H-arom). IR (KBr): 2910, 2850, 1760, 1240,
840 cm™. The ester was hydrolyzed to yield 4-(10-carboxydecyloxy)-4'-butylazobenzene (4AzC),
followed by recrystallization from methanol to give crystalsof mp 113-114°C. Calcd. for C,,H;4N,O;;
C,73.94; H,8.73; N, 6.39%. Found: C,74.43; H, 8.96; N, 6.42%. 'H-NMR (CDCl;) 4:0.95(3H,
t, CH;-C), 1.2-1.9 (20H, m, -CH,-), 2.32 (2H, t, CH(C=0)), 2.67 (2H, t, CH,-arom), 4.02 (2H, t,
CH,0-arom), 6.95 (2H, d, H-arom), 7.24 (2H, d, H-arom), 7.80 (4H,d, H-arom). IR (KBr): 2910, 2850,
1725, 1250, 850 cm™. A solution of an equimolar mixture of the azobenzenecarboxylic acid,
triethylamine and diphenylphosphoryl azide was refluxed in tert-buty! alcohol for 7 hr, after the Sioiri's
procedure,” to form the corresponding urethane derivative of mp 82-83°C. Calcd. for C, H,,N,0;; C,
73.05; H,9.29; N, 8.24%. Found: C,72.87; H,9.19; N, 8.83%. 'H-NMR (CDCl,) 6:0.92 (3H,t,
CH;-(), 1.50 .(9H, s,CH;-0), 1.2-1.9 (20H, m, -CH,-), 2.67 (2H,t, CH,-arom), 3.10 (2H, m, CH,-N),
4.02 (2H, t, CH,0-arom), 4.45 (1H, br. NH), 6.99 (2H, d, H-arom), 7.28 (2H,d, H-arom), 7.83 (4H, d,
H-arom). IR (KBr): 2920, 2830, 1690, 1250, 850 cm™”. The urethane was subjected to mild acidic
hydrolysis to be converted into the azobenzene bearing an amino residue which wasrecrystallized from
acetonitrile. Calcd. for CHN,O; C, 76.24; H, 9.60; N, 10.26%. Found: C, 75.90; H, 9.40; N,
10.12%. 'H-NMR (CDCl) 0:0.94 (3H,t,CH;-C), 1.2-2.0 (20H, m,-CH,-), 2.67 (4H, m, CH,-arom
and -CH,-NH,), 4.02 (2H, t, CH,0-arom), 6.95 (2H, d, H-arom), 7.24 (2H,‘d, H-arom), 7.82 (4H, d,

H-arom). IR (KBr): 3430, 2920, 2850, 1605, 1240, 850 cm™.
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4-(10-aminodecyloxy)-azobenzene (0AzA) was prepared in the same way. Calcd. for C,,H;N,O; C,
74.79;H, 11.89; N, 8.84%. Found: C, 74.69; H, 11.71; N, 8.73%. 'H-NMR (CDCl;) &:1.2-2.0
(16H, m, -CH,-), 2.67 (2H, t, -CH,-NH,), 4.02 (2H, t, CH,0-arom), 6.95 (2H, d, H-arom), 7.24 (2H,d,
H-arom), 7.82 (5H, m, H-arom). 4-(10-aminodecyloxy)-4'-octylazobenzene (8AzA) was obtained
similarly. Calcd. for C;H,,N,O; C,77.37; H,10.17; N, 9.02%. Found: C,76.98; H, 10.11; N, 8.83%.
'H-NMR (CDCl;) §:0.87 (3H,t,CH,-C),1.2-2.0 (28H, m,-CH,-), 2.67 (2H,t, -CH,-NH,),4.04 (2H,

t, CH,0-arom), 7.00 (2H, d, H-arom), 7.28 (2H, d, H-arom), 7.4-8.0 (4H, d, H-arom).

Adsorption on Silica Particles

Twenty milliliter of a dry benzene solution of an azobenzene with a known concentration was
mixed with 1.00 g of silica particles in a glaiss tube and placed under mild shaking at 25°C for
approximately 8 hr to reach an adsorption equilibrium. A silica suspension was centrifuged at 3000
rpm for 15 min to sediment the silica particles, and a supernatant wasremoved with care to monitor the
concentration of azobenzene spectroscopically. The amount of azobenzene adsorbed on flocculated

silica, Wi (mmol/g), was calculated from the expression
Wi = V(Co-Ci)/Mi

where V = volume of a solution in mL, Co = an initial concentration of the azobenzene in mol/L, Ci=

concentration of the azobenzene in the supernatant after centrifugation in mol/L and Mi = silica weight

ing.

Adsorption on Quartz Plates and Photoisomerization of Azobenzenes

Quartz plates (1 x 3 cm®) were cleaned in a conventional way. Plates were immersed in
benzene solutions of an azobenzene of concentrations in a range between 1 x 10 molL and 1 x 10™*
mol/L for 30 min, air-dried, and rinsed withfresh benzene several times. A surface-modified plate was

irradiated at 365 nm from a Jasco CRM-FA Irradiator equipped with a 2 kW xenon arc lamp for the "
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photoisomerization of adsorbed azobenzene. Absorption spectra were taken on a Hitachi UV320

spectrometer.

Cell Fabrication and Liquid Crystal Photoalignment

A nematic liquid crystal (DON-103; Rodic) containing spherical glass spacers of 5 1 m
diameter (Tokuyama Corp., SP-50F) was placed between two surface-modified quartz plates. The cell
was irradiated alternately with UV light (365 nm) and blue light (440 nm) from a 500 W high pressure
mercury arc. Alignment alteration was followed by monitoring transmitted light intensity of a He-Ne

laser beam passed through a cell and a crossed polarizer (Figure 2-3).

Polarizer

Power
meter

He-Ne laser

Filter

Figure 2-3 An experimental setup for the photoinduced alignment regulation.
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RESULTS AND DISCUSSION

Adsorption on Silica Plates
As revealed previously, the photoinduced LC alignment between homeotropic and planar modes by

surface azobenzenes attached through silylation is influenced markedly by various factors including a
substituent and a spacer length.” An alkyl residue at the p-position of the E-azobenzene chromophore
brings about homeotropic alignment effectively, while a longer spacer linking an azo-chromophore to
a silica substrate surface plays an important role for the photoalignment control. Based on these
observations, azobenzenes in this work were substituted with a butyl group at the p-position and a
decamethylene spacer between the photoisomerizable group and a hydrophilic residue like carboxylic
and amino groups (Figure 2-1). The amino compound (3a; 4AzA) was prepared from the
corresponding carboxylic acid (1a; 4AzC) through the urethane (2a; 4AzU),

The adsorption behavior of the azobenzenes was examined by immersing a quartz plate in a
107 mol/L benzene solution, followed by rinsing the plate withbenzene. A plate immersed in a 4AzA
solution showed a distinct absorption spectrum due to the azobenzene chromophore, while 4AzC is
adsorbed slightly on a silica surface (Figure 2-4).  No surface adsorption was detected for 4AzU at all.
As shown in Figure 2-4(a,), the absorbances are reduced gradually after successive washing out
ultrasonically v;'ith fresh benzene. The azobenzene absorption bands disappeared almost completely
after rinsing with ethanol. These indicates that the azobenzene having an amino group adsorbs
physically on the surface through hydrogeﬁ bonding. Figure 2-4(a) furthermore indicates the
followings: First, the red shift of the absorption maximum due to the 7t- 7t * transition from 338 nm to
352 nm is caused by the second rinsing with benzene. The absorption maximum of the latter is
equivalent to that in a solution, while the blue shift of the absorption is ascribable to the face-to-face
aggregation of the chromophores.” This implies that the partial desorption ot‘” the azobenzene upon
rinsing leads to the reduction of the surface density of the chromophore, which results in an increase in
isolated azobenzene molecules on the surface. Second, the ratio of the absorbance at 352 nm (A)) to

the one at about 250 nm (A,) decreases by successive washing with benzene. Since the absorption’
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bands at the longer wavelength and the shorter wavelength are due to the longer and the shorter
molecular axes, respectively, the ratio (A /A)) is a measure of the conformational state of the azobenzene
chromophore; the smaller ratio reflects the more perpendicular conformation of the chromophore on
a surface.? The increase in A/A, after repeated washing of the quartz plate suggests that the tiltangle
(the angle contained by the molecular axis and the surface) of the azobenzene chromophore is
enhanced by the partial desorption upon washing as a result of the decrease in the surface density.

This was supported by the absorption spectral change upon UV irradiation for the E/Z
photoisomerization (Figure 2-5). Figure 2-5(a) shows the spectral changes of a plate after the first
washing. UV irradiation causes the decrease inthe 7-7* absorption band to give a photostationary
state. Judging from the spectral shape after prolonged UV irradiation, the photostationary state
contains approximately one third of the initial E-isomer since the decrease in the absorption at 352 nm
is incomplete. This is more clearly recognized by the comparison with the spectral change of the plate
which was subjected to repeated washing to resultin the partial desorption, followed by UV irradiation.
As shown in Figure 2-5(b), the absorption at 352 nm due to the E-isomer decreases efficiently after UV
irradiation, and the absorption band at about 440 nm due to the n- 77* transition is intensified because
of the sufficient formation of ‘Z-isomer with an absorption coefficient larger than that of E-isomer.
Thus, the partial desorption leading to the reduction of the surface density brings about the increase in
free volume required for the E/Z photoisomerization.

The adsorption behavior of the azobenzene amphiphiles on a silica surface was determined
UV-spectroscopically using colloidal silica in stéad of a silica plate since amounts of the azobenzene
adsorbed on silica plate are so minute that it is hard to obtain reliable absorbances. Colloidal silica was
dispersed in benzene containing an azobenzene derivative to reach adsorption equilibrium, and the
amount of adsorbed azobenzene wasestimated by measuring a UV absorbance of a supernatant after the
removal of silica particles by means of centrifugation. The results are shown in Figure 2-6. The
adsorption capability is in the following order; 4AzA >> 4AzC = 4AzU. The adsorption behavior of

4AzA onto silica particles was well fitted with the Freundlich's equation,
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logW; = logK, + (1/n)logC

where K, and n are adsorption constants. It was confirmed that the adsorbate (4AzA) has a strong

affinity to silica surface since n = 3.44.
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Figure 2-4 Absorption spectra of azobenzenes ((a): 4AzA, (b) :4AzC) adsorbed on quartz plates

which were rinsed with fresh benzene repeatedly.
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Figure 2-5 Absorption-spectral changes during UV irradiation of (a) a plate immersed ina 10? mol/L

benzene solution of 4AzA, followed by rinsing with benzene once and (b) a plate rinsed with benzene

four times after the surface adsorption.
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Photoregulation of Liquid Crystal Alignment

Silica plates modified with 4AzA displayed the ability to regulate liquid crystal alignment
between homeotropic and planar modes upon alternate irradiation with 365 nm light and 440 nm light.
Aspresented in Figure 2-7, plates treated with benzene solutions of 4AzA in higher concentrations
exhibit the reversible alignment alteration, although no photoresponse was observed for plates modified
with adiluted (1 x 10 mol/L) benzene solution. It has already been shown that the photoregulation of
LC alignment is determined by the surface density of commander molecules at a critical value.™'® At
leastone azobenzene molecule is needed on a surface area of 1 nm?for the photoalignment, and LC cells
do not work when the density of the molecule isreduced less than this value. The treatmentof a silica
plate with a benzene solution of 1 x 10? molL 4AzA gave the surface coverage of roughly 2.5
molecules per 1 nm?, as estimated by the UV-absorbance of the plate. This value is sufficiently larger
than the critical one so that the surface exhibits the ability to perform the reversible alignment change.

A silicasurface was treated with other azobenzenes bearing an aminoalkyl group to determine
the photoresponsiveness of LC cells to reveal the substitutent effect of azobenzene chromophores. As
shown in Figure 2-8, both 8 AzA (3b) and 0AzA (3¢) made the substrate surface photoactive to resultin
similar photoregulation of LC alignment. It should be noticed here that the surface adsorbed by 0AzA
without an alky! residue at the p-position is able to command the LC alignment upon photoirradiation.
The effect of the -substituent on the azobenzene moiety on the photocontrollability of LC alignment has
been reported.”’ When a silica surface was modified with azobenzene silylating reagents, an alkyl
substituent at the para-position of azo-moiety v&;orks favorably to make the alignment homeotropic so
that the cell displays reversible photoalignment regulation. On the contrary, a silylating reagent having
azobenzene skeleton without p-alkyl substituent produces planar alignment, and, as a result, no efficient
homeotropic/ planar alignment photoregulation was attained. This is a marked contrast to the present
results. In the case of the silylation, an azobenzene moiety was linked to a silica surface through a
spacer, (O(CH,)sCONH(CH,),Si-O. The photoactivity of 0AzA to command the alignment alteration is

probably owing to the longer alkylene spacer.
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111D When a silica substrate is modified

A similar spacer effect was observed for p-methoxyazobenzene.
with the p-substituted azobenzene through the same spacer incorporating an amide bond, the alignment
of a nematic LC became random parallel so that no photocontrol of LC alignment was attained upon
alternate UV-vis photoirradiation. On the contrary, the attachment of the same chromophore through
a decamethylene spacer enabled us to achieve the reversible alignment regulation between homeotropic
and planar modes. These facts may lead us to a clue for the molecular design to obtain a homeotropic
alignment induced by a commander molecule by tethering a photochromic unit through a longer
hydrophobic alkylene spacer.

In the meantime, it wasfound that a cell fabricated with plates treated witha 10 mol/L solution
of 4AzA and filled with DON-103 becomes photoinactive after being kept standing for 10 days evenin
the dark. Because azobenzene-modified surfaces are so photofatigue-resistant that more than 1000
repetition cycles are possible upon alternate UV and visible light irradiation,” the inactiveness of the cell
is not caused by the photodegradation, but by the gradual desorption of 4AzA from a substrate surface,
as suggested by the results that 4AzA on a silica surface is removed by washing with pure benzene.
This led us to fabricate a cell with clean silica plates and a nematic liquid crystal dissolving 0.1 wt% of
4AzA to reach an adsorption equilibrium in it. An initial LC texture of the cell was planar and
converted gradually into a homeotropic mode, as shown in Figure 2-9. This corresponds
unequivocally to th.e adsorption of 4AzA onto a substrate surface and offers quite a convenient way to
make up photoresponsive LC cells. After the completion of a homeotropic alignment, the cell was
subsequently exposed to UV light to give a planar mode. This implies that a simple procedure leading
to the fabrication of photoresponsive cellsis performed by solely filling a cell made up of a couple of

clean substrate plates with a nematic liquid crystal containing a photochromic amphiphile.
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Figure 2-9 Polarized micrographs (X40) of a cell assembled with a couple of silica plates and filled
in with DON-103 containing 0.1 wt% of 4AzA during being kept standing at room temperature. (a) 1

min, (b) 5 min and (c) 10 min after the cell assembly.
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SUMMARY

In summary, azobenzenes having an amino residue show good adsorptivity on a silica surface,
and adsorbed azobenzene molecules form a face-to-face aggregation. A silica surface adsorbing an
azobenzene amphiphilic compound displays an ability to command the photoalignment of a nematic
liquid crystal between homeotropic and planar modes. This provides a convenient procedure to
fabricate photoresponsive LC cells simply by filling LC dissolving azobenzene amphiphiles between

clean silica surfaces.
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Chapter 3

Photocontrolled Dispersibility of Colloidal Silica by Surface Adsorption

of a Calixresorcin{4]arene having Azobenzene Groups
INTRODUCTION

In Chapter 2, adsorption behavior of azobenzenes having an aminoalkyl residue onto a
silica surface was described. Silica plates adsorbing the azobenzene bearing an aminoalkyl residue
were employed to achieve the surface-assisted photoregulation of alignment of a nematic liquid crystal
between homeotropic and planar modes.

The stability of dispersions of colloidal silica is of great practical importance. It depends
on various factors including dispersion media, pH, additives such as inorganic salts, surface-
active reagents and polymers, and results from molecular interactions between colloidal surfaces
and solvent molecules. As Chapter 1 shows, in order to improve the dispersibility in organic
solvents, chemical modification of the silica surface has been undertaken by polymer adsorption,
graft polymerization, silylation and esterification of surface silanols to render the surface
organophilic. So- far, however, little attention has been paid to regulating colloidal stability in
organic solvents by external stimulation, without the aid of additives.

It is well-known that the trans-to-cis photoisomerization of azobenzene causes a marked
change in the hydrophobicity of the molecule because of alarge dipole moment developed across the
azo bond. cis-Azobenzene has alarge dipole moment of 3.1 D in contrast to the much smaller value of
trans-azobenzene (0.5 D or less).” Many reports have demonstrated that the properties of material can
be photocontrolled by using the polarity-changeable azobenzene molecules. 'In a solution of a

polymer with azobenzene side chains, light-induced changes affect the solution viscosity,> the sol-gel
transition,” solubility,” and so on. Therefore, it would be expected that the dispersibility of colloidal

silica can be photoregulated by surface treatment with photochromic azobenzene molecules.



The following conditions would be required for the optimization of a polarity change due to
the geometrical photoisomerization of azobenzenes on a silica surface. First, the molecular axes of
azobenzene molecules tethered to a silica surface orient in the same direction as much as possible, so that
cancellation of the dipole moment of the chromophores is expected to be minimized. Secondly, an
azobenzene chromophore is substituted with an alkyl residue at the p-position to enhance the
hydrophobicity of the rrans isomer. Considering these conditions, the author noted the unique
molecular structure of a crown conformer of calix[4]resorcinarene (CRA) which possess eight phenolic
OH groups on the lower rim of the cyclic skeleton, whereas four alkyl residues are attached to the upper
rim.”® Thus, CRA is a cyclic amphiphile and expected to adsorb readily onto a polar silica surface
through hydrogen bonds. The molecular design based on these consideration led us to prepare CRA
having p-butylazobenzene residues at the upper rim (4-AzCRA in Figure 3-1).

In this Chapter, the author will propose a photochemical approach for controlling the

dispersibility of colloidal silica by surface adsorption with drastic polarity-changeable azobenzene

molecules as a novel photoresponsive system.
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EXPERIMENTAL

Materials
Silica Particles
Monodispersed silica particles were a gift from Tokuyama Corp. ; diameter 150 nm, BET

surface area 48 m7/g.

4-[4-(4-butylphenylazo)phenoxy]butanal diethylacetal (4-Az)

A mixture of 1.50 g of 4-butyl-4’-hydroxyazobenzene, 1.10 g of 4-chlorobutanal
diethylacetal and 3.0 g of powdered potassium carbonate in 23 ml of DMF was stirred for 8 h at80 .
The reaction mixture was treated with 50 ml waterand 50 ml hexane to separate the organic layer which
was washed with water, followed by drying over magnesium sulfate. Evaporation of the solvent
afforded a crystalline mass which was purified by chromatography onsilica gel usinga 9 : 1 mixture
of hexane and ethyl acetate aseluent to give 1.79 g (76.1 % yield) of orange plates, mp. 38.5-40.5 .
'H-NMR (CDCl,) : 6 =0.95 (3H, t,CH,(CH,),), 1.24 (6H, t, CH,CH,0-), 1.06 (4H, br., CH,(CH,),CH,-),
1.90 (4H, br., -OCH,(CH,),CH~), 2.70 (2H, t, Ph-CH,CH,-), 3.57 (4H, m, -OCH,CH,), 4.06 (4H, m, -
OCH,CH,-), 4.65 (1H, t, CH), 6.9-8.0 (8H, m, Ar). Calcd. for C,;H,,)N,0,: C; 72.33, H; 8.60, N;7.03%.

Found: C;71.62, H;8.63, N;6.94%.

2,8,14,20-Tetrakis{3-[4-(4-butylphenylazo)phénoxy]propyl}-4,6,10,12,16,18,22,24-
octahydroxycalix[4]arene (4-AzCRA)

A solution of 3.00 g of 4-Az and 0.83 g of resorcinol in 50 ml of 2-methoxyethanol
containing 2 ml of conc. hydrochloric acid was stirred for 8 h at 80 C. After standing at room
temperature for one day, the precipitated orange crystals were collected b); filtration, washed
successively with ethanol and water and finally with ethanol, and dried in vacuo to yield 1.28 g of crude

product. Recrystallization from a mixed solvent of ethanol and chloroform gave 0.99 g of orange

crystals which did not melt below 300 C. MS[M'H]=1666. 'H-NMR (CDCl,) : 6=0.91 (12H, t,
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CH,), 1.34 (8H, m, CH,), 1.58 (8H,m, CH,), 1.86 (8H, br. s, CH,), 2.47(8H, br. s,CH,), 2.61 (8H, br. t,
Ar-CH,), 4.07 (8H, br. s, ArO-CH,), 4.45 (4H, br. s, CH), 6.17(4H, br. s, Ar-H,), 6.94(8H, d, Ar-H of
azobenzene), 7.19 (8H, d, Ar-H of azobenezene), 7.32 (4H, br. s, Ar-H,), 7.75(16H, dd, Ar-H of
azobenzene), 9.45 (4H, br. s, OH) 9.71(4H, br. s, OH). Calcd. for C,,,H,,N:O,, : C;74.97, H;6.78,

N;6.73%. Found: C;74.53, H;6.62, N;6.64%.

Adsorption of Azobenzenes

Silica particles adsorbed with two different amounts of 4-AzCRA were prepared (CRA-CS1
and CRA-CS2). The adsorption of on the surface of silica particles was carried out as follows. Toa
dispersion of silica particles (0.50 g) in chloroform (10 ml) was added 55.4 mg (for CRA-CS1) or 300
mg (for CRA-CS2) of 4-AzCRA, and the mixture was stirred for 1 h at room temperature. After being
centrifuged, the supernatant was discarded. The residual colloidal silica was washed repeatedly with
toluene, then rinsed with cyclohexane until no UV absorption bands of 4-AzCRA were observed in the
supernatant cyclohexane, and dried at 60 C under vacuum for 8 h. The amount of adsorbed 4-
AzCRA was determined by means of electronic absorption measurement in a cyclohexane dispersion
using the absorption coefficient ( € ) of 4-AzCRA : 113000 M'cm™'at350 nm. Average densities were
estimated to be one 4-AzCRA molecule in a silica surface area of 21nm” for CRA-CS1 and 9nm? for
CRA-CS2, respccti\‘/ely. The densities are quite low for both cases, when compared with a cross-
sectional area of an azobenzene moiety of 0.25 nm.

Silica particles with adsorbed 4-Az (AZ-C‘S) were also prepared by the same procedure. The
absorption spectra of Az-CS dispersed in cyclohexane were recorded using cyclohexane as a reference.

The average density was estimated to be one 4-Az molecule in an area of 16nm® using € : 30000 M°

'em™ for 4-Az.

Photoirradiation
The photochromism experiments were carried out by irradiation with 365 nm and 440 nm

light at room temperature using a Jasco CRM-FA irradiator equipped with a 2-kW xenon arc lamp with
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a monochromator. Absorption spectra were taken on a diode-array spectrometer (Hewlett Packerd

HP8452A).

Sedimentation Measurement

Surface-modified silica particles (200 mg) were dispersed in 100 ml of carbon tetrachloride or
cyclohexane. A sample (4 ml) of each dispersion was placedin acell (10 mm X 10 mm X 50 mm)
and exposed to 365-nm light. The dispersion was shaken and subsequently placed in the cell holder of
a spectrometer and allowed to stand at room temperature. The cell was exposed to the probe light
through acircular window of diameter 7 mm, which was set on a cell wall 15 mm from the bottom of the

cell as shown in Figure 3-2, to measure the absorbance at an isosbestic point (304 nm) during the

_____________ ,é' ;/ CRA-CS dispersion

e

sedimentation.

\

—» monitoring light
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cell

<
[\
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Figure 3-2 A cell for the photoinduced sedimentation of azo-modified colloidal silica.

Physical Measurements

Scanning electron microscope photographs were taken by a JEOL JSM-6400F.
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RESULTS AND DISCUSSION

Preparation and Surface Adsorption of a Calixarene with Azobenzene Residues

It has been reported that CRA is readily prepared by the condensation of resorcinol with an
aldehyde in ethanol containing hydrochloric acid.”® The formation of a crown conformer needs
prolonged heating” because the thermodynamically stable crown isomer is formed selectively as a result
of acid-catalyzed isomerization of the other conformers. The reaction of resorcin with an equimolar
amount of an azobenzene acetal (4-Az) in ethanol in the presence of hydrochloric acid resulted in the
precipitation of a product at an early stage of heating so that the transformation into the crown
compound wasinefficient. In order to enhance the solubility of the condensation product, the solvent
was replaced by 2-methoxyethylethanol to carry out the reaction in a homogeneous solution at an
elevated temperature. On cooling the reaction mixture, 4-AzCRA was precipitated and purified
conveniently by recrystallization. A spot of 4-AzCRA on asilica gel TLC plate did not move at all with
less polar eluent solvents, suggesting that the cyclic compound adsorbs firmly on a silica surface.
Structural elucidation was carried out by means of NMR spectroscopic studies. The phenolic OH
groups of 4-AzCRA were separated at 6 9.45 and 9.71, respectively, because half of the OH groups
are subjected to intramolecular hydrogen bonding to stabilize the cyclic structure.” The signals of two
hydrogen atoms of benzene rings (H, and H, in the structural presentation ) originated from resorcin are

well separated and appear at 6 6.17 and 7.32, respectively, indicating that the molecule has C,,

symmetry.

Absorption Spectra of 4-Az and 4-AzCRA

Monodisperse colloidal silica particles of diameter 150 nm were employed here because of
their large surface area which will adsorb a sufficient amount of 4-AzCRA, and because of the
availability of a transparent dispersion in cyclohexane owing to good refractive index matching which
enabled us to carry out spectroscopic analysis. The adsorption was performed in a chloroform

solution because of good solubility of the calixarene, followed by washing out with toluene. For
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comparison, a monomer model, 4-Az, was also subjected to the adsorption experiment.

Figures 3(a )and 3(b ) show the absorption spectra of the colloidal silica particles modified
with 4-Az and 4-AzCRA, respectively, which were dispersed in cyclohexane. The n-77* transitions of
both 4-Az and 4-AzCRA adsorbed on silica particles are blue-shifted so that the absorption bands
appear as a shoulder at ca. 420 nm. It should be noted that the n- 7 * absorbance of 4-AzCRA is
smaller than that for 4-Az. The blue shiftisascribed to hydrogen bonding between the azo group and
silanols and/or water molecules on the silica surfaces. As discussed later (in Chapter 6 and 7), the
increase in the n- 77 * absorbance can be reasonably explained in terms of the distortion of azobenzene
moiety which leads to the mixing of forbidden n orbitals with allowed p orbitals.™'” Therefore, 4-Az
molecules on silica particles are intimately adsorbed on the silica surface through hydrogen bonds
between the azo group and silanols, which cause the mixing of n orbitals of the azo group withthe 7
orbitals. On the other hand, 4-AzCRA molecules adsorbed a silica surface display no marked
molecular deformation since itis very likely that the physical adsorption is mainly due to the hydrogen
bonding between the phenolic OH groups, which are oriented in the same direction, and the silanol
groups on the silicasurface. A structural model of these two azobenzene chromophores on the surface

of silica are shown in Figure 3-4.
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Figure 3-3 Absorption spectra of azobenzenes. (a) (—) 4-Az in a cyclohexane solution and (- - J
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Figure 3-4 Illustrative representation of (a) 4-Az and (b) 4-AzCRA on a silica surface.
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Photocontroll Aggregation of Silica Particles Physisorbed with 4-AzCRA

In order to obtain a transparent dispersion, carbon tetrachloride (n = 1.457) and cyclohexane
(n=1.426) meet the requirements for refractive index matching with silica (n = ca. 1.45) and are
convenient for following the photochromic reaction of the modified silica particles spectroscopically.
The desorption of 4-AzCRA from the silica surface was found to be negligible because essentially no
UV absorption band due to the chromophore was detected in the supernatant obtained by centrifuging
dispersions before and after the photoisomerization. As shown in Figure 3-5, the trans-to-cis
photoisomerization of 4-AzCRA on silica particles went almost to completion without being affected by
the surface adsorption. The appearance of isosbestic points indicates that the rans-to-cis
photoisomerization proceeds without any side reactions.

The sedimentation behavior of silica particles with different surface densities of 4-AzCRA
(CRA-CS1 and CRA-CS2) wasdetermined by following the decrease in the absorbances at an isosbestic
point (304 nm) appearing during the photochromic reaction of dispersions of the particles. A
monitoring light was passed through a cell (ca. one-third of the way up) filled with the dispersion.
Figure 3-6 shows the absorbance changes of dispersions in non-polar solvents showing good
refractive-index matching before and after UV irradiation. In carbon tetrachloride, UV irradiation
resulted in fact in the enhancement of sedimentation of azo-modified silica particles while the
sedimentation ra'te wasinfluenced by the degree of surface coverage with4-AzCRA (Figures. 3-6(a )and
3-6(b)) . The slowerrate for CRA-CS2 clearly reflects the stabilizing effect of surface 4-AzCRA on the

dispersion owing to its hydrophobicity.
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Much more unequivocal results were obtained when silica particles were dispersed in
cyclohexane. Although the sedimentation took place relatively rapidly and was not affected by UV-
photoirradiation(Figure 3-6(c)), the rate of sedimentation of CRA-CS2 was reduced owing to greater
surface coverage with azobenzene. As shown in Figure 3-6(d), the sedimentation is markedly
accelerated by UV-irradiation. The reversion of the cisto the trans form with 440 nm light irradiation
regenerated a light-yellow dispersion after ultrasonical treatment, leading to sedimentation behavior
similar to that of the original dispersion. This implies that dispersion and precipitation are
interchangeable by means of surface photoisomerization. It should be noted here that surface
coverage with 4-AzCRA is quite low, at 21nm” and 9 nm’ per 4-AzCRA molecule for CRA-CS1 and
CRA-CS2, respectively. The base area of the cylindrical CRA skeleton isca. 1.3nm’ accordingtoa 7
-A isotherm measurement on a water surface, being in line with that estimated with use of a space-

filling molecular model.""?

In the case of CRA-CS1, such a low surface density of azobenzene
displays no stabilizing effect on the dispersion so that the aggregation of particles occurs readily after
ultrasonical treatment.

The different sedimentation behaviour of cyclohexane and carbon tetrachloride is interpreted

13)

as follows. The sedimentation rate ( U ) of spherical particles of a diameter D is expressed as the

Stokes equation:

(0-0 gD’

18 n

where 0 and p , are the densities of the particle and the solvent (which has viscosity 7 ), respectively,
and g is gravitational acceleration. The slow sedimentation in carbon tetrachloride'( 0 = 1.584 g/cm’
at 25 C) is brought about, at least partially, as a result of the smaller density difference ( o - 0 ,) when

compared with that for cyclohexane (o = 0.774 g/cm’ at 25 C).
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Figure 3-7  Pictures of a CRA-CS2 dispersion in cyclohexane (concentration: 2.0 g/L) in microtubes
(inner diameter 6 mm, length 50 mm): (a) 0 min standing; (b) 2 min standing; (¢) 5 min standing;, (d)

15 min standing.  The right- and left-hand tubes in each picture are the dispersion with and without

UV irradiation, respectively.



The photoinduced enhancement of particle sedimentation of CRA-CS2 is ascribable to the
drastic increase in the surface polarity owing to the conversion from trans-azobenzene to cis-
azobenzene with more polar character. Closely related work has been reported on the UV induced
precipitation of a polystyrene with azobenzene derivatives as pendant groups in cyclohexane, because
of the decrease in the polymer-solvent interaction caused by the generation of polar pendant groups.'*'”
UV irradiation induces the change in surface polarity, which causes abrupt reduction of the interaction
between silica surface and the non-polar solvent molecules, resulting in an attractive force between the
silica particles.

Figure 3-7 shows photographs of dispersions of CRA-CS2 in cyclohexane. The
sedimentation of yellow particles was observed when a dispersion was exposed to UV light and
subsequently kept standing at room temperature. After sedimentation was complete, the sample was
irradiated with 440 nm light to reverse the frans-form to cis-form. A homogeneous dispersion was
obtained again with the aid of ultrasonic treatment, thereby displaying reversible alternation between
dispersed and aggregated states of silica particles.

Figure 3-7 also shows that the volume of the cis-form precipitate is approximately double that
of the trans-form precipitate after 15 min standing in the dark. This implies that the cis-form
precipitate has a highly porous structure due to flocculation of the particles. This was confirmed by
scanning electron r;licroscopy of samples prepared by evaporating a solvent of the dispersion before

and after UV irradiation. As shown in Figure 3-8, after UV irradiation the particles form highly porous

aggregates.
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Figure 3-8 Scanning electron micrographs of CRA-CS2; (a) before and (b) after UV irradiation.
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SUMMARY

In summary, a novel carlixresorcin[4]arene having four p-butylazobenzene residues sprouted
from an upper rim of the cyclic framework was prepared to be subjected to adsorption on a surface of
colloidal silica particles. UV irradiation of a homogeneous dispersion of surface-modified silica
particles in cyclohexane enhanced the sedimentation owing to the increase in surface polarity, leading
to the formation of porous precipitates. Subsequent visible light irradiation regenerated a dispersed
state, displaying the photocontrol of the reversible alternation between dispersed and aggregated states
of silica particles.

This provides a novel system for molecular amplification of photonic information.
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Chapter 4

Photocontrolled Dispersibility of Colloidal Silica

by Surface-modification with a Spirobenzopyran

INTRODUCTION

In the Chapter 3, the photoisomerization of a novel calix[4]resorcinarene (4-AzCRA )
adsorbed on silica particles triggers reversible dispersion/sedimentation cycles due to the change in the
surface polarity. The trans-to-cis photoisomerization of the azobenzene molecules brings about a
decrease in the affinity between the particle surfaces and the non-polar solvent molecules, resulting in

the aggregation of silica particles which lead to sedimentation.

-
§ NO, §+ T o
SP MC
\_ J \. J
[ :hydrophobic phase : hydrophilic phase

Figure 4-1 Polarity change of colloidal silica surface by light stimulation.
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In this system, the photoactive molecules are reasonably referred to as “ commander molecules” since
their photofunctionality does not arise from the spectroscopic modification in the visible range, but
from triggering the alteration in the surface polarity.

Transformation of spiropyran (SP) into merocyanine (MC) is also accompanied by a drastic
increase in polarity.” Hence, the author expected that the surface polarity of colloidal silica could be
controlled photochemically by SP molecules on the surface, leading to macroscopic change between
aggregated and dispersed states of the colloidal silica.

In this Chapter, the author will demonstrate another photochemical approach for con-
trolling the dispersibility of colloidal silica by surface treatment with a photochromic
spirobenzopyran that displays a drastic polarity change upon UV irradiation due to

photoisomerization to a zwitterionic structure (Figure 4-1).



EXPERIMENTAL

Materials
Silica Particles

Monodispersed silica particles were a gift from Tokuyama Corp., diameter = 150 nm and
BET surface area =48 m”/g.  Spirobenzopyran-modified particles (SPCS10) and a model spiropyran
(SP10) were prepared according to Figure 4-2.

Spiropyrans
I'-(1-Carboxydecyl)-3',3'-dimethyl-6-nitrospiro[ 2H-1-benzopyran-2,2'-indoline] (CDN)

This was prepared according to the literature with slight modification.?  1-(1'-
Carboxydecyl)-3,3 ,-dimethylindolenium iodide (25.84 g; 0.075 mol) and S-nitrosalicylaldehyde
(12.53 g; 0.075 mol) was heated in methyl ethyl ketone ( 200 ml) in the presence of piperidine (6.71
g; 0.083 mol) at 70 C for 3 h to yield crystals (9.99 g; 27 %) of mp 121-122°C which were
recrystallized repeatedly from acetonitrile. Found: C, 69.99; H, 7.60; N, 5.51%. Calcd. for
CuH,OuN, * 1/4H,0: C,70.07; H,7.40; N,5.64%. 'H-NMR (CDCl,) 6:1.23 (3 H,s,CH,-C-CH,), 1.27
(3 H, s, CH,;-C-CH,),0.8~1.9 (16 H, m,-CH,-), 2.33 (2 H,t, -CH,-C=0), 3.14 (2 H, t, -CH,-N), 5.85 (1
H, d,CH=C), 6.5~7.3 (6 H,m, CH=C and ArH), 7.9~8.1 (2 H,m, ArH). IR (KBr) 2930, 1700, 1500,
1330, 1270 cm™.
1'-(N-PropyIca;'bamoyldecanyl)-3',3'-dimethyl-6-nitrospiro[ZH-1-benzopyran-2,2'-indoline]
(SP10).

Spiropyrancarboxylic acid (CDN) (1l48g; 3.0 mmol) was condensed with a slight excess of
propylamine (0.195g; 3.3 mmol) in dichloromethane (30 ml) with the aid of dicyclohexylcarbodiimide
(DCC) (0.681 g; 3.3 mmol) to give pale-yellow crystals (0.40 g; 25 %) of mp = 97-98 C, which were
recrystallized repeatedly from ethanol. Found: C,71.05; H,8.38; N,7.73%. Calcd.for C,,H,O.N, -
1/2H,0: C,70.82; H,8.17; N, 7.74%. 'H-NMR (CDCl,) 6:0.8~1.0 (3H,t, HNCH2CH2CH3), 1.23(3
H, s, CH;-C-CH,), 1.27 (3 H, 5,CH;-C-CH,), 0.8~1.9 (18H, m, -CH,- and NHCH,CH,CH,), 2.18 (2H, t,
-CH,-C=0), 3.0~3.4 (4H, m, -CH,-N and NHCH,CH,CH,), 5.85 (1H, d, CH=C), 6.5~7.3 (6H, m,

CH=C and ArH), 7.9~8.1 (2H, m, ArH). IR (KBr) 2920, 1650, 1510, 1340, 1275 cm™.

67



01SOdS Pu® Q1dS Jo skemyped dJOYIUAS Z-p dan31g

01SJdS
wugsS|:I3jueIp
apnIeg vapiS pajeiAdoxdouruy
/0— 20d /00—
N —'CHO)OOHN (HI)S TO— - ZHNECHONS JO
o NdO o—
0LdS
EHOZCHDIHNOD 1 (CHD)
20d
- CHNCHD®HOtHD
NdD
Nadd
H
N HOOD (CHD)
(J 1
- tHoy —¢

OHD

68



Surface Modification of Colloidal Silica

Aminopropylated silica particles were prepared by the reaction of 3-
aminopropyltriethoxysilane with colloidal silica after the method of Horner and Ziegler.”’ To a
suspension of the aminated particles (0.50 g) in dichloromethane (15 ml) was added 0.246 g (0.50
mmol) of the spiropyrancarboxylic acid (CDN) and 0.124 g (0.60 mmol) of DCC, and the suspension
was stirredat5 C for 6 h, followed by stirring overnight at room temperature. ~After centrifugation of
the mixture, the supernatant was discarded. Residual silica particles (SPCS10) were washed repeatedly
with methanol and tetrahydrofuran by the centrifugation-decantation cycles and dried finally at
60 C in vacuofor 10 h. The amount of the chemisorbed SP was determined by measuring electronic

absorption spectra of the particles dispersed in chloroform, which shows good refractive index matching

with the silica.

Photoirradiation

The photochromic experiments were carried out by irradiation with 365 and 552 nm light at
room temperature using a Jasco CRM-FA irradiator (2 kW xenon arc lamp with a monochromator).

Absorption spectra were takeh on a diode-array spectrometer (Hewlett-Packard HP8452A).

Sedimentation Measurement

SPCS10 (200 mg) was dispersed in 100 ml of carbon tetrachloride, cyclohexane and
chloroform, respectively. Each dispersion (4 rﬁl) wasputina cell (10 mm X10mm X 50 mm) and
exposed to 365 nm light. The colored dispersion wasshaken and then moved to a cell holder placed
in the spectrometer and allowed to stand at room temperature. The cell was exposed to a probe light
through a circular window of a diameter of 7 mm, which was set on a cell wall 15 mm from the bottom

of the cell, to measure the absorbance at the isosbestic point (346 nm) during the sedimentation.
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Physical Measurements
Scanning electron microscopy photographs were taken with a JEOL JSM-6400F, and
particle size distributions were measured in ether by a dynamic light-scattering method with a laser

particle analyzer (Otsuka electronics LPA-3000).
RESULTS

Surface Photochromism

A spiropyran (SP) derivative having a triethoxysilyl residue was required the dry-heat
treatment for attachment to the silica surface ¥ ,which may induce irreversible aggregation of colloidal
silica. Therefore, the surface modification involves two steps in the present work: aminopropylation
and subsequent chemical modification with SP bearing a carboxy group (CDN) under milder reaction
conditions (Figure 4-2). The author employed monodisperse silica particles of diameter 150 nm,
which is quite small, so that rapid sedimentation is prevented, although centrifugal separation is readily
achieved to isolate surface-modified particles.

In order to obtain a transparent dispersion, ethylene glycol (n = 1.432), chloroform (n =
1.443), carbon tetrachloride (n = 1.457) and cyclohexane (n = 1.426) meet the requirement for
refractive index matching with silica (n = ca. 1.45) and are convenient for following the photochromic
reaction of the modified particles spectroscopically. The average density was estimated to be one SP
molecule per 160 A®area of the colloidal silica surface, from BET measurements and an absorbance of
SP for adispersion in chloroform at 343 nm under the assumption that the molar absorption coefficient

€ = 11000 mol'cm™ is not affected by the surface binding.

The photochromic behavior of SP-modified particles (SPCS10) was very dependent on the
nature of the solvent. Figure 4-3 shows the change in absorption spectra of a model 'spiropyran (SP10)
and SPCS10 in ethylene glycol during 365 nm light irradiation. In the case of SP10 (Figure 4-3(a)),
the stable form in the dark is the merocyanine (MC) form; this was bleached upon irradiation with 365

nm light, showing reversed photochromism,” the MC form with a highly polar character being more
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thermally stable th_an the ring-closed SPform in polar solvents. In contrast, SP bound on the colloidal
surface shows the normal photochromism in ethylene glycol (Figure 4-3(b)). Furthermore, A _, for
the MC form on the surface is shifted ca. 30 nm to longer wavelength compared with that of SP10.
Irradiation of SPCS10 in carbon tetrachloride with UV light showed a spectral change quite
different from that of SP10 (Figure 4-4). As shown in Figure 4-4(a), there are two peaks, at 570 and
608 nm, for SP10 due to MC aggregation, while purple-colored SPCS10 after UV irradiation possesses
a single peak at 570 nm (Figure 4-4(b)). The same behavior was observed in cyclohexane. In
chloroform, a single absorption band in the visible region appeared for both SPCS10and SP10at 573
nm and 580 nm, respectively, indicating normal photochromism without formation of any MC

aggregate.
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Figure 4-3 Absorption spectral change upon irradiation with 365 nm light at room temperature of: (a)

a solution of SP10 (5.0 X 107 mol/L), (b) a dispersion of SPCS10 (1.0 g/L) in ethylene glycol.
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Reversible Photoaggregation of Silica Particles

As shown in Figure 4-5, sedimentation of purple particles was observed, when a dispersion of
SPCS10 in carbon tetrachloride was exposed to UV light and subsequently kept standing at room
temperature. After sedimentation was complete, the sample was irradiated with 552 nm light under
sonication to reverse the MC form to the pale-yellow SP form. A homogeneous dispersion was
obtained again thereby displaying reversible alternation between dispersed and aggregated states of
silica particles.

Figure 4-5 also shows that the volume of the precipitate reduces by approximately half after
prolonged standing in the dark, accompanied by partial bleaching of the MC color. This implies that
the colored precipitate has a highly porous structure due to the flocculation of the MC particles, which
is then converted into the more compressed SP form having reduced particle interactions. This was
confirmed by scanning electron microscopy of samples prepared by evaporating a solvent of the
dispersion before and after UV irradiation. As shown in Figure 4-6, after UV irradiation the particles

form highly porous aggregates.
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Figure 4-5 Pictures of SPCS10 dispersed in carbon tetrachloride (concentration: 1.0 gL) in
microtubes (inner diameter, 6 mm; length, 50 mm): (a) 0 min standing, (b) 5 min standing, (c) 1 h

standing, (d) 12 h standing. Right (left) tube is the dispersion with (without) UV irradiation, respectively.
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Figure 4-6 Scanning electron micrographs of the SP-modified colloidal silica: (a) before and (b) after

UV-irradiation.
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The author attempted to measure the particle size distribution by means of dynamic light-
scattering to evaluate the dispersibility of the original particles and to follow the dynamic process of the
aggregation of UV-exposed particles. Measurements for the dispersion in carbon tetrachloride were
unsuccessful owing to very weak light scattering due to good index matching. Thus, the size
distribution was measured in a diluted dispersion in ether with a lower refractive index, and the results are
shown in Figure 4-7. The size distribution is centered at ca. 700~800 nm, indicating that the
particles are not monodispersed in the solvent, resulting in aggregation. In fact, a concentrated
dispersion in this solvent was strongly opaque, reflecting the formation of larger aggregated substances.
Exposure of the ether dispersion to UV light brings about a shift in the distribution so that there appear
much larger particles centered at ca. 24000 nm, confirming the photoinduced enhancement of the
particle aggregation. However, this technique is not appropriate for evaluating photoinduced
aggregation behavior quantitatively since the sedimentation of UV-exposed particles took place in ether

during the light scattering measurements.
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g/L): (a) before and (b) after UV irradiation.
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Photochemically Enhanced Sedimentation

The sedimentation of SPCS10 particles was monitored by following the decrease in
absorbance at an isosbestic point appearing during the photochromic reaction. A monitoring light
beam was passed through a cell (ca. one-third of the way up) filled with the dispersion. Figure 4-8
shows the absorbance changes of the dispersions in non-polar solvents showing good refractive-index
matching before and after UV irradiation.

In carbon tetrachloride, the rate of sedimentation is markedly enhanced by UV irradiation
(Figure 4-8(a)), confirming the result shown in Figure 4-5. Reversion of the MC form of the UV-
exposed particles to the SP form with 552 nm light under sonication regenerated a pale-yellow
dispersion which had a sedimentation rate similar to that of the original dispersion, implying that
dispersion and precipitation are interchangeable by means of the surface photochromic reaction.

Different behavior was observed for dispersions in cyclohexane and chloroform. As seenin
Figure 4-8(b), SPCS10 particles show relatively rapid sedimentation in cyclohexane during the early
stages of standing. In contrast, when they are dispersed in chloroform, the dispersion stability increases
remarkably, and even UV photoirradiation did not affect sedimentation (Figure 4-8(c)).

The effect of lecithin, a naturally occurring amphiphilic compound, was also examined.
Three types of SPCS10 dispersion in carbon tetrachloride were prepared by dissolving lecithin so that
the molar ratios. of SP: lecithin were 100 : 1,1 : 1 and 1: 100. It was found that after UV irradiation
purple dispersions were dramatically stabilized when more than an equimolar amount of lecithin was
added to the dispersion, and no colored preéipitation occurred even on prolonged standing. This

lecithin effect was also observed for dispersion in cyclohexane.
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DISCUSSION

SP is converted from the stable colorless form to a metastable colored zwitterionic MC form
upon UV irradiation, which is then reversed to SP upon visible light irradiation or thermal treatment
(Figure 4-1). The absorption maximum of MC is so sensitive to the nature of the medium that this kind
of solvatochromism® can provide information on the microenvironmental polarity. According to
Flannery,” in polar solvents a complex probably forms between the zwitterion and solvent molecules,
and this complex formation stabilizes the colored form; this is in contrast with non-polar environments.”
This suggests that the SP moiety on the silica surface is surrounded by a less polar microenvironment,
possibly due to the hydrophobic decamethylene spacer chains, and the complex formation of MC units
with polar solvent molecules seems to be inhibited in the present system possibly because SP units are
not exposed directly to the ethylene glycol phase. This is in marked contrast to the observations that
a nitrospirobenzopyran (6-nitro BIPS) displays reverse photochromism when the compound is
physically adsorbed on silica gel” in cyclohexane, and that some spiropyrans incorporated in silica
glasses prepared by the sol-gel method show the reverse photochromism.® The surface
photochromism of SPCS10 indicates that the highly polar silica surfaces were rendered relatively
hydrophobic as a result of the chemical modification.

Photog;:nerated MC:s have been reported to form molecular aggregates comprised of SPand
MC forms in non-polar solvents.”'”  According to Krongauz et al., a 1:1 dimer of SP and the
corresponding merocyanine exhibitsa A of 515 nm, whereas the 2 : 1 or 3: 1 oli gomers havea A
asx Of 610 nm in methylcyclohexane.”” Hence, the absorption band at the longer wavelength of
photoirradiated SP10 can be ascribed to the blue aggregates consisting of an oligomer [(SP)n(MC)]
whereas the shorter wavelength absorption band at 570 nm is assignable to monomeric MC.'”> The
exclusive appearance of the absorption band due to a monomeric MC in SPCSiO is quite reasonable
since the average distancé between the photochromic unitsis 12.6 A, too large to form stable molecular
aggregates. The fact that there is no blue-shifted absqrpﬁon band of MC due to the molecular

aggregation in Figure 4-4(b) implies that there is no intimate molecular interaction of MCs among ~
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colloidal particles.

The sedimentation rate ( U ) of spherical particles of a diameter D is expressed as the Stokes

equation:

(0-0 0)gD’?

18 n

where o and p , are the densities of the particle and a solvent with a viscosity 7, respectively, and g
is gravitational acceleration. Although the discussion is rather semiquantitative, owing to the lack of
information concerning to the size and shape of particle aggregates at present, the considerably
different behavior between carbon tetrachloride and chloroform can be ascribed to the difference in D,
since the density of carbon tetrachloride ( 0 = 1.584 gicm® at 25 C) is rather greater than that of
chloroform (o ;= 1.480 gicm® at 25 C) so that the contribution of 0-0 ,to the sedimentation is
relatively small. In other words, the SPCS10 particles are aggregated in carbon tetrachloride to form
larger secondary particles to enhance the sedimentation. It is very probable that the aggregation of
particles in the non-polar solvent reflects that the surface covered with SP moieties is not sufficiently
non-polar because the photochromic unit possesses a polar nitro substituent and two heteroatoms in the
ring-closed molecular framework. Conversely, this kind of surface property may induce good
solvation with chloroform to lead to a relatively stable dispersion. The stable dispersion of the UV-
exposed particles in chloroform is also ascribable to the good solvation. The rapid sedimentation in
cyclohexane ( 0 = 0.774 g/em’® at 25 C) is brought about, on the contrary, at least partially as aresult
of the greater difference in density ( 0 - 0 o) when compared with that for carbon tetrachloride.

As stated above, the enhanced sedimentation of SPCS10is ascribable to tﬂe drastic increase in
the surface polarity owing to the conversion from SP to monomeric MC with zwitterionic character.
Closely related work was reported on UV-induced precipitation of a polystyrene having

spirobenzopyran derivatives as pendant groups in cyclohexane because of the decrease in the
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> UV irradiation induces the

polymer-solvent interaction by the generation of polar pendant groups.”
change in surface polarity, which causes abrupt reduction of the interaction between less polar SP units
and non-polar solvent molecules to result in an attractive force between the silica particles.

As Figure 4-9 shows schematically, the ionic interaction of MC units on the surface
consequently brings about flocculation and sedimentation. This mechanism is in line with the
stabilizing effect of lecithin on the dispersibility. Amphiphilic lecithin molecules with Zwitterionic
character are adsorbed immediately on the MC-covered surface because of the ionic interaction to make
the surface highly hydrophobic as shown in Figure 4-10. The specific role of lecithin has been

demonstrated by the fact that the dispersion stabilization is achieved by addition of an equimolar

amount of the amphiphile.
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Figure 4-10 Representation of the effect of addition of lecithin.

SUMMARY

An SP moiety bound on the surface of colloidal silica demonstrates the normal
photochromism which is, however, quite different from that in an ethylene glycol solution and in
physically adsorbed states on silica surfaces or walls; in the latter, reversed photochromism is observed
because of stabilization of the zwitterionic MC form located in a highly polar environment. This
means that the microenvironmental polarity of the photochromic units is markedly reduced to improve

the dispersibility of the surface-modified silica particles in non-polar solvents. Although aggregation
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of the particles occurs to some extent, UV irradiation to convert SPinto MC on the surface results in an
increase in the size of the aggregates.

Reversible control of the modified colloidal silica between sedimentation and dispersion was
induced unequivocally in carbon tetrachloride by alternate irradiation with UV and visible light to cause
the surface photochromism. The photoinduced sedimentation is triggered by the decrease of the
affinity between the particle surface and the non-polar solvents accompanied by the increase in its
surface polarity, resulting in the aggregation of particles which cause the flocculation, leading to the
colored precipitate with high porosity. Similarly to Chapter 3, the photochromic silica colloid provides
- a novel photoresponsive system in which photoinduced molecular structural alteration is converted into

macroscopic dispersibility change.
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Chapter 5

Photochromic Behavior of a Spirobenzopyran

Chemisorbed on a Colloidal Silica Surface
INTRODUCTION

In Chapter 4, the author demonstrated that the dispersibility of colloidal silica particles in
non-polar solvents can be controlled by surface chemisorption with a photochromic spirobenzopyran
(SP) having a decamethylene spacer. The surface photochromism leads to a reversible change between
aggregation and dispersion of colloidal silica owing to modification of the affinity of the particle
surface for non-polar solvent molecules as a result of an increase in its surface polarity.

Apart from the photofunctinalization of materials based on a photoinduced polarity change,”
a photochromic SPis often employed as an indicator for the estimation of microenvironmental factors”
such as polarity, viscosity and the free volume of polymers, based on the following tworeasons.>®  First,
the zwitterionic MC is characterized by a negative solvatochromism which results in a considerable
shift of the absorption wavelength in the visible region. The thermal MC— SP isomerization rate is also
solvent dependenlt. These facts provide us with useful information concerning the
microenvironmental polarity of MC-located sites. Secondly, the MC—SP thermal isomerization rate is
also very sensitive to environmental steric effects. The photoisomerization from SP to MC involves
scission of the C-O pyran bond to form a cis-MC, followed by geometrical isomerization leading to the
zwitterionic frans-isomer with a coplanar structure.” This large change in molecular shape must be
highly susceptible to steric constraints of surrounding matrices.”®” In view of these properties, the
photochromic behavior of an SP chemisorbed on a silica surface can act as an effective photoprobe to
reveal the characteristics of inorganic surfaces.

In this Chapter, the thermal reverse isomerization kinetics of SP attached to a silica surface

through two different methylene spacers (SPCS2 and SPCS10 in Figure 5-1) were studied and
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compared with those of their model compounds (SP2 and SP10 in Figure 5-1) in various solvents in
order to elucidate the surface environment. The photoinduced control of the dispersibility of the

SP-modified colloidal silica will be also discussed.

R==CH; : SP1
~(CH,) ,-C-N-(CH,),CH; : SP 2

_(CH2)10-C-N-(CH2)2CH3 : SP10

O CH,

Si(CH2)3-Il‘J-C-(CH2)n—N
H

CH,
Silica particle
(Diameter : 150 nm)
n=2: SPCS 2 NO;
10 : SPCS10
Figure 5-1 Chemical structures of spiropyranes and surface modified colloidal silica
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EXPERIMENTAL

Materials
Silica particles
Monodispersed silica particles were a gift from Tokuyama Corp., having a diameter= 150 nm

and BET surface area= 48 m’g”.

Spirobenzopyrans (SP1, SP2 and SP10)
1'3'3"-Trimethyl-6-nirobenzo[2H-1-benzopyran-2 2'-indoline] (SP1) was purchased from
Tokyo Kasei Corp. and recrystallized repeatedly from ethanol. 1'-(N-Propylcarbamoyldecyl)-3'3'-
dimethyl-6-nitrospiro[2H-1-benzopyran-22'-indoline] (SP10) was prepared by reaction of the
corresponding  spiropyrancarboxylic acid with  n-propylamine with the aid of
dicyclohexylcarbodiimide (DCC) as described in Chapter 4. 1'-(N-Propylcarbamoylethyl)-3'3'-
dimethyl-6-nitrospiro[2H-1-benzopyran-2 2'-indoline] (SP2) was synthesized in a similar manner.
The product was purified by repeated recrystallization from an ethanol-water mixture, mp 149-150 C.
Anal. Calcd. for CzH,;N;0,: C,67.46; H, 6.65; N, 10.26 %. Found: C,67.68; H,6.58; N, 10.11 %.
'H-NMR (CDCl,) 0:0.85(3 H, t,-NHCH,CH,CH,), 1.15 (3 H,s,CH,-C-CH,), 1.27 (3 H, s,CH,-C-CH,),
1.3-1.6 (2 H,m, -NﬁCHZCHZCH3), 2.2-2.7 (2 H, m, NCH,CH,C=0), 3.0-3.3 (2 H, m, -NHCH,CH,CH.,),
3.3-3.9 (2 H,m, NCH,CH,C=0), 5.3-5.6 (1 H, br., NHCH,CH,CH,),5.85 (1 H,d, CH=C),6.6-7.4 (6 H,

m, CH=C and ArH), 7.9-8.1 (2 H, m, ArH). IR (KBr) 2970, 1640, 1480, 1340, 1275 cm'".

Photochromic Silica Particles (SPCS2 and SPCS10)

Chemisorption of SP on colloidal silica was performed by the reaction of aminopropylated
silica particles with SP bearing a carboxyl group ((CH,),COOH: n= 2, 10) at the indoie nitrogen atom in
the presence of DCCas described in Chapter4. The aminopropylated silica particles were prepared by
the reaction of 3-aminopropyltriethoxysilane with colloidal silica.® For both SPCS2 and SPCS10, the

average density of chemisorbed SP was estimated to be one SP molecule per 1.60 nm? area of the silica
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surface, from BET measurements and UV-VIS spectroscopy. The amount of SP absorbed on the silica
was measured by dispersing the colloidal silica in chloroform, which shows good refractive index

matching with the particles.

Kinetic Measurements

In order to monitor the photochromic reaction of the modified silica particles
spectroscopically, SPCS2 and SPCS10 were dispersed in ethylene glycol (n= 1.432), chloroform (n=
1.443), carbon tetrachloride (n = 1.457) and cyclohexane (n = 1.426), respectively. These solvents
meet the requirement for refractive-index matching with silica (n =1.45) to give a transparent
dispersion. The kinetics of the thermal MC—SP decoloration were determined using a diode-array
UV-VIS spectrometer (Hewlett-Packard HP8452A) by monitoring changes in absorbance at the visible
absorption maximum (A ,,) immediately after sufficient UV irradiation with 365 nm light using a
Jasco CRM-FA irradiator (2kW xenon arc lamp with a monochromator). All measurements of the
thermal MC—SPisomerization were carried out in the dark at 20 C. Thermodynamic constants (Ke)
for the equilibrium between the colorless SP form and the colored MC form, i.e., Ke=[MC]/SP}, are
required to determine the decoloration rate constants. Ke was estimated to be < 0.01 in the present
systems by the use of a reported molar extinction coefficient, ¢, for the MC form of SP1 in polar
solvents (€= 3.5 >< 10* dm® mol” cm™).” Under such conditions, the thermal decoloration rate
constants could be directly estimated from the decrease in the absorbance at A . with sufficient

accuracy.



RESULTS

Photochromism of Model Compounds

The thermal MC— SP decoloration rate is affected markedly by the polarity of the
surrounding medium*® and the photogenerated MC form shows strong solvatochromism. In this
context, the solvent effect on both phenomena was confirmed for SP2 and SP10 as model compounds

for surface SPon colloidal silica. The thermal bleaching rate for SP1, SP2 and SP10 in various solvents

was fitted excellently by first-order kinetics.

log ksol

Figure 5-2

energy in various solvents. (O) SP1; (A) SP2;(L]) SP10; (A) SPCS2 in ethylene glycol, (IB) SPCS10

in ethylene glycol.
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Figure 5-2 shows plots of the logarithm of the first-order rate constant (K_,) vs. the electric transition
energy of MC (Eyo). The slopes of the linear relationship between K, and E,, for SP2 and SP10 are
completely superimposable with that of SP1.  This indicates that the amide group in the polymethylene
spacers [-(CH,),-; n=2 or 10] linked to the N position of SP has no influence on the photochromic
behavior.

In ethylene glycol, the three spirobenzopyran derivatives (SP1, SP2 and SP10) showed
reversed photochromism. In such a situation, as described in Chapter 4, the MC form is bleached upon
irradiation with 365 nm light and is more stable than the SP form in the dark because the zwitterionic
structure with a highly polar character forms a complex with the polar solvent molecules; this complex

formation stabilizes the colored form.”

Photochromism on a Colloidal Silica Surface

The photochromic silica particles (SPCS2 and SPCS10) showed normal photochromism in
ethylene glycol in sharp contrast to the solution photochromism. The visible absorption maxima of
photoformed MCs on the colloidal silica showed red-shifts up to ca. 30 nm when compared with those
of the corresponding model compounds (SP2 and SP10). This implies that the SPmoiety on the silica
surface is situated in a relatively less polar microenvironment and that the complexation of MC units
with the polar solve;lt molecules seem to be inhibited in the present system because the MC moieties are
not directly exposed to the ethylene glycol phase.

Figure 5-3 shows the spectral changes of the photopumped MC of SPCS10 in the dark in
ethylene glycol at 20 ‘C. The visible absorption band corresponding to the MC diminished slowly
with time with no change in the spectral shape. The fading reaction was well described by first-order
kinetics, as shown in Figure 5-4. SPCS2, with a shorter spacer connecting SP to the surface, gave a
similar result. These facts suggest that the thermal decoloration of the MC units 0;1 the silica surface
occurs homogeneously. In marked contrast to this, UV irradiation of SPCS10in carbon tetrachloride
showed a spectral change quite different from that of the model compound (SP10), as described in

Chapter 4.
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Figure 5-4 First-order plots for the thermal MC—SP isomerization of SPCS10 in ethylene

glycol at 20 C. Solid line is the single first-order fit to the data.



For SP10, there were two peaks at 570 nm and 608 nm which were assigned to monomeric MC and
SP-MC aggregation, respectively. On the other hand, purple silica particles (SPCS10) dispersed in the
same solvent possessed a single absorption maximum at 570 nm. The same behavior was observed in
cyclohexane. In the case of chloroform, a single absorption band was observed in the visible region for
both the model compound in solution and the photochromic colloidal silicain a dispersion, indicating
normal photochromism with no aggregation to form oligomers [(SP)n(MC), n=2 or 3] asserted by
Krongauz et al.” SPCS2 and its model compound (SP2) also gave similar results.

On thermal bleaching of the photochromic silica particles, the spectral change observed in
ethylene glycol was different from those in the non-polar solvents. Figure 5-5 shows the change in
absorption spectra of the photoformed MC of SPCS10in chloroform in the dark at20 C. A blue shift
of the absorption maximum from 573 nm to 554 nm occurred during the reverse isomerization of MC.
Such a spectral shift during the bleaching was also observed in carbon tetrachloride and cyclohexane.
A similar result was observed for SPCS2. The results are compiled in Table 5-1. The thermal
decoloration process in the non-polar solvents did not obey first-order kinetics, in contrast to the case in
ethylene glycol stated above.

Such a deviation from single first-order kinetics was observed frequently in glassy polymer
matrices and can be explained in terms of treating the thermal decoloration as a dispersive first-order
process.'* ! it has been demonstrated that the following equation holds over the entire observation

time-frame for this dispersive process:
log[-d(InA)/dt]=(a -1)logt+log kK

where « is defined as the dispersive parameter (0< @ <1) and K isa constant. Figure 5-7 shows
typical plots of log [-d (In A)At] vs. log t for the thermal decoloration of SPCS10. No linear

relationship was obtained.
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An alternative description of MC bleaching is the superposition of two first-order rate

processes expressed by the following equation:

Fe®™ + (1-Fe™

where Fand (1 - F) are fractions of MC moieties decaying faster with a rate constant Kf and slower with
Ks, respectively. Figure 5-7 suggests that the thermal decoloration of MC can be described
satisfactorily according to the superposition of twofirst-order rate processes. The rate constants and F

values were obtained by fitting the experimental curves and summarized in Table 5-1.

98



TABLE 5-1
Thermal decoloration rates of spirobenzopyran
chemisorbed silica particles (at 20 C)

Species Solvent A pax (nM) 10*x K (S'l) F
SPCS2 CHCl, 576560 5.2° 0.55
0.61°
ccl, 570555 7.5" 0.46
0.33°
Cyclohexane 578563 7.3¢ 0.44
0.50°
SPCS10 CHCl, 573—554 42 0.63
_ 13°
ccl, 573560 18 0.44
1.6°
Cyclohexane 580566 . 11 0.44
2.1°

f: fast process, s: slow process.
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Figure 5-7 First-order plots for the thermal MC—SP isomerization of SPCS10 in chloroform (O),

carbon tetrachloride (A) and cyclohexane ([]). Solid or broken lines indicate the bimodal first-order

fit.
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DISCUSSION

The properties of MC attached to colloidal silica dispersed in ethylene glycol are different
from those in non-polar solvents. The absorption maxima of the MCs are anomalously blue-shifted in
this solvent. According to the negative solvatochromism of MC, the microenvironmental polarity of
the surface-bound MC is dispersed in ethylene glycol is estimated to be approximately equivalent to that
of a 1:9 water-1,4-dioxane mixture for SPCS2 and a 3:7 water-1,4-dioxane mixture for SPCS10. The
more polar nature of the latter suggests that the MC units on SPCS10 are effectively exposed to an outer
phase of polar ethylene glycol.  The considerable deviation of the plots for both SPCS2 and SPCS10
from the linear relationship between K, versus Ewc,as shown in Figure 5-2, reflects the retardation of the
first-order bleaching reaction. The suppressive effect of the surface attachment of MC on the reverse
isomerization is more marked for SPCS2, in which the SP units are linked with the shorter spacer. Itis
likely that the longer spacer of SPCS10, which has good flexibility, causes an increase in the mobility of
the chromophore units which enhances the relaxation of the constraint during the isomerization,
accompanied witha drastic molecular shape change. A closely related effect was discussed by Labsky
et al. who linked an SP to a polymeric backbone through an alkylene spacer.'? According to their
data, the thermal decoloration of the photoformed MC of a polymer in solution obeys first-order
kinetics, and elonéation of the spacer causes an enhancement of the mobility of the SP groups, leading
to an increase in the rate constant of the thermal bleaching process.

Concerning the polar nature of silica surfaces, Lochmuller ez al. studied the microenvironment
of the surface with the aid of time-dependent luminescence measurements of a pyrene photoprobe
chemically bound to silica particles in contact with different solvents.”™ ' The long-lived monomer
lifetimes for tetrahydrofuran and methanol as well as the longest excimer rise time for tetrahydrofuran
supported the idea that polar solvents with hydrogen-bonding capability effectively disrupt a
structured water multilayer' ' by displacing water molecules, except for those firmly bound to surface
silanols by organic molecules.”” Therefore, it is very likely that water-miscible ethylene glycol may

expel adsorbed water layers to make MC residues so free that they exist in a homogeneously polar
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microenvironment. This leads to the first-order decoloration kinetics.

In contrast to the case in ethylene glycol, the thermal bleaching in non-polar solvents showed
a bimodal exponential decay accompanied by a change of A _,, of the MC (Table 5-I). This type of
thermal decoloration process has been reported in solutions of homopolymers substituted with SP'7*®
and surfactant vesicle systems incorporating SP units.™*” Goldburt et al. studied the MC— SP
isomerization of homopolymers of a methacrylates, an acrylate and a styrene having a SP group

'71®  They observed a superposition of two exponential

connected with flexible alkylene spacers.
decays in non-polar solvents such as benzene or toluene and concluded the presence of two (stacked and
unstacked) types of MC displaying different absorption bands at 560 and 580 nm.”” They also
mentioned that the relative intensity of A _,, of MC changed during the photocoloration and thermal
decoloration processes. In the case of SP chemisorbed on a silica surface, however, the pumping
spectra had a single absorption maximum in carbon tetrachloride and cyclohexane as mentioned above,
indicating the presence of a single MC species on the surface. This issimply because the MC units are
attached to the silica surface at an average distance of ca. 1.3 nm for both SPCS2 and SPCS10 to inhibit
the aggregation of the chromophores. Therefore, it is reasonable to ascribe the blue shift of MC
attached to SPCS2 and SPCS10 during thermal isomerization to the existence of reaction sites with
different polarity contributing to the shiftin A _,,, justas in the case of vesicle systems. Seki et al.
have shown that the thermal decoloration of MC having an octadecyl chain (SP-18) embedded in
dioctadecyldimethylammonium bromide vesicles can be described as a bimodal first-order kinetic
process and that the single absorption maximu'm for MC of SP-18 gradually shifts to shorter
wavelengths with time in the dark, indicating that the MC units should be located in the different
microenvironmental polarity arising from the existence of distributed solubilization sites in the bilayer
matrix."”

For water-immiscible solvents, the solvent molecules are unable to inter‘act with the silica
surface so that the structured water layer on the silica surface isnot modified. The blue shift of MC on
colloidal silica particles dispersed in non-polar solvents reflects a hydrophilic microenvironment owing

to the water layer on the surface. The MC units with a polar character show so low an affinity to
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non-polar solvent molecules that molecular mobility is restricted. This may allow the MC moiety to
distribute into a heterogeneous microenvironment with variant polarity. For water-insoluble solvents,
(1-F) values may correspond to MC units neighboring on an inner water layer, leading to the blue shift.
F values may reflect MC units which are subject to solvation at an outer molecular layer, resulting in the
red shift. Asshownin Table 5-1, the F valuesin carbon tetrachloride and cyclohexane are smaller than
those in chloroform for both SPCS2 and SPCS10.

In contrast to the stable dispersion of UV-exposed SPCS2 or SPCS10 in chloroform, UV
irradiation induces flocculation causing the sedimentation of colored colloidal silica in carbon
tetrachloride and cyclohexane as described in Chapter 4. This means that a fraction of the MC
interacted with an outer solvent phase is assignable to Fand a dominant factor determining whether the

UV-exposed photochromic silica is dispersed in non-polar solvents.

SUMMARY

(i) Elongation of the methylene spacer linking SP to the silica surface causes an increase in the thermal
decoloration rate because of an enhancement of the mobility of the end-photochromic moiety.

(ii) Dispersion o% SP-modified colloidal silica in ethylene glycol results in the single first-order decay
of photoformed MC because of efficient solvation which assures a homogeneous
microenvironment on the silica surface.

(iii) Water-insoluble solvents force the MC moiety to distribute into a heterogeneous microenvironment

with variant polarity to bring about the bimodal first-order kinetics of the thermal reversion of MC.
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Chapter 6

Photoisomerization of an Azobenzene in Sol-Gel Glass Films
INTRODUCTION

As described in Chapter 1, detailed information on the microscopic environment of organic
molecules embedded in a matrix of silica gel glass by the sol-gel process has not been fully clarified
since little is known about the mobility of organic molecules in the silica cage and about the interaction
between the silica cage and the guest molecules. On the other hand, many studies have been dealt with
the photochemical trans-to-cis isomerization and thermal cis-to-trans isomerization of azobenzene

¥ While photoisomerization in dilute solution

chromophores molecularly dispersed in polymer films.
occurs by a single rate process, its initial portion in the solid films may be fitted by two separate rate
processes, i. e., the first is as fast as in dilute solutions and is followed by a slow second process. The
fractional amount of the first part decreases with physical aging, but increases with temperature,
plasticization, or tensile deformation.” This fraction has been related to the number of regions where
local free volumes are greater than a critical size necessary for the photoisomerization of the azobenzene
group.” Azobenz.ene molecularly dispersed in polymer film has rather small critical free volume
needed for isomerization, and hence photochemical- and thermal- isomerizations of azobenzene at
room temperature are generally regarded as being chemically controlled even in polymer matrices
below Tg. Thus, the distribution of local free volume in polymers has been characterized by using
these photochromic probe molecules.> ¥

Hence, incorporation of molecularly dispersed azobenzene chromophores in the sol-gel glass
matrices is a useful method for studying the characteristics of reactions in the silica cage, since the
reaction rates of photoexcited molecules are expected to reflect the rigidity of the matrix. In this

Chapter, the author studied the photoinduced tran -to-cis isomerization under steady-state irradiation at

365 nm and the thermal cis-to-trans isomerization of an azobenzene derivative in sol-gel films prepared
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under varying conditions in order to estimate the rigidity of the sol-gel glass matrix compared with a

polymer matrix.

EXPERIMENTAL

Materials

MHAB was synthesized from 4-hydroxy-4'-methoxyazobenzene by the Williamson method
(Figure 6-1). The product was purified by repeated recrystallization from a toluenehexane (9:1)
mixture to give light-yellow crystals of MHAB; melting point 156 C in a 34 % yield. 'H-NMR
(CDCI3) §:3.9(3H, s,-OCH,),3.9-4.3 (4H, m, -CH,CH,-), 6.9 (2H, d, ArH), 7.1 (2H, d, ArH), 7.9 (4H,
d, ArH); IR (KBr): 3300, 2950, 1590, 1500, 1250, 840 cm™. Anal. Calcd. for C;H,;O;N,: C,66.16;
H,5.92; N, 10.29. Found: C,66.01; H,5.86; N, 10.54. Tetraethy! orthosilicate (TEOS) purchased
from Tokyo Kasei Kogyo Corp. was used without further purification. Ethanol, ether, tetrahydrofuran
(THF) , dimethylsulfoxide (DMSO), and water were of spectroscopic grade. Poly(methyl

methacrylate) (PMMA, Mn=1.0 X 10°, Tg = 105 ° C) was obtained from Wako Pure Chemical Corp.

H3CO N=N OCH2CH20H

Figure 6-1 Structure of 4-methoxy-4'-(2-hydroxyethoxy)azobenzene (MHAB).

Sample Preparation

Sol-gel films were prepared on quartz substrates. To obtain good homogeneous wetting of

the substrate surface, it has to be clean. The substrates were immersed for 24 h in a neutral detergent
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solution and then agitated ultrasonically in concentrated HNO, for 10 min, washed with distilled water,
and dried at 120 C for 60 min.

Various techniques to prepare sol-gel films have been reported.>'® The author selected the
dip-coating technique. A quartz substrate was immersed into a metal alkoxide solution and pulled up
vertically at a rate of 3.33 mm/s and allowed to stand for 1 min, followed by heating at 60 C for 2 h,
orat 110 C for 15 h. Three coating solutions with different ratios of TEOS: water were prepared
(solution A: [H,0)/[Si(OC,Hy),]=2; solution B:[H,0)/[Si(OC,H,),]=1; solution C:[H,0)/[Si(OC,H,),]=4).
The thin film coating from solution A was obtained as follows: A mixture of 7.50 g (0.036 mol) TEOS,
5.05 g (0.112 mol) of ethanol, 1.30 g (0.072 mol) of water, and 0.0003 mol of MHAB was stirred,
and 0.55 g of concentrated HCl was added to this mixture as a hydrolytic catalyst. The mixture was
stirred for 2 h at room temperature, and 7.20 g of ether was added. Before coating, the mixture was
kept standing for 1 h at room temperature. Solution B and C were prepared in the same way.

The PMMA film was prepared by solvent-casting onto a quartz substrate from a 10 wt %
PMMA solution containing 0.004 mol/L of MHAB in THF. The film was kept at room temperature for

6 h and then heated under vacuo at 70 C for 12 h to remove residual solvent.

Measurements of Photoisomerization and Thermal Isomerization

A sam.ple film was irradiated at 365 nm from a Jasco CRM-FA irradiator (2-kW xenon arc
lamp with a monochromator) at room temperature for the measurements of the trans-to-cis
photoisomerization of MHAB. Absorbancé measurements were made with a Hitachi UV-320
spectrometer. To measure the thermal cis-to-trans isomerization, the irradiation was discontinued after
reaching the photostaionary state, and the sample was moved to the thermostated sample holder placed
in the spectrometer to follow the absorbance at the absorption maximum of the trans isomer.

Reference experiments for the trans-to-cis photoisomerization and thérmal isomerization of
MHAB in a dilute solution were carried out in ethanol or DMSO. The concentration of MHAB in the
solutions was adjusted so as to give the same absorbance as in the thin film sample at the absorption

maximum.
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RESULTS AND DISCUSSION

Absorption Spectra in Sol-Gel Films

Since azobenzene itself wasscarcely soluble in the coating solutions for sol-gel films, MHAB
bearing hydrophilic substituents was used in order to enhance the solubility. Absorption spectra of
MHARB before and after UV-irradiation were measured in ethanol, ethanol/water (1:9) mixture solution,
PMMA and the sol-gel film (solution A, heating condition: 110 °C, 15 h) and are shown in Figure 6-
2. A shoulder at somewhat longer wavelength than that of 7- 7 * absorption band is observed in a
10 % ethanol aqueous solution and in the sol-gel film of trans-MHAB, in contrast to that in ethanol.
Wyman et al. ascribed the shoulder in 10 % ethanol aqueous solution to the formation of a hydrogen

¥ causing the blue shift of the n- 77 * transition. In the

bond between the azo group and water molecule
case of the sol-gel film, the shift of the absorption band may be owing to the hydrogen bond between
the azo group and Si-OH at the surface of silica matrix. Some reports have demonstrated hydrogen
bonding between organic molecules doped in sol-gel glasses and silanol groups which surround the

19 Another possibility is the effect of a hydrogen bond between the azo group and

molecules.
residual water molecules in silica matrix. The latter interpretation is less reasonable because the
shoulder of absorption spectrum was not altered in intensity even after the sample was heated under

vacuo at 200 C for 12 h to remove residual water.

Trans to Cis Photoisomerization at Room Temperature

Figure 6-2 shows that the photoisomerization rate of MHAB on irradiation with 365-nm light
depends on the reaction media. Using eq (6-1), the cis fraction ([cis]/trans],) in the photostationary
state under various conditions were estimated and are summarized in Table 6-1. Here, [cis] and [trans],
denote the concentration of the cis-isomer in the photostationary state and that of the trans-isomer
before UV irradiation, respectively, € ,and ¢ tans AT€ the absorption coefficients, whereas A,and A are

the absorbances at A _,, before and after UV irradiation:
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Figure 6-2 Change in UV spectra of trans-MHAB during 365 nm light irradiation at room
temperature: (a) in ethanol, (b) in a 1:9 mixture of ethanol and water, (¢) in PMMA and (d) in a sol-gel

film (solution A, heating condition: 110 " C, 15 h).
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Table 6-1
Photochemical Conversion of MHAB

cis fraction in a

matrix photostationary state (%)
ethanol 93
10 % ethanol aqueous solution 92
PMMA 93
sol-gel film ( solution A, heating condition: 110 “C,15 h) 60
sol-gel film ( solution A, heating condition: 60 “C,2 h) 64
sol-gel film ( solution B, heating condition: 60 “C,2 h) 82
sol-gel film ( solution C, heating condition: 60 “C,2 h) 61
1 - A/A,
[cis] = [trans], (6-1)

1- ¢ cis/E trans

Table 6-1 shows that the final cis fraction in the sol-gel film is much less than in ethanol and
PMMA. The cis fraction in the photostationary state in a 10 % ethanol aqueous solution, which
resulted in spectra similar to tho;e in the sol-gel films, is almost the same as in ethanol, suggesting that
the formation of the hydrogen bond between the azo group and silanol groups has no effect on the final
cis fraction. In addition, it is not likely that residual solvents (water and ethanol), ethoxysilyl and
silanol groups which existin the sol-gel glass alter photophysical properties of MHAB considerably to
quench the photoisomerization, because the trans-to-cis photoisomerization proceeds in a sol solution
as well as in an ethanol solution. Hence, it may be noted that photoisomerization of trans-MHAB is
suppressed in the sol-gel film owing to the rather small critical free volume available in this matrix
(Table 6-1). Such an effect of the free volume wasreported for azobenzene in a polycarbonate film at
extremely low temperature" and for azonaphthalene in cross-linked epoxy resins at room temperature.”
However, the quenching of the photoisomerization of azobenzene in the polycarbonate is considerably

relaxed at ambient temperature to result in a conversion to the cis-isomer similar to that in PMMA or
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’This suggests that the partial suppression of the trans-to-cis photoisomerization in the

polystyrene."®
sol-gel films is caused by the highly cross-linked network, which is more rigid than the polymer
matrices at room temperature.

Quinson ez al. have measured the radius of pores of the wetsilica gel by thermoporometry.'®
The pore radius distribution of a wet gel prepared by the sol-gel process is very narrow and centered at
around 25 A, and the shape factor indicates cylindrical interconnected pores. The pore size of the
xerogel (dry gel) should be smaller than that of the wetgel. Scherer et al. have demonstrated that the
pore diameter distribution of the xerogels prepared by acidic hydrolysis is very wide below 40 A.?”

The free volume which is required for the trans-to-cis photoisomerization of photoprobes is
the volume swept out by the van der Waals area of the displacing group. Victor and Torkelson have
calculated these sweep volumes of several photoactive compounds * after the method of Bondi,”® and
estimated the free volume needed by azobenzene to isomerize as 127 A3 The sweep volume of
MHAB is larger than that of azobenzene because of the presence of substituents. Some portion of
MHAB molecules may exist at least partially in the pores with much smaller size (probably the pore
diameter below ca. 10 A) in sol-gel films, and the photoisomerization can then not to take place.

According to Horie ez al., ” when the frans-azobenzene with an initial concentration of [t], is

irradiated at 365 nm, the change in frans-azobenzene concentration, [t], approaching its equilibrium

value, [t]., is given by

[tlo - [t]e [tlo [t)o
In = Ast= ———— (B+K)et (6-2)

] -t [th - [tlo (tle

where A, B, and K are the rate constants for the frans-to-cis photoisomerization, the cis-to-trans
photoisomerization, and the thermal cis-to-trans isomerization, respectively.
The first-order plots according to eq (6-2) for the trans-to-cis photoisomerization of MHAB

in ethanol, PMMA and the sol-gel film (solution A, heating condition: 110 " C, 15 h) at room
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temperature are shownin Figure 6-3. The reaction s first-order in solution, whereas in PMMA and in
the sol-gel film it deviates from first-order kinetics. The degree of the rate reduction in the sol-gel film
was more marked than in PMMA. This also suggests that the sol-gel matrix is more rigid than the

polymer matrix.

Thermal Cis to Trans Isomerization in Sol-Gel Films

The thermal cis-to-trans isomerization of MHAB in the sol-gel films and in DMSO was
followed at40 and 60 * C. DMSO was employed here as a high boiling point solventin order to avoid
a change in the concentration of the azobenzene during the spectroscopic measurement.

The thermal cis-to-trans isomerization follows first-order kinetics:

[thieo - [tho

In ———— =Kot (6-3)

[t - [t]

where [t] is the trans-azobenzene concentration, [tly, and [t]y. are the concentration of the trans
isomer of the azobenzene in the photostationary state and after the thermal reversion is completed,
respectively. Fir;t—order plots for the thermal cis-to-trans isomerization of MHAB at 40 and 60 “Cin
the sol-gel films (solution A, heating condition: 110 " C, 15 h) and in the solution are shown in Figure

6-4.
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Figure 6-3 First-order plots for trans — cis photoisomerization of MHAB at room
temperature: in ethanol (O), in PMMA (0) and in a sol-gel film (A) (solution A, heating condition:

110 " C, 15 h).

113



] DMSO , 60°C

. (J
Ir—-

—.L). 3 I~ i
|
L 8

= &  Sol-GelFilm,60°C
~
L o B ]
5 2

|
T8 | A

~ i
= () Sol-Gel Film, 40 °C

& 3

— (L ® /A/~

Y A
§ 20 40 60 80 100
Time (min)
Figure 6-4 First-order plots for thermal cis — trans isomerization of MHAB: (AA) in DMSO at

40 ° C,(O) in DMSO at 60 ° C,(A) in a sol-gel film (solution A, heating condition: 110 “C, 15 h) at

40 ° C and (@) in a sol-gel film (solution A, heating condition: 110 “C,15h ) at 60 °C.

114



The reaction proceeds by first-order kinetics in solution whereas in the sol-gel films the
reaction isinitially faster than in solution and decreases gradually with time. Such a thermal reversion
kinetics in the sol-gel films was not eventually affected by additional heating, indicating that there isno
remarkable change in the composition at the pore walls and in the pore size distribution. Such a
rate enhancement in the beginning of the thermal isomerization wasalso observed in polymer matrices

’ In analogy with

and attributed to residual strain in the cis-azobenzene produced by UV irradiation."
polymer matrices, in the sol-gel matrix a part of the cis isomer is produced in a strained conformation
and can revert more easily to the trans isomer than the relaxed cis species.  The low rate of reaction,
at 60 ~ C in the terminal phase of the thermal isomerization in the sol-gel film may be ascribed to the
interaction between MHAB molecule and the silica matrix (e.g., the hydrogen bond between MHAB and
silanol groups).

These results, in conjunction with the composition of the photostationary state, suggest that
MHAB in the sol-gel glass contains three fractions. In the first the local free volumes are smaller than
a critical size necessary for the photoisomerization. In the second fraction the reaction can take place

but the produced cisisomer isin a strained conformation. In the third fraction the reaction rate is lower

than in solution because of the interaction between MHAB and the silica matrix.

Dependence of the Matrix Rigidity on the Preparative Method
The sol-gel process is composed of two reactions, the hydrolysis of metal alkoxides and
polycondensation. These reactions are influenced markedly by the preparative conditions (e. g.,

2 and determine the matrix

preparation composition, catalyst (acid / base), reaction temperature, etc. )
rigidity of sol-gel glasses. Brinker and his colleagues®™ have studied of the hydrolysis and
condensation to give a silica gel made by a two-step process.”” The first step consists of hydrolysis
under acidic condition (pH = 0.3) with the reactants added in a molar ratio of TEOS/alcohol/I—IzO/HCI =
1/3/1/0.0007. This causes a rapid hydrolysis, b}lt the reaction cannot go to completion because of the

substoichiometric quantity of water, resulting in the formation of lightly cross-linked polymers. The

second step (additional water plus acid) resulted in completely hydrolyzed polymers. As given in
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Table 6-1, the cis fraction at the photostationary state depends on the water content. Although the cis
fraction is low when [H,O][/TEOS] =2, the content of water ([H,O]{TEOS]=1) favors the cis-isomer
formation.

The thermal isomerization is also affected by the water content. Figure 6-5 shows first-order
plots for the thermal cis-to-trans isomerization of MHAB in the sol-gel films at 60 ° C under various
preparative conditions. Films prepared under different heating conditions (@ and ), exhibited
almost the same thermal isomerization reaction rates, suggesting that the matrix rigidity in the sol-gel
glasses prepared from solution A is scarcely altered by changing the annealing condition. However, in
the sol-gel film prepared from solution B, the first-order (/) is different from the others, i. e., the
reaction rate of MHAB in the sol-gel film prepared from the low water content solution is higher.

The gel formed from a solution with such a low water content is weakly cross-linked and linear
polymeric in nature since the hydrolysis reaction does not proceed to completion.**” Consequently,
the sol-gel film prepared from solution B, may have a more weakly cross-linked structure leading to
effective cis-to-trans isomerization.

Absorption spectra of MHAB in the sol-gel films prepared from solution B and solution C are
shown in Figure 6-6. The solid lines and dotted lines show the spectra of the frans form and the
photostationary state, respectively. The shape of the absorption spectra of the trans form in the sol-
gel film prepared f.rom solution B is quite similar to that in ethanol (Figure 6-2(a)). The shoulder
arising from the formation of hydrogen bond between the azo group in MHAB and silanol group in
silica matrix is scarcely recognized. Under such alow water concentration condition a large quantity
of residual Si-OCH, groups remains on the surface of silica matrix.” The rans-to-cis
photoisomerization goes almost to completion since the silica matrix may be weakly cross-linked.
However, in the case of the sol-gel film prepared from solution C, the final cis fraction is lower because
of the highly cross-linked structure formed after complete hydrolysis (Figure 6—6(b)). In Figure 6-
5, the first-order plot of MHAB in the sol-gel film Prepared from solution C (L) is similar to that in the
sol-gel film prepared from solution B (O). This is probably because the total reaction of the sol-gel

process is insensitive to a [H,0]/[TEOS]>2.
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SUMMARY

The following conclusions can be drawn about the isomerization behavior of the azobenzene
derivative in the sol-gel films:

(1) Hydrogen bonds ére formed between the azo group in azobenzene probe and silanol group in
sol-gel glass matrix whose films were prepared with a relatively high water concentration
([H,O)/[TEOS]=2).

(2) The azobenzene probes in the sol-gel glass are of three types when the glass is prepared from a
solution of [H,OJfTEOS]=2. (a) At sites with smaller pores in which the trans-to-cis
photoisomerization is quenched, (b) at sites in which the cis isomer is formed in a strained
conformation enhancing the thermal reversion, (c) at sites in which the thermal reversion rate is
reduced by the hydrogen bond between the guest molecule and silanol groups.

(3) The rigidity of the matrix in sol-gel glass depends on the water content of the solution from which
it was prepared. In the case of [H,OJ{TEOS]=1, the photoisomeriation takes place readily in a

sol-gel film possibly because of inefficient network formation.
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Chapter 7

Photoisomerizability of an Azobenzene

Covalently Attached to Silica-Gel Matrix
INTRODUCTION

In Chapter 6, a hydrophilic azobenzene derivative, 4-methoxy-4'-(2-hydroxyethoxy)-
azobenzene (MHAB) was used as a photochromic probe to reveal the microenvironment of silicafilm
matrices. The results indicate the presence of hydrogen bonding interaction between the azo group and
silanol groups and suppression of photoisomerization at least partially due to the highly cross-linked
network structure entrapping the molecules. The fact that the major part of the azobenzene was able to
photoisomerize freely in a xerogel implied that these probing molecules exist in pores without steric
constraint.

If doping with other photoactive molecules in silica matrices brings about the same situation,
a large part of these molecules appears to be located in state quite similar to that in fluid phase without
essential perturbation of the chemical or physical properties. Conversely, if a major part of photoactive
molecules is froz‘en in silica-gel matrices due to the highly cross-linked network to reduce the
translational motion, specific physicochemical properties would be expected.

This chapter deals with the effect of covaient bond formation between a doping azobenzene
moiety and silica-gel matrices on the geometrical isomerization. Figure 7-1 shows the azobenzene
derivatives employed in this chapter. MTAB and DTAB possess silylating unit(s) for binding
covalently tosilicamatrix. The author expected that the introduction of silylation units at both sides of

the azobenzene enhances considerably suppression of reactivity of the chromophore.
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EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS, Tokyo Kasei Kogyo Corp.) was used without further
purification. Ethanol, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and water were of
spectroscopic grade.

4-Methoxy-4'-(2-hydroxyethoxy)azobenzene (MHAB) was prepared as described in Chapter
6. The other azobenzenes were prepared according to the reaction scheme in Figure 7-2.

4-Methoxy-4'-carboxymethoxyazobenzene was synthesized by reaction of 4-methoxy-4'-
hydroxyazobenzene with ethyl bromoacetate, followed by alkaline hydrolysis. 44'-
Bis(carboxymethoxy)azobenzene was prepared by reaction of the corresponding
dihydroxyazobenzene with ethyl bromoacetate, followed by alkaline hydrolysis.

4-Methoxy-4'-(N-(3-triethoxysilylpropyl)carbamoylmethoxy)azobenzene (MTAB) was
prepared by adding dicyclohexylcarbodiimide (DCC, 1.19g; 4.76 mmol) to an ice-cooled solution of
the azobenzenecarboxylic acid (1.50 g; 5.24 mmol) and 3-aminopropyltriethoxysilane (APTS, 1.28
g;5.76 mmol) in dichloromethane (20 ml). The mixture was stirred for 6 h at room temperature.
Precipitated urea was removed by filtration, followed by evaporating the solvent under reduced pressure.
The residue was recr};stallized from toluene/hexane to give purified MTAB (yield 27 %, melting point
130 C): '"H-NMR (CDC13) §:0.5-0.8 (2H, m, -CH,Si), 1.2 (9H, t, OCH,CH;), 1.5-1.9 (2H, m, NH-
CH,CH,CH,-), 3.3-3.5 (2H, m,NH-CH,), 3.8 (6H, q,'OCHZCH3), 3.9 (3H, 5, OCH,),4.5 (2H, s,-OCH,-),
6.6-6.9 (1H, m, NH),6.9 (2H, d, ArH), 7.1 (2H, d, ArH), 7.9 (4H, d, ArH); IR (KBr) 3290, 2950, 1650,
1250, 1110, 840 cm™. Anal. Calcd. for C,,;H;:O4N,Si: C,58.87; H,7.20; N,8.58 %. Found: C,58.87;
H,7.34; N, 8.71 %.

The conventional DCC condensation of the azobenzene dicarboxylic acid with APTS gave a

very poor 4,4"-bis(N-(3-triethoxysilylpropyl) carbamoylmethoxy) azobenzene (DTAB) yield.
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Figure 7-2 Synthetic pathways of MTAB(Scheme I) and DTAB(Scheme II).
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As consequence, a few drops of DMF and thionyl chloride (0.53g; 4.4 mmol) was added to the
azobenzenedicarboxylic acid (0.61 g; 2.0 mmol) dissolvedin dry benzene (10 ml). The mixture was
refluxed for 3 h,and after cooling to room temperature the solution was evaporated under reduced
pressure. The residue dissolved in dry benzene (10 ml) was added to a solution of APTS (0.98 g; 4.4
mmol) and triethylamine (0.46 g; 4.4 mmol) inbenzene (10 mi). The mixture was stirred for 30 min
at room temperature. After the precipitate wasremoved by filtration, the filtrate wasevaporated under
reduced pressure. The product was recrystallized from benzenehexane to give DTAB (yield 72 %,
melting point 121 C: 'H-NMR(CDCl,) 6:0.5-0.8 (4H, m, -CH,Si), 1.2 (18H, t, OCH,CH,),1.5-1.9
(4H, m, NH-CH,CH,CH,-), 3.3-3.5 (4H, m, NH-CH,), 3.8 (12H, q, OCH,CH,), 4.6 (4H, s, -OCH,-),7.0
(4H, d, ArH), 7.9 (4H, d, ArH); IR (KBr) 3290, 2950, 1660, 1250, 1090, 840 cm". Anal. Calcd. for

G HO\oN,Si: C,55.41; H,7.66 ; N,7.60 %. Found: C,55.44; H,7.86; N, 7.57 %.

Sample Preparation

Sol-gel films were prepared on quartz substrates by using the technique described in previous
chapter. A mixture of TEOS, water and ethanol (molar ratio 1:2:3), in which an azobenzene derivative
was dissolved, was used as a eoating solution. The films obtained were heated at 110 C for 15 h.
Poly (methylmethacrylate) (PMMA) films were prepared by solvent-casting on quartz substrates from
al0wt% PMMA solution containing an azobenzene derivativein THF. The films were kept at room

temperature for 6 h and then heated in vacuo at 70 C for 15 h to remove residual solvent.

Measurements

Measurements of photoisomerization and thermal isomerization were conducted as described
previous chapter. A sample film was irradiated at 365 nm in a Jasco CRM-FA irradiator (2 kW xenon
arc lamp with monochromator) at room temperature. The absorption spectra‘ were measured by a
Hitachi UV-320 spectrometer. The irradiation was stopped after reaching the photostationary states
and the sample was moved to a temperature-controlled sample holder placed in the spectrometer to

follow the absorption spectra during the cis-to-frans isomerization.
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RESULTS AND DISCUSSION

All azobenzenes gave similar spectra and the same absorption coefficient ( € =21000 M'cm™)
in ethanol, while A _,, (70-t*) of MHAB,MTAB, and DTAB were 354,353, and 351 nm, respectively
(Figure 7-3(a)). They also showed the trans-to-cis photoisomerization and cis-to-frans thermal
reversion in solution. These observations confirm that triethoxysilyl group(s) linked with azobenzene
moiety have no effect on photophysical or photochemical properties of the azobenzene unit.
Analogous spectra were also obtained in PMMA thin films.

Azobenzene itself was scarcely soluble in the coating solution for sol-gel films. The
azobenzene derivatives employed here, however, were more soluble owing to the hydrophilic
substituents and triethoxysilyl group(s). During the sol-gel process, triethoxysilyl group(s) was
hydrolyzed to condense with the growing silica matrix to result in the fixation of the one or both sides
of the azobenzene unit to the silicamatrix. Attempts to extract MTAB and DTAB from the silica films
in methanol failed, supporting the view that azo-chromophores are covalently fixed. Homogeneous
optically transparent sol-gel films were obtained and no aggregation of the azobenzene derivatives was
observed during the sol-gel processes.

Figure 7-3(b) shows absorption spectra of the azobenzene derivatives in sol-gel films. The
7T- ¥ absorption gand around 353 nm in the glass films appears at the wavelength similar to that
observed in ethanol (Figure 7-3(a)) or in PMMA, suggesting that the azobenzene derivatives are
dispersed monomolecularly since the band shoﬁld suffer wavelength shift if the intermolecular
interaction of the azo-chromophores occurs. A striking feature of Figure 7-3(b) is the appearance of
a shoulder around 420 nm for all azobenzenes entrapped in sol-gel films. The shoulder is assignable
to blue-shifted n- T* caused by hydrogen-bonding interaction between the azo group and Si-OH
groups and /or bound water molecules on the surface of silica matrix, since the mar’kcd blue shift was
previously confirmed in an aqueous solution (Figure 6-2 in Chapter 6). Some reports have
demonstrated the formation of ahydrogen bond between organic molecules and silanol groups which

surround the molecules in sol-gel glasses." ?
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Figure 7-3 Absorption spectra of azobenzene derivatives.: (a) in ethanol, (b) in sol-gel films
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It should be noted that the relative height of absorbance, A, of the three azobenzenes at
around 420 nm in the sol-gel films is larger than that for MHAB in an aqueous solution and decreases
in the order: MHAB > MTAB >DTAB. Valuesfor MHAB in an aqueous solution, MHAB, MTAB and
DTAB in sol-gel films were 0.26, 0.46, 0.37 and 0.26, respectively, for aratio of A, to A,s;(absorbance
at 353 nm) as a measure of the relative intensity of the n- 7 * transition. Although DTAB is assumed
to be entrapped by the covalent bond formation at the both end of the chromophore inside silica matrix,
the absorption spectrum of the chromophore is unexpectedly similar to that in an aqueous solution.
This suggests that the spectroscopic behaviors can not be understood solely in terms of hydrogen bond
formation.

The small absorption coefficient of azobenzene in the visible is due to the symmetry forbidden
n-7T* transition. Reduction of coplanarity of the azobenzene moiety brings about mixing of n-
orbitals with 7 -orbitals to result in the increase in the n- 7t * absorption coefficient.” This explains
why a cis-azobenzene with distorted structure has a larger n- 7t * absorption coefficient because of the
steric hindrance of both phenyl rings, as compared with the trans counterpart which possesses planar
structure. The same situation is applied to the trans isomer-itself. It has been shown that an
azobenzene cyclophane displays an anomalously larger absorption coefficient for the n- 7T* transition
because the chromophore is bent due to the steric hindrance.” These facts and theoretical
considerations leac.l to the assumption that the larger A, /A, values reflect the reduction of the
coplanarity of the azobenzene chromophore. MHAB, in particular, may be subjected to molecular
deformation at least partially because of the stroﬁg physical adsorption upon the silica wall through
hydrogen bonds between the azo group and silanols which causes mixing of the n-orbitals of the azo
group with the 7-orbitals. The azo-chromophore of DTAB is isotropically surrounded by silica so
that as no marked molecular deformation exists. The azobenzene moiety derived from MTAB is of the
intermediate nature. Structural models of the azobenzenes in the sol-gel matrix are illustrated in

Figure 7-4.
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Figure 7-4 Structural formula of the three azobenzene derivatives in sol-gel films.
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Figure 7-5 shows the change in absorption spectra of the azobenzene derivatives in sol-gel
films upon 365 nm photoirradiation. The absorbance around 350 nm decreased and the absorbance
around 410 nm increased, indicating the frans-to-cis photoisomerization occurred in the sol-gel
matrices. The appearance of isosbestic points indicates that the trans-to-cis photoisomerization
proceeds without side reaction. Similar changes in absorption spectra were also observed in ethanol or
PMMA, while the cis fraction in a photostationary state and the photoisomerization behavior were
different from those in the sol-gel matrix.

The cis fractions (f ,, = [cis]/[trans],) of the azobenzene derivatives in a photostationary state

are given by

f., = [cis)/[trans], = (7-1)

where [cis] is the concentration of the cis-isomer in the photostationary state and [trans], is the trans-
isomer concentration before UV- irradiation. A, and A are the absorbances at A _, before and after
365 nm irradiation, summarized in Table 7-1.

The value; of f;, in ethanol were almostidentical. It is clear that the silyl group(s) linked with
azobenzene unit has no effect on the photoisomerization. Similarly, the values of f_,, in PMMA were
almost identical to those in ethanol, and 91 - 93 % of the trans-isomer isomerizes to the cis-isomer.
Many studies have dealt with the trans-to-cis photoisomerization of azobenzene chromophores in solid
films of polymers such as PMMA,” polycarbonate,” polystyrene,” epoxy resin,” with results similar to
ours. These suggest that the PMMA matrix network is coarse enough for molecular motion required
for photoisomerization of the azobenzene derivatives even though the azobenzenes ‘have triethoxysilyl

group(s).
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Change in UV spectra of trans-azobenzene ‘in a sol-gel film during 365 nm light

irradiation at room temperature: (a) MHAB, (b) MTAB, (c) DTAB.
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In sol-gel films, the values of f_ were much less than those in ethanol or PMMA, whose order
was MHAB = MTAB > DTAB. The results suggest that the partial suppression of the trans-to-cis
photoisomerization is caused by the highly cross-linked network of silica matrix as shown in Chapter 6
and fixation of both sides of the azobenzene of DTAB by silylation restrict molecular motion needed
for trans-to-cis photoisomerization.

The kinetics for trans-to-cis photoisomerization of azobenzene is expressed by

[tho - [tle {t]o
In = = Kk.-°t (7-2)

[t] -[tle [t]o - [the

where [t], [t],, and [t]., are the trans-isomer concentrations at a given irradiation time, t, before
irradiation and in the photostationary state.” The rate constant, k,., is for the trans-to-cis
photoisomerization. Results obtained for all three azobenzene derivatives in ethanol, PMMA, and
sol-gel films plotted according to eq (7-2) are shown in Figure 7-6.

The first-order plots fell in the same line in ethanol, regardless of the azobenzene derivatives.
However, the reactions in PMMA deviated from the first-order kinetics, whose slopes were smaller than
in ethanol (MHAB = MTAB > DTAB). Such phenomena are characteristic of amorphous polymers,
particularly below Tg, and could be due to restriction of segment motion and heterogeneous

*®  The lower rate of the photoisomerization of

distribution of local free volume at the reaction sites.
DTAB reflects that the sweep volume of DTAB is larger than that of MHAB or MTAB. In sol-gel films,
the first-order plots displayed downward curvature similar to those in PMMA, but the slopes were much
smaller, particularly for DTAB. The data shown in Figure 7-6 and Table 7-1 indicate that
photoisomerization of MTAB in sol-gel matrix isroughly the same as that of MHAE despite connecting

one side of the azobenzene moiety to the sol-gel matrix. Photoisomerization is eventually not affected

by fixing one side probably because of the relatively long flexible chain.”
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Table 7-1

Photochemical Conversion of Azo Compounds

f s (%)
Species ethanol PMMA sol-gel film
MHAB 93 93 60
MTAB 94 94 60
DTAB 95 91 42

Sung and co-workers have studied free volume environments at different sites in polystyrene
by incorporating azobenzene chromophores at sites in chain ends, in the chain center, and in the side
chain on a polystyrene backbone, and compared with the result for doped azobenzenes." '” They
showed that the photoisomerization of the center-labeled azobenzene occurred to a smaller extent,
mainly due to the smaller free volume. Hence, itis concluded that the photoisomerization of DTAB is
much suppressed in the sol-gel film owing to fixation of both sides of the azobenzene moiety to the
sol-gel matrix.

In the sol-gel matrix and DMSO, thermal cis-to-trans reversions of azobenzene derivatives
were studied at 60 C. DMSO was used here as a non-volatile solvent to avoid change in concentration
of the azobenzene derivatives during measurement. The results shown in Figure 7-7 are of the form of

first-order plots:

[thieo - [tleo

In =k, °t (7-3)

[thio - [t]
where [t] is the trans azobenzene concentration at time, t, and [t],, and [t} are concentration of

trans-isomer in the photostationary state before and after thermal reversion, respectively. The rate

constant, k., is for the thermal cis-to-trans reversion.
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The reaction in DMSO proceeded via first-order kinetics, and the values of k_, for three
azobenzene derivatives were identical (Figure 7-7(a)). The triethoxysilyl group(s) did not affect
thermal reversion in solution. In sol-gel films (Figure 7-7(b)), the reaction was initially faster than in
solution and decreased gradually with time. Such a rate enhancement at an earlier stage of thermal
reversion has been observed in polymer matrices and attributed to residual strain in the cis-isomer in the
silica matrix produced by UV irradiation because the cis-isomer in a strained conformation could revert
more easily to the trans-isomer than the relaxed cis species.'””  The lower reversion rate in the terminal
phase may be ascribed to interaction between azobenzene derivatives and the silicamatrix. The degree
of the rate reduction is different with respect to these three probes, and the rate decreases in the order
DTAB > MTAB > MHAB. It is considered that these differences occur due to fixing the azo-

chromophore to the silica matrix.
SUMMARY

The n-* absorption band of azobenzene chromophore is affected by the nature of silica
matrix, by contrast with the 7v-7t* transition which is not dependent on fluid as well as solid media.
The hydrogen bond formation between the azo group and silanols and/or water molecules bound on the
silica wall results in.blue shift of the n- 7T* absorption band. The relative intensity of the blue-shifted
band was affected by the nature of bond of the azo-chromophore to the silica matrix. MHAB doped
in the matrix without covalent band formation displayed anomalously large n-7T* band intensity
because of absorption of the chromophore on the silica wall to induced molecular structure deformation
which reduced the coplanarity of the chromophoric system.

Photochemical or thermal isomerization of the azobenzene in solutions was not affected by
introduction of triethoxysilyl group(s). In the silica matrix, the trans-to-cis photbisomerization was
suppressed, and the cis-isomer produced wasin a strained conformation. Fixation of both sides of the
azobenzene unit to the silica matrix enhanced the suppression effect to quench photoisomerization of

about 60 % of azobenzene units. This supports the view that molecular motion of azobenzene unit
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is highly restricted because of the cross-linked silica network.
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Chapter 8

Photochemical and Thermal Isomerization of

Azobenzene Derivatives in Sol-Gel Bulk Materials
INTRODUCTION

There are two methods to yield metal oxide glasses doped with organic molecules as shownin
Figure 8-1. The first consists of putting a thin layer of a sol-gel solution on a substrate to form a thin
film, followed by drying for relatively short period, whereas bulk glasses are formed by the second
method in which a sol-gel solution is slowly evaporated at ambient temperature to give monolithic glass
preventing crack formation.

Brinker et al. have studied the differences in the structure and properties between sol-gel bulk
material and sol-gel thin film utilizing gas adsorption on surface acoustic wave substrate and showed that
the structure of films is considerably more compact than that of the bulk xerogels prepared from
identical precursors." Several reports demonstrated the reason for the microstructural difference
between bulk materials and thin films.'® In the film-forming process, the rapid evaporation of solvents
forces the chemical precursors into a close proximity with each other and accelerates the condensation
reaction significantly. This causes the capillary pressure huge due to the small pores to cause further
densification the matrix.*® The slow vaporizatién of the bulk systems, on the contrary, allows the
structure to stiffen in the early drying stage so that the pores are larger and the capillary pressure
smaller."”

Several studies were concerned with the photophysical properties of organic dye molecules in
bulk glass and thin film.”® However, there have been few systematic investigaﬁons to reveal the
difference in chemical behavior of the doped organic molecules ascribed to the microstructural

differences between the bulks and the films.
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Figure 8-1 Film process and Bulk process

The photéinduced trans-to-cis isomerization and thermal cis-to-frans isomerization of
azobenzene derivatives in sol-gel silica films were demonstrated in Chapter 6 and 7, taking account of
the fact that fhjs type of photochromic compounds is sensitive to the microenvironment and extensively
employed as a photoreactive probe to estimate the free volume and rigidity of solid polymers. The
results are summarized as follows:

(1) The cis fraction of a photostationary state in a sol-gel film was much smaller than in poly(methyl
methacrylate) (PMMA), an organic glass, suggesting that the free volume in sol-gel silica films is
smaller than in PMMA films.

(2) In a sol-gel film, attachment of the chromopl;ore to silica through a single covalent bonding had

slight effect on photochemical as well as thermal isomerizations, whereas the photoisomerization
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was markedly suppressed when an azobenzene is fixed to the silica matrix at both ends of the
chromophore.

The major concern of this chapter is to disclose outstanding differences in microen-

vironmental structures between a monolithic silica bulk and a silica film by means of evaluating the

reactivity of doped azobenzenes as probe molecules.
EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS), purchased from Tokyo Kasei Kogyo Corp., was used without
further purification. Ethanol, diethyl ether, dimethyl sulfoxide (DMSO), cyclohexane and water were
of spectroscopic grade. 4—Methoxy-4'—(2—hydroxyethoxy) azobenzene (MHAB), 4-methoxy-4'-(N-
(3-triethoxysilylpropylcarboxymethoxy)azobenzene (MTAB), 44'-bis(N-(3-triethoxysilylpropyl)-
carbamoylmethoxy)azobenzene (DTAB), poly(methyl methacrylate) (PMMA) films, and sol-gel films
doped with these azobenzene probes were prepared as described in Chapter 7. The thickness of the
sol-gel film was calculated to be ‘ca. 200 nm with use of absorbances of the azobenzenes under the
following assumptions; all TEOS is converted into silica, the density of the film is 2.0, and the absorption
coefficient of azobe;lzenes are not affected by embedding. Monodisperse silica particles (a BET

surface area: 48 m’, particle diameter: 150 nm) were obtained from Tokuyama Corp.

Sample Preparation
Sol-gel Process

The composition to prepare sol-gel bulks by the hydrolysis of TEOS catalyzed by
hydrochloric acid in ethanol was the same as a film-coating solution (TEOS : H,0 : éthanol =1:2:3
in molar ratio). MHAB, MTAB and DTAB were dissolved in ethanol at 7.0 X 10~ mol/L, respectively.
The mixtures were stirred for 2 h at room temperature. Subsequently, a 10 ml portion of each mixture

was poured into a flat Petri dish (inner diameter 42 mm; height 23 mm), the surface of which was
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treated with octadecyltriethoxysilane in advance. The Petri dishes were covered with an aluminum foil
and left to gel atroom temperature for 3 days. After gelation the aluminum foil was perforated witha
few holes (diameter 1 mm) and then with additional holes on subsequent days. After 30 days, the bulk

gels were heated at60 C for 24 hand at 110 C for 30 h to give monolithic crack-free bulk samples

containing the azobenzene derivatives (diameter 27 mm, thickness 1.2 mm).

Physisorption of MHAB on the Surface of Silica Particles

The physisorption of MHAB on the surface of silica particles was carried out as follows: To a
dispersion of the silica particles (0.50 g) in chloroform (25 ml) was added 218 mg of MHAB, and the
mixture was stirred for 1 h at room temperature. After being centrifuged, the supernatant was
discarded. The residual colloidal silica was repeatedly washed with cyclohexane and dried at 60 C
under vacuo for 10 h. The amount of physisorbed MHAB was determined by means of electronic
absorption measurement using the absorption coefficient of MHAB =21000 M'cm™ at 354 nm. An

average density was estimated to be one MHAB molecule in 600 A’ on the silica surface.

Chemisorption of MTAB-on the Surface of Silica Particles
Chemisorbed MTAB silica particles were prepared by the reaction of MTAB with surface

1.'” with a slight modification. Toa

silanols of silica particles according to the method of Horner et a
dispersion of the silica particles (0.50 g) indry benzene (15 ml) was added 539 mg of MTAB, and the
mixture was refluxed for 48 h. After centrifugétion, the supernatant was discarded. Residual silica

particles were washed repeatedly with benzene and methanol and dried at 60 “C invacuo for 10h. An

average density of the azobenzene was one MTAB molecule in 500 A’ on the silica surface.

Measurements
For the trans-to-cis photoisomerization, a sample was irradiated at 365 nm by using a Jasco
CRM-FA irradiator equipped witha 2-kW xenon arc lamp and a monochromator at room temperature.

Absorbance measurement was made on a Hitachi UV-320 spectrometer. Azo-modified silica particles
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were dispersed in cyclohexane because of the good refractive index matching. The thermal cis-to-

trans isomerization were carried out at 60 C and followed spectroscopically at the same temperature.

RESULTS

Absorption Spectral Changes during Drying Process

Three types of azobenzene having the same chromophoric system were incorporated in silica
glass to survey the effect of covalent attachment on the photoactive probe behavior to obtain
microstructural information of bulk silica matrices. Ethanolic solutions of TEOS and the
corresponding azobenzene were acidified by hydrochloric acid to result in the hydrolysis and
subsequent gelation, followed by gradual evaporation of solvents to yield gelled silica in the
conventional way. The solutions turned red on acidification due to the protonation of the azobenzene

which is a very weak base (pKa = -2.95 for trans-azobenzene). '”

Figure 8-2 shows the change in
absorption spectra of MHAB as a typical example in a bulk system during the drying process. The
bulk sample possesses absorption maximum (A ,,,) at499 nm assignable to the protonated form even
after heat treatment at 60 C for 24 h. Upon additional heating at 110°C for 30 h, the color of the
sample became liéht yellow, and A ,, was shifted to 353 nm, indicating the completion of the
deprotonation.

For covmparison, silica glass films doped with the azobenzenes were prepared by use of the

same solutions according to the so-called dip-coating technique.'”

A quite different color change
behavior was observed for sol-gel films. Although a thin silica film coated on a quartz plate by means
of the dip coating method wasred, the color turned light yellow within 10 min when the plate was heated

at 60 C. Actually, the absorption spectrum of the thin film was superimposed hpon that of a free

azobenzene after heating at 60 C for 2 h (Figure 6-6 in Chapter 6).
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Figure 8-2 Change in absorption spectra of MHAB during drying stage of a sol-gel bulk:
heating at 60 C for 24 h ( —— ) and then additional heating at 110 C for 30 h (-===- ).
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Trans-to-Cis Photoisomerization in Bulk Glasses

After confirming the formation of free base azobenzenes by heat treatment, monolithic bulk
plates were exposed to UV light at 365 nm. Figure 8-3(a ) shows the spectral change of MHAB in a
bulk glass. MTAB gave a similar result, implying that a single covalent attachment of the azo
chromophore plays no role in the photoisomerizability. In contrast to our previous observation that
the photoconversion into the cis-isomer is restricted in a sol-gel film, the transformation of the #rans-
isomer in the bulk glass took place quite efficiently without any disturbance. This suggests that the azo
chromophores are not incorporated in the silica network but rather localized on walls of porous
structures to ensure free volumes for the molecular structural changes. To confirm this assumption,
MTAB and MHAB were treated with colloidal silica particles to cover the silica surface with the
azobenzene chromophore physically as well as chemically and to review the photoisomerizability.
Monodisperse colloidal silica of a diameter of 150 ¢ m was employed because of the large surface
area to adsorb a sufficient amount of the chromophore and the availability of a transparent dispersion
in cyclohexane owing to good refractive index matching which enabled us to carry out spectroscopic
analysis.

Parts (b) and (c) of Figure 8-3 show the absorption spectra of dispersions of colloidal silica
particles physisorbed with MHAB and chemisorbed with MTAB respectively before and after UV ir-
radiation. The n-7T* transition of the azobenzene chromophores adsorbed on silica particles is
blue-shifted so that the absorption band appears as a shoulder at around 420 nm. The blue shift is
ascribed to hydrogen bonding between the azo gr;)up and silanols and/or water molecules on the silica
surfaces as described in Chapter 6 and 7. The absorption spectral shapes of the colloidal silica bear a
close resemblance to that of the bulk (Figure 8-3(a)). Therefore, the azobenzenes on silica particles are
intimately adsorbed on the surface since the blue shift is observed even in the non-polar cyclohexane.

Furthermore, the n- 7w * absorption of the forbidden transition is enhanced'in these cases when
compared with solution spectra. As discussed in Chapter 7, the increase in the n-7t* absorption
coefficient can be reasonably explained in terms of the distortion of azobenzene moiety which leads to

the mixing of forbidden n orbitals with allowed 7 -orbitals. In other words, the ratio of the n-*
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absorbance (A,) to the 7-7* absorbance (A ) can be assumed to be a measure of the extent of
molecular distortion of azobenzene chromophoric systems. Although A, values involve a certain
inaccuracy because of the overlap with A _,the absorbances at 420 nm were employed for A, values for
semiquantitative discussion. The absorbance ratios (A /A ;) for the bulk, physisorbed particles and
chemisorbed particles were 0.42,0.31, and 0.26, respectively. These values imply that the molecular
distortion due to the surface adsorption appears most markedly in the bulk glass, whereas the
chemisorbed chromophore seems to be distortion-free since the A /A ;. value equals to thatin a solution
of 1 : 9 mixture of ethanol and water.

As shown in parts (b) and (c) of Figures 8-3, the frans-to-cis photoisomerization of
azobenzene chromophores on the silica particles went almost to completion without being affected by
the strong adsorption on the surface. This means that the photoisomerization of the azobenzene
immobilized in silica matrices takes place readily as long as the azo-chromophores are bound on the

wall of porous silica sol-gel bulk matrices.
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Thermal Isomerization
To obtain further information on the mobility of the azobenzene moieties in the bulk glasses,
the author studied the kinetics of the thermal cis-to-frans isomerization. The thermal cis-to-trans

isomerization is expressed by first-order kinetics according to the following relation:

AHoo 'AH()
In =Ket (8-1)

AHoo - AH(

where K is the rate constant for the thermal isomerization. Ay, A,,and A, are observed absorbances
in the peak of the 7r-7c* band of the respective trans-isomers at subscript times. These absorbances
are substantially proportional to concentrations of the trans-isomer in view of the low extinctions of the
corresponding cis forms at the monitoring wavelength.

In a DMSO solution, as described in Chapter 7, the reaction proceeds by first-order kinetics
and the slopes (K) of three azobenzene derivatives were the same. First-order plots for the thermal
isomerization of three azobenzenes in PMMA films and in the sol-gel bulks and films at 60 C are
shown in Figure 8-4. In PMMA films, the shapes of the plots are similar with regard to all three probes.
The reaction devi;ltes from a straight line gradually withtime, and the degree of the rate reduction isin
the following order; MHAB < MTAB < DTAB (Figure 8-4(a)). The results suggest that the thermal
cis-to-frans isomerization can be retarded by thé steric restriction of PMMA matrix. This reduction
order can be explained in terms of the size of the sweep volume required for the thermal cis-to-trans
isomerization (MHAB < MTAB <DTAB). On the other hand, a different behavior of the rate between
the derivatives was observed in sol-gel bulks (Figure 8-4(b)). The reaction of MHAB follows first-
order kinetics just as in solution, which implies that the isomerization is not afféctcd by a matrix of
sol-gel bulk. While the rate of MTAB slows down with time, the isomerization of DTAB proceeds faster

than in solution in the beginning and decreases after that.
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Figure 8-4 First-order plots for the thermal cis-to-trans isomerization of azobenzene derivatives

at 60 °C: (a) in PMMA,; (b) in sol-gel bulks; (c) in sol-gel films.

The straight solid lines are plots in DMSO. Experimental errors are within the symbols.
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DISCUSSION

The n- 7t * transition absorption band afforded a 2-fold information concerning
microenvironmental polarity and location of the chromophore. As stated above as well as in
Chapters 6 and 7, a considerable blue shift of the absorption band indicates hydrogen bond formation
of the azo group. Furthermore, the enhancement of the blue-shifted absorbance in the bulk matrix
may reflect the strong adsorption of the azo chromophore on walls of highly porous silica.

Some reports dealt with the photochromic behavior of a fulgide and spiropyranes in sol-gel
bulk.”'”  However, these photochromic compounds seem to be inappropriate to estimate the rigidity
of the matrix since the molecular movement associated with these 6 7T electrocyclic reactions is very
small and the photochromism of spiropyrans istoo markedly affected by the polarity of matrices. In
this respect, for more detailed discussion based on the photochemical behavior of azobenzene as a
photoprobe, the cis fractions in the photostationary state (f,,,) on the surface of silica and in the sol-gel
bulks were estimated by using eq (8-2) and summarized in Table 8-1. The f_, values in sol-gel films
and in PMMA obtained in Chapter 7 are also listedin Table 8-1. A, and A stand for the absorbance at
A . before and after UV irradiation whereas ¢ ,, € .., denote the molar absorption coefficients of

the cis and the trans isomers at A ., respectively.

fo= | (8-2)

As Table 8-1 shows, the trans-to-cis photoisomerization goes almost to completion even
though azobenzene probes are adsorbed on the surface of silica. This sugéests that the final cis
fraction is affected predominantly by micropore size of the silica matrix. The cis fractions in a
photostationary state of three azobenzenes in the sol-gel bulks are much larger than those of the

corresponding azobenzenes in the sol-gel films. This implies that there are differences in the structure
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and properties between sol-gel thin films and sol-gel bulk materials; micropore size or free volume of
the bulk material is markedly larger than that of the sol-gel film.

There wasno marked difference in the photoisomerizability between MHAB and MTAB in the
sol-gel bulks. However, the cis formation was considerably reduced for DTAB, just as in the case of a
sol-gel thin film. The suppression of the photoisomerizability is obviously ascribable to the fixation of
both ends of the azobenzene chromophore to silica matrix through Si-O bondings. Such a effect was

not observed in PMMA films in which DTAB is entrapped only physically.

Table 8-1
Photochemical Conversion of Azo Compounds
f.is (%)
Surface of
Species PMMA silica particle* Sol-gel film Sol-gel bulk*
MHAB 93 87 60 91
MTAB 94 90 60 86
DTAB 95 - 42 66

* The experimental errors are within + 2 %.

Thermal isomerization analysis disclosed.a striking feature of the bulk that the reaction of
MHARB in a sol-gel bulk obeys first-order kinetics which is very close to that in the solution phase
(Figure 8-4(b)). This result also, in conjunction with the photoisomer composition of the
photostationary state, suggests that the pore of the sol-gel bulk materials is so large as to cause essentially
no suppressive effect on the isomerization of the azobenzene molecules inside the siljca cage. Thisis
in decided contrast with the facts that the thermal isomerization deviates from the first order kinetics not
only insilica films but also even in polymeric matrices including a PMMA solid unless the reactions are
carried out above their glass transition temperatures. Unexpectedly, the rate wasrather slightly higher

than thatin the solution. This may reflect probably the alteration of the molar extinction coefficient of
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the azo-chromophore entrapped in the matrix to lead to a slight overestimation of the rate.

In sol-gel films, the non-linear first-order plots of the cis-to-trans isomerizations of MTAB
were almost the same as those of MHAB (Figure 8-4(c)). On the other hand, in the sol-gel bulk
materials, the rate for the thermal isomerization of MTAB differs from that of MHAB, and the rate
deviated from the first-order kinetics and slowed down gradually withtime. These results support the
idea that the steric restriction due to smaller pores governs the reactivity in sol-gel films preferentially.
Consequently, the reverse isomerization behavior of azobenzene moiety fixed in sol-gel films through
a single covalentbond does not differ markedly from that of the chromophore fixed in sol-gel films at
the both sides. Contrary to this, the isomerization behavior in the bulk materials is influenced by the
fixation mode of the chromophore more evidently since the pores of the matrix are large than those in
sol-gel films so that the free molecular motion is considerably suppressed by attachment of the
chromophore on asilica wall. The thermal isomerization of DTAB in the sol-gel bulk isinitially faster
than in a solution because the photogenerated cis isomer has a strained conformation' and decreases
gradually with time. A similar phenomenon was observed for these azobenzenes in sol-gel films.

As mentioned above, spectroscopic changes clearly show that the evaporation process is much
faster in the film formation than in the bulk formation. Asa result, the structure of film becomes more

dense than those of the corresponding bulk xerogel prepared from the identical precursor.

SUMMARY

The behavior of azobenzenes as probe molecules in sol-gel silica matrix have revealed that

bulk materials differ from silica films markedly in the following points.
(1) Azobenzene hydrochlorides, which are formed by protonation with hydrochloric acid from the

hydrolysis of TEOS, are subjected to the deprotonation during the backing for drying of sol-gel

silica. The deprotonation takes place in bulk materials much slower than in sol-gel films.
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(2)

(3

1)

2)

3)

4)

5)
6)

Comparison of absorption spectra of azobenzenes in bulk materials with those adsorbed on
colloidal silica particles reveals that the probe molecules are adsorbed more strongly on the silica
wall of bulk material so that the molecular frame is distorted although the free volume for the
photoisomerization is sufficiently ensured.

The first-order kinetics of the thermal isomerization of the photoinduced cis isomer reveals that the
steric restrictions to suppress the molecular motion increases in the following order; sol-gel bulk <
PMMA < sol-gel film. In particular it should be noteworthy that the cis-to-trans thermal
isomerization of MHAB obeys first-order kinetics even though the probe compound is entrapped
in solid bulk material, reflecting much larger free volumes in the sol-gel bulk silica matrix so that
the isomerizations of azo chromophore take place as readily as in solution. These may lead toa
novel conclusion that reactions, at least unimolecular reactions, of organic molecules entrapped

physically in bulk materials does not undergo suppressive effect caused by silica matrices.
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Chapter 9

Photochemical Behaviors of

Tethered Dianthryl Compounds in Sol- Gel Glass
INTRODUCTION

In Chapter 6, 7, and 8, the author reported the photochemical and thermal isomerization of
hydrophilic azobenzene derivatives when used as photochromic probes to reveal microenvironments
within sol-gel matrices. The azo-groups are hydrogen bonded in inorganic matrices, and both the
retardation of the photoisomerization and the deviation from linear first-order kinetics of the thermal
reversion process are markedly influenced by the preparation conditions of sol-gel silica and also
molecular structures of azo-photoprobes; this reflects the entrapment of organic molecules in the highly
cross-linked network structures.

Anthracene photodimerizes upon UV irradiation and recovers again upon exposure of the
dimer to light of a shorter wavelengths.” This chapter deals with the intramolecular photodimerization
of 1, 3-bis(9-anthryl)propane-1-ol (BAP) and bis(9-anthrylmethyl)amine (BAA) (Figure 9-1) in sol-
gel silica matrices: however, two points were noted, in particular. First, in contrast to azobenzenes,
which hydrogen bond to the silica walls, the aromatic hydrocarbon chromophores are entrapped in the
inorganic matrices without the formation of hydré gen bonds with the surface silanol residues so that the
extent of the photodimerization is directly affected by the free volumes of the inorganic matrices.
Secondly, anthracene when used as a photoprobe possesses dual characteristics that reflect the rigidity
of the solid matrices; the intramolecular photodimerization is accompanied by a much larger molecular
structural change whereas the photoinduced dissociation of photodimers requirés a very small free
volume in the reaction matrices. The purpose of this chapter is to obtain further information on the
mobility of the organic molecules embedded within the sol-gel matrices. Studies of competitive

photooxidation behavior of the anthracenes were also made to reveal the permeation of atmospheric
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oxygen into the inorganic matrices.

§
w =CH,NHCH;
> U \

BAP BAA

Figure 9-1 Chemical structures of 13-bis(9-anthryl)propane-1-ol (BAP) and bis(9-

anthrylmethyl)amine (BAA)

EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS) were purchased from
Tokyo Kasei Kogy.o Corp. and used without further purification. Methanol, ethanol, ether,
tetrahydrofuran (THF) and water were of spectroscopic grade. Poly(methyl methacrylate) (PMMA,
Mn = 1.0 X 10°,Tg = 105 C) was obtained from Wako Pure Chemical Corp. Poly(vinyl alcohol)
(PVA; degree of polymerization = 2000, degree of saponification = 98.5-99.4 mol %) was available
from Nippon Gosei Kagaku Kogyo Corp. 1, 3-Bis(9-anthryl)propane-1-ol (BAP) was prepared

according to the literature.”
Bis(9-anthrylmethyl)amine (BAA)

BAA was prepared according to the reaction scheme in Figure 9-2. To a methanol-THF (1:1)

mixture (50 ml) containing 1,3-bis(9-anthryl)-2-azapropene” (1.0 g,2.5 mmol) wasadded a few drop
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of concentrated HCl and sodium cyanoborohydride (0.30 g,4.8 mmol). After stirring the mixture for
1 h atroom temperature, the solvent was evaporated off under reduced pressure. To the residual mass
was added 2 wt % aqueous NaOH, and the resulting solution was extracted twice with chloroform. The
organic layers were combined, washed twice with a saturated aqueous NaCl solution, and dried over
anhydrous potassium carbonate. After filtration, the solvent was evaporated off, and the residue
repeatedly recrystallized from ethanol to give light-yellow crystals of BAA < 12CH,OH; mp 192-
194 C ina77%yield. 'H-NMR (CDCl;) 6 : 1.2 (1.5H, t, CH,CH,0OH), 3.6-3.9 (1H, q, CH,CH,OH),
4.9 (4H, s, -CH,-), 7.3-8.4 (18H, m, aromatic). IR (KBr): 2830, 1620, 1440, 890, 725 cm”. Anal.
Calcd. for C,;H,;N + 1/2C,H,OH: C, 88.54; H, 6.23; N, 3.33 %. Found: C, 88.23; H,5.93; N, 3.12 %.

Intramolecular photodimerization of BAA

A degassed solution of BAA (20.0 mg, 5.0 X 10? mol) in THF (250 ml) was irradiated in a
Pyrex vessel with UV (300 nm <A <390 nm) light using a 500 W super-high-pressure mercury lamp
and a Toshiba cut-off filter (UV-D36A) for 30 min. After confirmation of the disappearance of the
absorption band corresponding to the anthracene ring (vide infra), the solvent was evaporated off to give

the intramolecular photodimer (DBAA) in the form of a powder.

Sample Prept;ration

The sol-gel bulk materials doped with either BAA or DBAA were prepared by the hydrolysis
of TMOS, without catalyst, according to the prdcedure reported by Yamane etal.¥ A mixture of 9.7
ml of TMOS, 4.8 ml of H,O and 12.0 ml of methanol/chloroform (9 : 1) solution containing BAA or
DBAA at a concentration of 5.0 X 10° mol/L was stirred for 1 h at room temperature. A 10 ml
portion of the mixture was poured into a cylindrical glass container (id, 46 mm; h, 60 mm), the surface
of which had been previously treated with octadecyltriethoxysilane. The container was covered with
aluminum foil having in itseveral holes (d, 1 mm), and the solution was leftto gel at room temperature
for 5 days. After gelation the aluminum foil was perforated withadditional holes. After 14 days, the

bulk gel was heated at 30 C for 5 days and subsequently at 60 C for 24 hr to give the monolithic
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crack-free bulk sample containing BAA or DBAA (d, 20 mm; thickness, 3 mm).

Sol-gel films were prepared on quartz plates by using the so-called dip-coating technique as
described in Chapters 6 - 8. A mixture of TEOS, water, concentrated HCI, ethanol and ether (molar
ratio of TEOS: water: ethanol = 1:2:3), in which BAP was dissolved, was used as the coating solution.
The films obtained were heatedat 110 C for 15 hr. The thickness of the sol-gel film was calculated
to be ca. 100 nm, using the UV-absorbance of BAP with the following assumptions;(i) all TEOS is
converted into silica, (ii) the density of the film is2.0, and (iii) the absorption coefficient of BAP isnot
affected by embedding.

PMMA films were prepared by solvent-casting onto quartz substrates from a 10 wt % PMMA
solution containing 5.0 x 10° mol/L of BAA or DBAA in THF. They were kept at room temperature
for 2 h and then heated in vacuo at 70 C for 8 h.

PVA film was overcoated onto a sol-gel film by spin-coating in order to act as an oxygen

barrier.

Measurements

The photodimerization and photodissociation in the solid matrices was carried out by
irradiation at room temperature with 365 nm or 285 nm light at a constant intensity; a Jasco CRM-FA
irradiator equipped. with a 2-kW xenon arc lamp and a monochromator was used. Electronic

absorption measurements were made with a Hitachi UV-320 spectrometer.
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RESULTS AND DISCUSSION

Photocyclodimerization of BAP and BAA in Solutions

In an aerated diluted solution, anthracene undergoes both photodimerization and
photooxidation upon irradiation with 365 nm light, as shown in Figure 9-3. A number of
bichromophoric systems, in which two anthryl rings are connected by a flexible chain, have been
prepared in order to cause preferential photodimerization, even with a diluted solution, so as to gain

novel photochromic molecules.>®

Use of bichromophoric anthracene as a photoactive probe for
elucidating the microstructures of silica matrices may have a dual significance. First, the
intramolecular photodimerization of the dianthryl compound requires a much larger molecular

structural change than that of azobenzenes so that the estimation of a larger free volume in a sol-gel

silica matrix can be made.

hv hv

Figure 9-3 Photodimerization and photooxidation of anthracene.
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Secondly, photo-induced reversibility between the dissociation and photodimerization of an
intramolecular photodimer may provide a clue for use in estimating smaller free volume in silica
matrices as the reversibility will be canceled if the free volume is so large that the photodissociated
anthracene moieties separate.

For the present purpose, BAP and BAA was employed because of their effective
photodimerizability and their hydrophilic characters (due to the presence of either a hydroxyl or amino
group) both of which are favorable for dissolution in a solution to give sol-gel matrices. Figure 9-4
shows the change in absorption spectra of BAA in an aerated ethanol solution during 365 nm light
irradiation for the dimerization and subsequent 285 nm light irradiation for the monomerization. The
characteristic absorption spectrum of BAA disappeared completely after prolonged irradiation with 365
nm light and was restored upon irradiation with 285 nm light. This reversible spectral change confirms
that the intramolecular photocyclodimerization in BAA takes place efficiently and that the resulting
photodimer (DBAA) reverts to BAA upon exposure to 285 nm light. In this reversal process, the
amount of BAA recovered does not reach that of the initial absorbance as both DBAA and BAA absorb
the incident light thus leading to a photostationary state. BAP exhibited similar spectral changes in an
aerated ethanol solution, which corresponded to the intramolecular photodimerization and
photodissociation. As expected from Hirayama's rule for excimer fluorescence,” an efficient
photocyclomerizz;ﬁon takes place when a saturated three-membered chain links two anthracene
moieties. Both BAA and BAP conform with this.

Because the solubility of BAA in poiar solvents is enhanced by acidification to form a
hydrochloride salt (BAA-HCl), UV irradiation was undertaken to check the photochemistry of BAA-
HCl. Contrary to our expectation, the absorbances of BAA-HCl in a diluted solution partially
decreased (ca. 85 %) upon UV irradiation, and the absorption bands corresponding to the remaining
anthracene framework were almost unchanged even after prolonged irradiation in degassed ethanol.
After neutralization of a UV irradiated solution iq order to recover BAA, subsequent UV irradiation with
365 nm light resulted in no further alteration of the absorption spectrum. In contrast to this, the

intramolecular photodimerization of BAP was not affected by addition of HCl. These points indicate
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that the photodimerization of BAA under acidic conditions is accompanied by irreversible
photocleavage of the spacer linking the two anthracene rings, which inhibits intramolecular

dimerization.

Photochemical Behaviors of BAP in Sol-gel Film

A sol-gel coating film is so thin that a photoprobe has to be adequately soluble in the coating
solution so as to obtain a film that has an appropriate absorbance. Unfortunately, BAA was only
sparingly soluble in the sol-gel starting solution. However, with BAA-HCI, although the solubility is
improved, it suffers from an irreversible side photoreaction that results in bond cleavage. BAA was
employed as a very low concentration dopant for monolithic sol-gel glasses prepared under neutral
conditions without the addition of aqueous hydrochloric acid as hydrolytic catalyst. BAP could, to
some extent, be dissolved in an alkoxide solution and photodimerized without decomposition, evenin
the presence of HCl. This bichromophoric compound was used as a probe in sol-gel films prepared
under acidic condition.

Figure 9-5 (a) showschanges in the UV spectra of BAPin a sol-gel film during 365 nm light
irradiation at room temperature. The characteristic absorption bands of BAP gradually diminished
with increasing irradiation time and disappeared almost completely when the film wasirradiated for 35
min. In sharp COI;tI'aSt to the solution behavior, no characteristic band of BAP reappeared upon
exposure to 285 nm light. This factled us to assume that BAP undergoes preferential photooxidation
rather than photodimerization upon irradiation with 365 nm light in the sol-gel film. Concerning the
mobility of encapsulated organic molecules in sol-gel films, the author have already demonstrated that
the degree of the photoisomerization of an azobenzene derivative was much smaller than that in solution
because of the steric restriction of the matrix (Chapter 6-8). As intramolecular photodimerization,
in which two anthracene rings come together, requires a much larger molecular movement than that for
the isomerization of azobenzene, the dimerization must be considerably suppressed by the networked
matrix and, consequently, photooxidation occurs predominantly. As Figure 9-5(b) shows, the

photoinduced decrease in the absorption bands corresponding to the anthryl moiety in the sol-gel film

162



is considerably reduced by overcoating the film witha PVA film, which acts as a n oxygen barrier owing
to the very low permeability of oxygen. These results support the fact that the disappearance of the
absorption bands due to the anthracene in the sol-gel film is ascribable not to photodimerization, but to
irreversible photooxidation of BAP.

The diffusion coefficient of oxygen through a fully densified sol-gel silica coating on Siand
on SiC is known to be very small, D < 10" cm®s™ at 750 C, indistinguishable from that through
thermally grown Si02.® If mass transport of oxygen is limited by the xerogel matrix, similarly,
oxidative degradation of organic molecules incorporated in sol-gel matrices should be markedly
retarded. As described in Chapter 8, the structure of sol-gel films is considerably more compact and
dense than that of sol-gel bulk materials. The present observations reveal that even organic molecules
encapsulated in such a dense sol-gel film react easily with externally diffused oxygen.  Schutte et al.
have demonstrated that an inorganic environment derived from the sol-gel technique does not enhance
the thermal or oxidative stability of 24-dinitroaniline in coatings.” These results indicate that the
sol-gel silica matrices do not provide significant protective measures against oxidation of the organic
molecules embedded in the silica films. However, it has been reported that the photostability of

)

Rhodamine 6G (R6G) is enhanced by incorporation in a sol-gel glass.'® The bleaching process of the

dye may depend on the nature of solvent or matrix and on the presence of other reactive species, such

)

as oxygen.'” From these findings, the photostabilization of R6G in the sol-gel glass may be assumed

not to be due to the shielding from atmospheric oxygen but due to other factors.
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Figure 9-5 Changes in UV spectra of BAP in a sol-gel film during 365 nm light irradiation (a) with

and (b) without a PVA film coating.
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Photochemistry of BAA and Photodissociated DBAA in PMMA

Because BAP does not act as a photodimerization probe in the solid matrices, an
intramolecular photodimer was entrapped in solids in order to generate two anthryl units by irradiation
with light at a shorter wavelength. The photodimerized BAP was not suitable for this purpose because
it is only slightly soluble. This led us to the use of DBAA-BAA system owing to the acceptable
solubility of the photodimer. Figure 9-6(a) shows spectral changes of BAA in PMMA upon exposure
to 365 nm light and subsequent exposure to 285 nm light. The photochemical regeneration of the
anthryl group did not take place, just as for BAP in a sol-gel film, suggesting that the predominant
photochemistry is not photodimerization, but irreversible photooxidation. Thus, in analogy with a
sol-gel film matrix, BAA molecules are frozen in a PMMA matrix leading to the suppression of the
conformational alteration required for the intermolecular photoreaction.

A closely related piece of work has been described by Tran-Cong and co-workers,” who
studied photocyclomerization of bis(9-anthrylmethyl)ether in polystyrene film, in which a fraction
(5-10 %) intramolecular photodimerization occurred, the rest did not have a suitable conformation
for the cycloaddition. This is consistent with our experimental results.

Chandross and co-workers"™ ' demonstrated that two anthracene molecules with a face-to-face
arrangement, termed a sandwich dimer, were formed in rigid glasses of methylcyclohexane by
photodissociati;)n of the photocyclodimer upon irradiation with 254 nm light at 77 K. In this system,
only a small fraction of the sandwich dimer can be reversed photochemically back to the cycloadduct.
This means that the face-to-face arrangement of major part of the sandwich pairs is distorted away from
the symmetrical geometry (even at a low temperature) because of the instability of sandwich dimer in the
ground state. The resulting preferred arrangement of two aromatic molecules resembles that in a unit
cell of anthracene crystals.'”” However, if two anthracene rings of the intramolecular photodimer
(DBAA) are forced to remain close to each other and can come together in a solid matrix, the
reversible photodimerization will occur easily upon irradiation with 365 nm light. Figure 9-6 (b)
shows the results. A PMMA film doped with DBAA was pre-irradiated with 285 nm light to generate

anthryl groups, followed by exposure to 365 nm light to result inthe monotonous decrease in
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the absorbance of the aromatic moiety [Figure 9-6 (b), upper panel]. In contrast to the photochemical
behavior of BAA [Figure 9-6 (a), lower panel], the characteristic vibronic bands corresponding to
anthryl groups became noticeable upon a second irradiation with 285 nm light [Figure 9-6 (b), lower
panel]. These results imply two of the anthracene groups of photodissociated DBAA remain in
proximity to each other as aresult of the matrix rigidity of PMMA (even atroom temperature) this then

affords a preferential conformation for the reversible photodimerization.

Photochemistry of BAA and Dissociated DBAA in Sol-Gel Bulk Materials

The reversibility of intramolecular photoisomerization of both BAA and DBAA was
determined in sol-gel bulk materials. The absorbance of the anthryl units has been adjusted to be
similar to those in PMMA matrix in order to provide a reasonable comparison. Asshown in Figure 9-7
(a), the regeneration of the anthryl moiety from photo-irradiated BAA was markedly suppressed upon
exposure to 285 nm light in a similar way to that in a PMMA film. For DBAA, which was first
photodissociated upon irradiation with 285 nm light and then subsequently illuminated with 365 nm
light in monolithic silica, the photochemical behavior [Figure 9-7 (b), lower panel] resembles that of
PMMA [Figure 9-6 (b), lower panel]. This implies that the face-to-face arrangement of two
photodissociated anthracene rings is maintained at least partially in sol-gel silica. Judging from the
absorbances of thé photochemically recovered chromophore, the efficiency of photodissociation in
monolithic silica is far less than ca. 50% and is lower than that in PMMA in which 58% of the
photodimer reverts to the anthryl groups.

In order to compare the rigidity of the matrix of a sol-gel bulk material with that of a PMMA
film, the decrease in the absorbance at 390 nm of both BAA and photodissociated DBAA during the
course of 365 nm irradiation were plotted as a function of the irradiation time, seein Figure 9-8. The
disappearance processes of the chromophore involves both intramolecular phoiodimerization and
photooxidation, as stated above. As photooxida'tion depends on the concentration of oxygen in the
matrices, the difference in the consumption rate for the anthryl groups between those of BAA and those

of photodissociated DBAA, in the same matrix, upon 365 nm light irradiation obviously reflects the
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difference in the efficiency of the photodimerization. In a PMMA matrix, the disappearance of
photodissociated DBAA takes place considerably faster than that of BAA. However, there was no
marked difference observed between BAA and dissociated DBAA in the sol-gel bulk materials. This
suggests that the face-to-face conformation of the dissociated photodimer is more readily relaxed in the
inorganic materials than in the organic matrix. In other words, the steric restriction to suppressing
molecular motion is rather larger in PMMA than in sol-gel bulk materials. This is in line with the
above-mentioned observation that the anthracene moiety is more efficiently recovered upon 285 nm
light irradiation in PMMA than in a monolithic silica.

In Chapter 8, the author described the photochemical and thermal isomerization of
hydrophilic azobenzene derivativesin sol-gel films and bulk materials prepared from the same starting
solution, and a comparison was made with their isomerization behaviors in PMMA. Kinetic studies of
thermal cis-to-trans isomerization revealed that the steric restriction suppressing the molecular motion
of the embedded probes increased in the following order; sol-gel bulk material <PMMA < sol-
gel film. The present results, using anthracene probes, are consistent with the results in Chapter 8 and
indicate that the molecular motion of embedded organic compounds is assured in sol-gel monolithic

silica owing to its porous structure.
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dissociated DBAA), (b) in the sol-gel bulk materials (O, BAA; A\, dissociated DBAA).

SUMMARY

The following conclusions can be drawn by studies on the reversible photodimerization and

the photooxidation behaviors of anthracene probes in sol-gel glass and PMMA.

(1) The bichromophoric anthracenes undergo photooxidation in preference to intramolecular
photodimerization in both sol-gel glass and PMMA because of the steric constraint of their
matrices.

(2) The organic molecules entrapped within sol-gel silica are easily photooxidized by atmospheric

oxygen that has permeated through the matrix.
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(3) The steric constraint in the sol-gel bulk matrix is rather smaller than that of PMMA.
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Chapter 10

Summary

This thesis deals with the presentation of novel functionality and characteristics of
photochromic organic-inorganic hybrids. As discussed in Chapter 1, though various properties such
as adhesion, wetting, and colloid stabilization have been advanced by surface-modification with
organofunctional chlorosilane or alkoxysilane on inorganic surface, scarcely attention has been paid to
integrate properties of inorganic materials with the unique function of organic chemistry. So, the
author explored the novel possibilities of silicas/organic composite by two different approaches, i. e.,by
placing organic photochromic molecules onto and into silica matrices. In the first half of this thesis
(Chapters 2-5), the author examined the functionality of silicas by means of surface-modification onto
silica surface. In the second half (Chapters 6-9), the author investigated microenvironmental
structures into sol-gel silica matrices by evaluating the reactivity of doped organic photochromic

probes.

- (Chapters 2-5: Functionality of Silica by Surface-modification with Photochromic Compounds)

Azobenz;enes having an amino residue show good adsorptivity on a silica surface through a
hydrogen bonding, as reported in Chapter 2. A silica surface adsorbing the azobenzene amphiphilic
compound displays an ability to command the photoalignment of a nematic liquid crystal between
homeotropic and planar modes. This provides a convenient procedure to fabricate photoresponsive
LC cells simply by filling LC dissolving azobenzene amphiphiles between clean silica surfaces.

In Chapter 3, a novel carlixresorcin[4]arene (4-AzCRA) having four p-butylazobenzene
residues sprouted from an upper rim of the cyclic framework was prepared to be subjected to adsorption
on a surface of colloidal silica particles. UV irradiation of a homogeneous dispersion of surface-
modified silica particles in cyclohexane enhanced the sedimentation owing to the increase in surface

polarity, leading to the formation of porous precipitates. Subsequent visible light irradiation
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regenerated a dispersed state, displaying the photocontrol of the reversible alternation between
dispersed and aggregated states of silica particles. This provides a novel system for molecular
amplification of photonic information.

Another attempt of photocontrolled aggregation of colloidal silica was made by
chemisorption on the silica surface with photochromic spirobenzopyran (SP), as mentioned in Chapter
4. Reversible control of the modified colloidal silica between sedimentation and dispersion was
induced unequivocally in carbon tetrachloride by alternate irradiation with UV and visible light to cause
the surface photochromism. The photoinduced sedimentation is triggered by the decrease in the
affinity between the particle surface and the non-polar solvent molecules. The increase in the surface
polarity of silicas upon UV irradiation induces the aggregation of particles which causes the
sedimentation, leading to the colored precipitate with high porosity.

Apart from the photofunctionality of materials based on a photoinduced polarity change, a
photochromic SP is often employed as an effective photoprobe for estimation of microenvironmental
factors such as polarity, viscosity and the free volume of polymers. In Chapter 5, the thermal reverse
reaction Kinetics of SPattached to a silica surface through two different methylene spacers was studied
in order to reveal the characteristics of the inorganic surfaces. Dispersion of SP-modified colloidal
~ silica in ethylene glycol results in the single first-order decay of photoformed MC because of efficient
solvation to as.sure a homogeneous microenvironment on the silica surface. On the other hands,
water-insoluble solvents force the merocyanine (MC) moiety to distribute into a heterogeneous
microenvironment with variant polarity to bring about the bimodal first-order kinetics of the thermal
reversion of MC. The blue shift and the bimodal first-order kinetics have been interpreted as a
partitioning of the MC moiety between two distinctive residential sites with different polarity: an
inner region with the higher polarity faced to an adsorbed water layer lying on the silica surface
and an outer region exposed to a organic solvent phase. The fraction of MC interacted with an
outer solvent phase is a dominant factor determining whether the UV-exposed photochromic silica is

dispersed in non-polar solvents.
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(Chapters 6-9: Characteristic of Trapped Molecules in Sol-Gel Silica Matrices)

Aiming at investigation the rigidity of the sol-gel glass matrix, the behaviors of the
photoinduced trans-to-cis isomerization and the thermal cis-to-trans isomerization of an azobenzene
derivative in sol-gel films were mentioned in Chapter 6. Hydrogen bonds are formed between the azo
group in the azobenzene probe and silanol group in sol-gel glass matrix whose films were prepared with
a relatively high water concentration ([H,O/[TEOS]=2). The hydrogen bond formation between the
azo group and silanols bound on the silica wall results in blue shift of the n- 7t * absorption band. The
relative intensity of the blue-shifted band was affected by the nature of bond of the azo-chromophore
to the silica matrix. The azobenzene probes in the sol-gel glass can be divided into the following three
types when the glass is prepared from a solution of [H,0)/[TEOS]=2. (a) At sites with smaller pores in
which the trans-to-cis photoisomerization is quenched, (b) atsites in which the cis isomer is formed in
a strained conformation enhancing the thermal reversion, (c) at sitesin which the thermal reversion rate
is reduced by the hydrogen bond between the guest molecule and silanol groups. It wasfound that the
rigidity of the matrix in sol-gel glass depends on the water content of the solution from which it was
prepared. In the case of [H,O)/[TEOS]=1, the photoisomerization takes place readily ina sol-gel film
possibly because of inefficient network formation. The cis fraction in the photostationary state in
sol-gel films was much smaller than in PMMA. This suggests that the sol-gel film matrix is more
rigid than PMMA.

The major purpose of Chapter 7 is to investigate the effect of covalent bond formation
between a doping azobenzene moiety and silica-gel matrices on the geometrical isomerization.
The author expected that the introduction of silylation units at both sides of the azobenzene
enhances considerably suppression of reactivity of the chromophore. The introduction of one
triethoxysilyl group had a slight effect on both photoisomerization and thermal reversion in sol-gel
films. Fixation of both sides of the azobenzene unit to the silica matrix enhanced the suppression
effect to quench photoisomerization of about 60 % of azobenzene units. This supports the view that

molecular motion of azobenzene unit is highly restricted because of the cross-linked silica network.
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The major concern of Chapter 8 is to disclose outstanding differences in microen-
vironmental structures between a monolithic silica bulk and a silica film by means of evaluating the
reactivity of doped azobenzenes as probe molecules. The results implied that the pores in the sol-
gel bulks are larger than those in the sol-gel films. In particular, it should be noted that the cis-to-
trans thermal isomerization obeys first-order kinetics even though the probe compound is entrapped in
solid bulk material, reflecting much larger free volumes in the sol-gel bulk silica matrix so that the
isomerizations of azo chromophore take place as readily as in solution, whereas the isomerization ina
glass film deviated from the first kinetics. These may lead to a novel conclusion that reactions, at
least unimolecular reactions, of organic molecules entrapped physically in bulk materials does not
undergo suppressive effect caused by silica matrices. The steric constraint due to the matrix

decreased in the following order:
sol-gel films > PMMA > sol-gel bulks.

In Chapter 9, the reversible photodimerization and the photo-oxidation behaviors of
anthracene probes in the sol-gel glass and PMMA were investigated to confirm the above-mentioned
results. Studie.s of competitive photooxidation behavior of the anthracenes were also made to
reveal the permeation of atmospheric oxygen into the inorganic matrices. The following
conclusions can be drawn by this studies; '

(1) The bichromophoric anthracenes undergo photooxidation in the preference to intramolecular
photodimerization in both sol-gel glass and PMMA because of the steric constraint of their
matrices.

(2) The organic molecules entrapped within sol-gel silica are easily photooxidized by atmospheric
oxygen that has permeated through the matrix.

(3) The steric constraint in the sol-gel bulk matrix is rather smaller than that of PMMA.
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Recently, attractive features have been reported on glass-entrapped molecules which react with
externally applied chemical reagents through the porous network of the material. Such a highly
porous, transparent matrix provides a variety of applications such as solid ion exchangers, bioactive
materials, chemical sensors, recyclable catalyst, GDLC (glass dispersed liquid crystal), and so forth as
described in Chapter 1. It seems that above-mentioned applications could be imparted essentially by
only using the sol-gel bulk process because such systems need the material having a sufficient pore size
to allow the permeation of substrate molecules into silica matrix. For practical applications, a delicate
balance should be necessary between good isolation by matrices on one hand and sufficient accessibility

of the entrapped molecules to reactants on the other.
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