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ABSTRACT
Watkins, Davita L. Ph.D. The University of Memphis. August 2012. Novel
Photochromic Spirooxazine Dimers: Synthesis, Characterization, and Applications.
Major Professor: Tomoko Fujiwara, Ph.D.
A major goal in material science is being able to influence macro-scale behavior
by controlling the interactions occurring at the molecular level. For example, a surface
functionalized with photochromic molecules can reversibly change its polarity,
conductivity, or absorption properties. These unique characteristics can be achieved by
changing the molecular state from passive to active using external stimuli. The specific
goal of this research is to create a family of biphotochromic systems that display unique
functionalities in various media for potential use in biomedical applications. For example,
these photochromic systems can be applicable for different purposes, such as drug
delivery or extraction of impurities from solution. Biphotochromes displaying reversible
photo responses and binding abilities make these applications possible.
In this study, two spirooxazine monomers (i.e. types of photochromes) are used
because of their photostability, matrix compatibility, distinctive photo-isomers, and
absorption spectra upon irradiation. These monomers are connected via rigid bonds so
that the structure produced has a fixed angle between the two photochromes, thus
creating a dimer with an ionic cavity for interactions with guest molecules upon photo
irradiation. The dimer is synthesized using Sonogashira coupling to connect the two
spirooxazine monomers to a phenyl ring spacer in moderate yields. A series of dimers
are created using this type of design. Their photochromic properties are studied under
continuous UV irradiation in solvents of different polarity that indicate positive
solvatochromism. Kinetic studies of each dimer reveal that substituents and solvent
iv

polarity affect the response to external stimuli as well as the stability of the photoinduced isomer under UV irradiation. The thermal closing rate at 25oC varied depending
on the dimer and solvent. By analyzing the thermal closing rates and absorbance spectra
of the photo-induced isomer, the binding capabilities of the dimer are examined. In the
presence of organic/inorganic guest compounds, the dimers demonstrate a selective
binding affinity. Particularly, the dimers exhibit interactions toward a palladium catalyst,
a common agent in cross coupling reactions. Coupling dimers onto varying polymeric
substrates generates environmentally, independent, reversible isomerization and binding
ability within the self-assembled structure or on a solid surface. The results of this study
show the photo-switchable systems have potential use as stimuli responsive material for
selective recognition. Particular interest has been placed on the performance of these
systems as catalytic controllers for carbon-carbon bond forming chemistry.
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PREFACE
This dissertation is based on three journal articles that have been submitted for
publication to three separate journals. Chapter 2 is modified from a paper published in
Chemical Communications, 2009, 29, 4369.

This paper was published with the

assistance of Dr. Satish Kumer (first author) pertaining to fundamental knowledge of
UV-vis spectroscopy, binding studies, increasing synthetic yield, and purification of final
product. Chapter 3 is based on a paper published in the Journal of Photochemistry and
Photobiology A, 2012, 228, 51. Chapter 4 has been submitted to Chemistry of Materials.
All of the work of Chapters 3 and 4 was solely done by Davita L. Watkins. The
references and general style used in this paper typically follow the guidelines of the
Journal of the American Chemical Society.
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Chapter 1
INTRODUCTION
1.1 Photochromism
Photochromism is defined as a reversible transformation of a chemical species
induced by the absorption of electromagnetic radiation.2, 3 The term was introduced by
Hirschberg and Fischer2, 3 in 1950 to describe the phenomenon of light-induced reversible
change of color. The basis of their photochromic studies involved the synthesis of photoresponsive compounds, examination of the photo-induced mechanism, and structural
analysis of the species involved. An example of a photochromic reaction is shown in
Figure 1.1 where A is the initial species. When exposed to light of a specific wavelength
(λ 1 ), B is formed and can revert to A either thermally or upon irradiation with a
wavelength (λ 2 ) different from that of λ 1 .

Figure 1.1. Typical photochromic reaction

Specifically, photochromes displaying a metastable B involve a unimolecular
reaction (Fig 1.1) and display positive photochromism. In this case, irradiation causes
coloration. Removal of the light source induces color fading because the photo-induced
species is less stable.4, 5 One of the most common classes of organic photochromes, the
spiro compounds consisting of spiropyran and spirooxazine, behave as unimolecular
systems. Photochromes of this nature consist of a colored form B that is activated by
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radiation in the UV region (300-400 nm) from a colorless or pale yellow form A. The
reverse reaction is predominately thermal, although it can be photochemically driven by
radiation in the visible region (400-700 nm).
The photo-induced reversible transformation of A and B can be examined using
specially designed kinetic experiments in which the photochromic parameters are
determined. These specifications range from the concentration, polarity, kinetic, and
spectral properties of the species formed under irradiation. These parameters are
distinctive to the photochrome in that structural geometry and electronic distribution can
influence the photoisomerization, spectral, physical and/or chemical behaviors of A and
B. In addition, the media can strongly influence the rate, color of the species formed, and
other properties of the photochemical reaction. Figure 1.2 depicts an example of kinetic
studies for a typical unimolecular photochromic system. This experiment applies
UV/visible multi-wavelength analysis of absorbance vs. time curves recorded under
continuous monochromatic irradiation. The data obtained can be used to provide
information on both the rate of photo-induced and reversion reaction.2-4
1.2 Spirooxazines
The spiro compounds, spiropyran and spirooxazine, are a class of photochromic
compounds typically consisting of two heterocyclic fragments linked through a sp3carbon atom (Fig. 1.2). Spiropyran (Fig. 1.2b) refers to a 2H- pyran ring involved in a
spiro linkage with a second heterocyclic ring. On the other hand, spirooxazine (Fig. 1.2a)
consists of an additional heteroatom in the pyran ring yielding a 2H-[1,4] oxazine ring
involved in a spiro linkage. Despite being closely related in photochemical properties,
the stability of the spirooxazine is attributed to the photostability of the oxazine
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functional group and its acyclic isomer under continuous irradiation5-7 (i.e. high fatigue
resistance not seen for spiropyran). This photochemical stability has led to the use of
spirooxazine in a variety of applications.

Figure 1.2. Structure of a spirooxazine (A) and spiropyran (B)

Spirooxazines undergo a unimolecular photochromic reaction (Fig. 1.3). The
photochromism of a spirooxazine involves a heterolytic cleavage and reformation of the
carbon-oxygen bond of the oxazine ring. The reversible photocoloration occurs based on
an equilibrium between the closed colorless spiro (SP isomer (A), Fig. 1.3) and a ringopened colored merocyanine (MC isomer (B), Fig. 1.3). The SP isomer has an absorption
ranging between 317- 380 nm.5, 7 In the SP isomer, two heterocyclic moieties are linked
by a tetrahedral spiro-carbon perpendicularly, thus preventing the conjugation of the two
π-electron systems. Crystal structures of the SP isomer indicate that the spiro carbonoxygen bond is 0.05 angstroms longer than normal carbon-oxygen bonds, which are
conducive to the strain and rupture of the bond by UV absorption.8
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Figure 1.3. Typical unimolecular reaction mechanism for spirooxazine including
intermediate, X

Upon activation with UV light (315- 380 nm) the blue colored MC isomer is
formed, absorbing in the 500-650 nm region primarily due to the extension in
conjugation.5 The MC isomer has eight geometrical conformations with trans-trans-cis
(TTC) the most stable based on molecular orbital calculations and the nonionic quinoidal
structure of its electronic distribution.5, 9, 10
There have been numerous reports on the photochromic response of a
spirooxazine being significantly influenced by substitute effects and media.
Researchers11, 12 reported that an amino group in the 6'-position (Fig1.4) of the oxazine
ring causes a 30–40 nm hypsochromic shift in the merocyanine absorption band. Upon
UV irradiation in a polymer matrix, unsubstituted spirooxazine gives a blue color while
electron rich substituted spirooxazine derivative yields a purple color.13-15 In the
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presence of metals, shifts of the absorption spectra and retardation of the ring closing
reaction have been observed due to chelation of the MC isomer with ions.12

Figure 1.4. Conversion of spirooxazine, structure of SP isomer and MC isomer,
numbered

1.2.1 Photochemical Reaction
Although there is still speculation, the photochemical reaction for spirooxazine
and its derivatives (i.e. spirooxazines with substituents on either or both heterocyclic
moieties) is believed to undergo a four to six step process. The photochemical reaction
involves an excitation and internal conversion of the excited state to a ground state MC
isomer of the original substrate. Bohne et al.16 used time-resolved techniques to show
that the photochemical ring opening of spirooxazine typically occurs in the (π-π*) excited
singlet state; however, Chibisov et al.17, 18 showed that structure and substituents can
effect the electronic transitions leading to an excited triplet state. Figure 1.5 depicts the
excitation of the SP isomer of spirooxazine to an excited state supplied with enough
energy to break the carbon-oxygen bond. The cleavage is followed by a non-emitting
relaxation to the intermediate (X), which then undergoes a rotation and cis-trans
isomerization to the MC isomer. The MC isomer can then thermally revert to the SP
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isomer via a two step process. Additional barriers are denoted in Figure 1.5 to indicate
that, depending on the nature of the media as well as substituents, the electron
distribution at the nitrogen and oxygen can be effected, making the intermediate more or
less polar than either the SP or MC isomer. This, in turn, affects the kinetic properties of
the spirooxazine derivative.19

Figure 1.5. Reaction coordinate diagram of the photochemical reaction for spirooxazine.8,
16, 17, 20
Additional barriers are denoted to indicate potential affects of media and
substituents of spirooxazine derivates.

Schneider21and Tamai22, 23 investigated the photo induced ring opening reaction of
spirooxazine by time resolved absorption and emission spectroscopy. It was reported that
after the initial heterolytic bond cleavage, the nonplanar intermediate “X” is formed. The
existence of the intermediate spans a lifetime of less than 12 ps before converting to the
planar MC isomer.21-24 In a quantum chemical study of the photoreaction for
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spirooxazine, Samat reported the intermediate “X” has a cisiod conformation either being
cis-cis-cis (CCC) or trans-cis-cis (TCC).10, 25 The most stable MC isomer is then
obtained by isomerization yielding to two potentially different trans isomers for the
photoproduct (Fig 1.5), either cis-trans-cis (CTC) or trans-trans-cis (TTC) from CCC and
TCC, respectively. However, the barrier of the cis-trans isomerization is found to
influence the efficiency of the MC isomer formation. The barrier leading to the MC
isomer having a CTC conformation from the CCC intermediate is higher than that of the
TCC intermediate yielding the TTC MC isomer. Researchers conclude that intermediate
“X” having a CCC conformation reverts mainly to the SP isomer while the MC isomer is
obtained by the cis-trans isomerization of the TCC isomer.10, 19
Nakamura9 reported the results of an ab initio calculation (ab initio molecular
orbital method (HF 6-31G**/3-21G)) focusing on the determination of the most stable
MC isomer (Fig 1.6). The calculation indicated that the most stable isomer is trans-transcis (TTC) where the electrostatic interaction between the central hydrogen and the
oxygen of the carbonyl group contributed to the stability. The MC isomer of a
spirooxazine was first synthesized by Guglielmetti26, who reported the most stable isomer
being TTC geometry.5, 10, 11, 26-30

Figure 1.6. Merocyanine (MC) isomers trans-trans-cis (TTC) and cis-trans-cis (CTC)
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1.2.2 Spectral Properties
Typically for spirooxazines, the electronic absorption spectra of the SP isomers
consist of maximum absorption in the region of 330 - 380 nm. The absorption spectra for
spirooxazines are a combination of the absorptions of the acoplanar indoline and oxazine
moieties. The long wavelength absorption bands are assigned to the electron transfers of
the photochemically active oxazine moiety, whereas the short-wavelength bands are
assigned to the indoline moiety.27 Typically, the electronic absorption spectra of the SP
isomer have little dependency upon the polarity of the solvent. However, it is imperative
to note that substituents on either fragment can exert an effect on the photochrome which
can shift the position of the absorption maximum assigned to SP isomer. This effect
depends on the nature of the substituents on one or both moieties.27
The electronic absorption spectra of the MC isomers show absorption maxima in
the 480 - 670 nm region,7 a substantially longer-wavelength than that of the SP isomers.
These bands in the absorption spectra have an asymmetric shape manifesting as a solvent
dependent shoulder. The asymmetry is due to the overlapping absorbance bands of MC
stereoisomers, TTC and CTC.5, 8 Relative to the SP isomer, the spectral characteristics of
the MC isomer are more sensitive to substituents on the indoline and oxazine moiety due
to conjugation of both occurring after the ring opening. The intensity and wavelength of
the absorption maximum of the MC isomer depends on solvent polarity. The effect is
determined by the electron distribution or degree of quinoidation of the MC isomer which
can change depending on the properties and positions of the substituents on each moiety.
Because the absorption maximum of the MC isomer is sensitive to solvent
polarity, shifts in absorbance spectra offer information about the electron distribution of
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the ground state relative to the excited state. Empirical Brooker's parameters31 (i.e. blue
or red shift parameters, χ B or χ R ) are used to analyze the effects of solvent on the
spectral properties of the MC isomer as a means to estimate its polar properties. Brooker
parameters correlate the absorption wavelength maxima of the MC isomer with the
polarity of the solvent in study. Absorption maximum correlating to χ B indicates
negative solvatochromism. Negative solvatochromism or a hypsochromic shift provides
evidence for the stabilization of a MC isomer with a high dipole structure compared to
that of the excited state. In contrast, compounds exhibiting the positive solvatochromism
or a bathochromic shift correlate to χ R , which is a result of weak polarity of the ground
state and a predominantly quinoid structure relative to that of the excited state.
1.2.3 Synthetic Methods for Spirooxazines
The common procedure for spirooxazine synthesis involves the use of an aromatic
o-hydroxynitroso compound and indoline (1).30 Figure 1.7 shows the mechanism for the
reactions of aromatic o-hydroxynitroso compound (2) with indoline (1) involves the
reaction of an enamine with the quinone oxime tautomer of o-hydroxynitroso compound.
This mechanism is indirectly supported by the fact that while in solution, the quinone
oxime form is present in equilibrium with the nitrosophenol forms.32
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Figure 1.7. Reaction mechanism of a typical synthetic procedure for spirooxazine

The indoline (1) can be prepared in situ by the reaction of an amine base
particularly triethylamine with the quaternary salts of indole or by treatment with aqueous
base prior to use. Ethanol or methanol33 is traditionally used as a solvent, although
trichloroethylene34 has found use in recent studies. However, this method gives
spirooxazines in yields of less than 50%. The reasons for low yields are due to low
reactivity of the nitroso nitrogen as an electrophile and instability of spirooxazines under
specified reaction conditions as well as poor chromatographic isolation. Recent studies
have shown using elevated pressure, drying agents, and an excess of aromatic o-
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hydroxynitroso compounds increase yields.7 Microwave activated procedures have led to
increases in the yield while decreasing reaction times and reducing impurities.35
Another method was developed by Japanese scientists30, 36 who demonstrated that
spirooxazine can be prepared by the reaction of indoline (1) with 1-amino-2-naphthol
hydrochloride in the presence of triethylamine and oxidizing agent such as (POCl 3 ). This
reaction (Fig. 1.8) which still remains to be studied produces a carbonyl-containing
intermediate (5).

Figure 1.8. Proposed synthetic scheme for the formation of spirooxazine using indoline
(1) and 1-amino-2-naphthol hydrochloride

Russian researchers37 found that the intermediate (5) later reported to be a ketene
(5) can react with o-aminohydroxy salts to give spirooxazine after oxidation of the
indoline. Their best results were obtained with the use of dimethyl sulfoxide and the
addition of sodium bicarbonate. The advantages of this approach over the nitroso method
(Figure 1.7) are that the reactions can be carried out under much milder conditions in
which product is obtained in higher yields with smaller amounts of impurities and can be
employed for preparing products containing either strong electron-withdrawing or
electron-donating substituents.
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1.3 Applications of Spirooxazines
The study of spirooxazines was initiated by the intensive exploration of
photochromic properties and technical applications making it one of the most studied
classes of photochromes to date.2, 3, 5 Originally used as photoresponsive optical filters,13
further studies into spectral characteristics, kinetics, photophysical and photochemical
mechanisms allowed for use in a variety of new applications. Compared to other organic
photochromes used for materials application, spirooxazines display high efficiency in
photoresponse and quantum yield, as well as distinctive contrast in electronic properties.9
However, low thermal stability of the MC isomer remains a drawback imposing
restrictions on its use in various applications. Fortunately, researchers have made
progress in synthesizing spirooxazines with stable MC isomers in both solution and solid
state via structural modification, 38 grafting on polymers,39 and/or complexation with
ions.40, 41
1.3.1 Characterization of Photochromic Properties
For a complete analysis of the system, it is important to examine the properties of
the products of both the thermal and photochemical transformations. In cases that are not
bistable, the photochromism can be regarded as a photoinduced change in equilibrium.
The equilibrium position achieved under continuous irradiation is known as the
photostationary state. Although 1H NMR spectroscopy26 and circular dichromism
spectroscopy28 offer kinetic parameters of the photochromic reaction, it is easier to
examine the equilibrium using spectrophotometry with fairly low sample concentrations.
In addition, thermodynamic properties such as standard enthalpy, free energy, and
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entropy of the photochromic reaction can be determined due to the sensitivity of the
equilibrium to the changes in temperature and solvent polarity.
The efficiency of a photochromic system can be characterized by its rate constants.
The rate constants pertain to the forward (k AB ) and reverse thermal reactions (k BA ) with
k AB being the rate determining step (Fig. 1.9). The activation energy of the forward
reaction has to be accurately determined from the temperature dependence of the rate
constant of coloration k AB , being between 21- 24 kcal/mol.10, 29 After irradiation, the
mixture of isomers in the non-equilibrium photostationary state revert to the thermal
equilibrium mixture. The observed relaxation process is referred to as a dark reaction.
The observed relaxation process (i.e. dark reaction) follows exponential law in solution
that can be used to calculate the rate constant. The rate constant offers insight into the
stability of the photochrome in various media. Consequently, the properties of the media
as well as substituent on the photochrome can have an ambiguous effect on the relaxation
process.

Figure 1.9. The forward (k AB ) and reverse thermal reactions (k BA ) of a typical
photochromic reaction for spirooxazine

The efficiency of photoreactions can be further estimated from the quantum yields.
Although temperature independent, the determination of the quantum yields for
photochromic systems is difficult primarily due to the uncertainty of the molar extinction
13

coefficients of the MC isomer. A common procedure is to obtain the quantum yield
relative to a standard. The standard, a chemical actinometer, has a known quantum yield
and must be excited under conditions identical to that of the photochrome. Alternatively,
colorability can be used to as a means to estimate the amount of MC isomer formed per
photon absorbed.
Photochromic parameters, such as quantum yield and kinetic properties of the
transient species formed under irradiation are challenging to obtain because the photo
induced form is hard to isolate. However, under continuous monochromatic irradiation, a
photochromic system can be regarded as at non-equilibrium. In turn, determination of
the key parameters describing the photochromic properties such as thermal closing rate
constant, and fatigue can be achieved.5, 27, 30
1.3.2 Spirooxazines in Biphotochromic Systems
Biphotochromism was introduced by Heinz Durr27 to denote molecular systems
containing two covalently bound photochromic units. They are arbitrarily divided into
three structural types (Fig. 1.10)—nonconjugated, conjugated, and fused—with the latter
of particular interest because of their unique synthetic and spectral properties. In
nonconjugated biphotochromes, the photochromic units behave autonomously, offering a
single molecule capable of demonstrating two independent but otherwise
photoswitchable activities.42 Conjugated and fused biphotochromes show
photoisomerization in both units leading to the formation of extended π-conjugation
observed as long-wave shifts in the absorption spectra. However, compared to
nonconjugated, there are limited degrees of freedom for the photoisomers of conjugated
or fused biphotochromes.2
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Figure 1.10. Example of the three types of biphotochromic systems based on
spirooxazines a) nonconjugated b) conjugated c) fused

In many cases, fused or conjugated biphotochromic systems show similar or
sequential rates of photo initiated opening. 15 However, photo initiated side reactions
causing a loss of reversibility have been reported. Samat25 investigated the thermal
stability of the open form for bis-spirooxazine linked via an ethylene bond (Fig 1.10b).
Upon photo irradiation, a cis-trans isomerization of the central bond occurs followed by
an electrocyclic reaction between the connecting aromatic systems of the photochromes
fusing the moieties (Figure 1.11) and preventing reversion to the SP isomer.43, 44
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Figure 1.11. Product of an electrocyclic reaction between the linker and spirooxazine
moieties

1.3.3 Spirooxazines in Polymer Matrices
Polymeric materials play a critical role in studying photochromism because from
a practical stand point, various applications require the photochromic material to exist in
the form of a film, plate, or fiber. Photochromes have usually been incorporated into the
matrix by either covalent bonds to the polymer backbone or suspension into the polymer
solid.6 Incorporation into polymer matrices has lead to intensive studies of the
photochromic reaction, phase changes, optical properties, and the photo-functionalities of
the material. Specifically, the properties of the polymer materials triggered by the
photochromic reaction cause changes in properties chemically, electrically, and
physically.
Recently, aims to create molecular environments suitable for photochromic
molecules without affecting the electronic structure of the photochrome or the
mechanical properties of the polymer have been investigated.14, 15, 45,46 Davis et al.47
reported the block copolymerization of functionalized spirooxazine with poly(styrene)48
and poly(n-butyl acrylate)49 through radical polymerization. Researchers were able to
synthesize single polymer chains with controlled molecular weight and polydispersity
from single spirooxazine. A photophysical study of the materials demonstrated that rates
16

of photo induced isomerization could be controlled by changing the length and polymer
choice. The photochromic rates were more sensitive to polymers with low glass-transition
temperatures than those with high glass-transition temperatures. The study offered
insight on the effects of polymers with different glass transition temperature and polarity
as matrices for spirooxazine based materials.
1.3.4 Binding using Spirooxazines
Technical interests have been placed on spirooxazines and their abilities to act as
chelating ligands. Figure 1.12 depicts the coordination ability of the MC isomer with that
of a typical metal ion. Upon irradiation in the presence of a guest compound, the imino
nitrogen and the carbonyl of the MC isomer act as the coordinating groups for binding.
Typically, a blue shift (10-40 nm) of the MC isomer absorption peak is observed when a
metal ion is present to form a chelate complex.50 The shift in absorbance upon
complexation is attributed to a distortion of the π-conjugation involving the lone pair
electrons of the carbonyl oxygen and the nitrogen atom.51 This disturbance in electron
density upon complexation can offer insight on the stability of the photo-excited state.
Various studies exploring the correlation between the complexation of transition metal
ions and photochromic properties have been carried out as a means to understand the
mechanism and kinetics of the MC isomer coordination of metal ions.
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Figure 1.12. Depiction of the imino N and carbonyl O atom of spirooxazine acting as the
coordinating group for metal binding

Tamaki et al.52 reported that spirooxazine derivatives containing coordinating
groups on the oxazine moiety can be transformed into the MC isomer upon UV
irradiation and selectively chelate to certain metal ions, i.e. strong affinity for Cu2+ in
which decoloration is observed in t = 1265 mins versus Co2+ with t = 20 mins.
The mechanism of the decoloration process of the chelate complex, the nature of
the metal ion upon complexation, and the effects of ion concentration are still unknown.
The chelation reactions of spirooxazine derivatives in the presence of Co 2+, Ni 2+, Cu 2+
and Zn 2+ salts were later studied by Zhou et al.53 who reported that spirooxazines
derivates containing substituents with lone pairs can form two types of complexes with
metal ions upon UV irradiation or in the dark (Fig.1.13).
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Figure 1.13. Metal complexation for spirooxazine containing substituents that act as
additional cooridinating centers

1.4 Areas of Proposed Work
The use of spirooxazine based materials has seen increasing interest due to their
photostability relative to other organic photochromes, i.e. spiropyran, compatibility in a
variety of matrices, and distinctive changes in structure and absorption spectra upon
irradiation. As an attempt to improve the applicability of spirooxazine based compounds,
joining two of the species through a spacer offers uniquely shaped biphotochromic
molecules with properties different from the single photochromes. If the tailor-made
photochromes exhibit a specific interaction with biomolecules, drugs, inorganic species,
and other guest molecules, these spirooxazine dimers could functionalize substrate
surfaces to create practical photo-responsive materials. Further applications include
attachment to optoelectronic biomedical devices for simultaneous monitoring of
biological changes and delivery of therapeutic agents as an alternative to more invasive
procedures such as biopsy. Such systems would be deemed unprecedented.
The specific goal of this research is to prepare a family or series of spirooxazine
dimers that have different functionalities and can be applicable for a variety of purposes.
This dissertation contains a discussion of the synthetic methods for those spirooxazine
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dimers, as well as an analysis of the photochromic properties and binding capabilities of
the photochromes to demonstrate their potential as photo switchable ligands.
Furthermore, coupling onto polymer substrates such as poly ethylene glycol and
polystyrene beads for the creations of photo-responsive materials will be described.
Chapter 2 illustrates the synthesis, photochromism, and binding affinity of a
spiro-phenanthro-oxazine dimer (SPOD). Spirooxazine was used over the analogous
spiropyran due to its greater photostability and two available coordinating groups for
interaction with guest molecules.54 In addition, spirooxazines have been used in a variety
of matrices and have shown to be less temperature dependent than spiropyran.55 For our
designs, the two spirooxazine monomers are connected so that the structure produced has
a fixed angle between the two monomers therefore acting as an ionic cavity. Due to the
rigid structure, conjugation, and polar properties, the spirooxazine dimer was presumed to
display enhanced photochromic abilities compared to those of a single spirooxazine.
The photochromic properties, particularly, thermal closing rate and fatigue
resistance of SPOD in different solvents are examined. The MC isomer of SPOD was
shown to have a binding affinity for palladium catalyst in THF compared to that of the
single spirooxazine unit. These results demonstrate potential use of SPOD for selective
recognition of organic, inorganic, and biological molecules.
Chapter 3 describes the synthesis and photochromic reactions of dimers
employing spiro-naphtho-oxazine as the photochrome. Originally, the design and
synthesis of the spiro-naphtho-oxazine dimer (SNOD) consisted of two spiro-naphthooxazine moieties linked through a double bond. By doing so, a conjugated system would
assist in promoting the activation of both photochromes upon irradiation at a similar rate..
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The proposed dimer was to be a trisubstituted olefin linking the spiro-naphthooxazine moieties in a 1,2 positions and benzyl alcohol in the 4 position (Scheme 1.1).
The two spironaphthoxazine fragments were combined via Sonogashira coupling to form
bis-(spironaphthoxazine)-acetylene. The alkyne underwent hydroarylation via a
phenylboronic acid.

Scheme 1.1 Proposed synthesis of spirooxazine dimer (SNOD) and its photo reaction
(closed SP isomer and open MC isomer)

The final reaction step involving hydroarylation was favored due to the regio- and
stereo-selective synthesis of a multisubstituted olefin53, 56 in which the photochromes are
oriented in a cis conformation. The reaction condition included a time being less than 12
hrs as well as the use of a mixed solvent (10:1 toluene and water) at reflux. In addition,
21

the procedure, which is usually conducted with expensive catalyst, was phosphine
palladium free and did not require air sensitive conditions. Attempts of the reaction
showed no product after 3 days and decomposition of the photochrome was detected via
1

H NMR. Challenges faced were attributed to the hindrance in the aromatic rings of the

acetylene, sensitivity of the photochrome to reaction conditions, and the significant
influence of electron-donating analogues on the boronic acid, which have been reported
to provide lower yields.53, 56
Due to the limitations of the original strategy, selective intermolecular coupling of
alkyne with a nitrile to give an α,β-unsaturated ketone (Scheme 1.2) was considered. The
ketone could later be reduced to an alcohol for polymer functionalization. Bis(spironaphthoxazine)-acetylene was reacted with Cp 2 ZrEt 2 and acetonitrile followed by
hydrolysis of the mixture. Unfortunately, the reaction offered no α,β-unsaturated product
with bis-(spironaphthoxazine)-acetylene.
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Scheme 1.2. Alternative synthesis to form α,β-unsaturated spirooxazine dimer (a) and the
proposed reaction scheme (b)

Products for mock reactions using diphenylacetylene under similar conditions
offered insight on the reaction and the formation of product 3. In the reaction described
in scheme 1.2, 3 was initially formed by coupling the bis-acetylene with the ethylene of
Cp 2 Zr(CH 2 =CH 2 ) generated from Cp 2 ZrEt 2 . However, decomposition of 3 occurs if
temperature is not maintained below 0oC. If the structure of 3 is maintained as shown in
Figure 3.3, it can be treated with acetonitrile at 50 °C would give 4 leading to the final
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α,β-unsaturated product upon an acid work up. However, mock reactions using
diphenylacetylene indicate that steric hindrance in the aromatic rings of the acetylene can
prevent the coupling of the nitrile group and displacement of the ethene to form 2 (Fig.
1.14).

Figure 1.14. Alternative reaction of intermediate for the coupling of an alkyne with a
nitrile using Cp 2 ZrEt 2 (a) and the proposed scheme (b)

The strategies towards the proposed SNOD dimer consisted of a trisubstituted
olefin deemed synthetically unfavorable. As an alternative means to fuse the
photochrome into the cis conformation and incorporate the polymer chain in a one step
process, [3 + 2] cycloaddition between a spirooxazine alkyne and poly(ethylene glycol)
azide (PEG-azide) to yield a triazole ring was performed (Scheme 1.3). However, the
reaction offered less than 10 percent yield for the internal coupling of bis24

(spironaphthoxazine)-acetylene and PEG-azide. Another approach, involving direct
arylation to the triazole ring57, 58 yielded no product. The decomposition of the
photochrome was attributed to rigorous reaction condition.

Scheme 1.3. Alternative synthesis of (SNOD) using [3+2 ] cycloaddition

The finalized synthetic methods for two spiro-naphtho-oxazine dimers (DebaldSNOD and Deba-SNOD) were adapted and modified from that of SPOD. The structural
difference of these dimers influenced the activation and deactivation of both moieties.
The rate constant of cyclization of MC isomer of the dimers showed modest dependence
upon solvent polarity unlike the considerably solvent sensitive SPOD.
Chapter 4 describes the SNOD dimers further modified for conjugation onto
substrate surfaces and polymers. Deba-SNOD was covalently connected to the
hydrophilic polymer, polyethylene glycol (PEG) and studied under UV irradiation.
Results showed the specific effects of the polymer chain on their photochromic properties
and relaxation kinetics. Photochromism of these new materials exhibited little
dependency on solvent polarity. Micelles were prepared by self-assembly of amphiphilic
SNOD-PEG conjugate in aqueous medium. Encapsulation studies demonstrated selective
uptake of palladium catalyst. SNOD was also conjugated onto solid polymer bead and
investigated for the binding affinity with dyes and catalysts. Both self-assembled SNOD25

polymer conjugate and SNOD functionalized polymer bead exhibited potential for
applications in selective recognition and controlled release.
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Chapter 2
A TAILORED SPIROOXAZINE DIMER AS A PHOTOSWITCHABLE BINDING
TOOL
2.1 Introduction
Compared to the well-studied spiropyrans, spirooxazines have superior
photochromic properties59, 60 which enhance their practical application in optical systems
for registration and storage, molecular switches,6 drug delivery61, and sensors. 62, 63 As
discussed in chapter 1, upon UV irradiation, spirooxazines undergoes a heterolytic
Cspiro–O bond cleavage that generates the MC isomer. The MC isomer reverts to the SP
isomer either thermally or photochemically with visible light.64 The polar nature of the
MC isomer can bind to ionic species18 and release the ion via visible light irradiation.
Several studies regarding the binding capabilities of similarly substituted spirooxazines
have been reported.51, 65 Methods to further improve the sensing abilities of the
photochromes have involved connecting two spiropyrans or spirooxazines through a
spacer. The photochromic units of the MC isomer, therefore, are structured to create a
specific binding site. For example, the Fujiwara group reported a shape specific
photochromic dimer consisting of two spiropyrans connected to a benzene via triazole
rings.66 However, due to rotation of the triazoles, the structure was not rigid. Moreover,
the polar MC isomer displayed a strong aggregation tendency in solution. Other
biphotochromic molecules consisting of naphthopyran–spirooxazine and naphthopyran–
spiropyran have been reported also.25 However, results indicate that several of these
photochromic dimers are either too rigid67, 68 or flexible69, 70to successfully bind guest
molecules.
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To improve upon the photochromic properties and binding capabilities, a spirophenanthro-oxazine dimer (SPOD) was designed. In this chapter, the synthesis and
photochromic properties of the SPOD, with a focus on the light controlled guest binding,
will be discussed. In addition, the binding affinity of a spirooxazine dimer towards a
specific catalyst, (PPh 3 ) 2 PdCl 2 , is demonstrated. The reversible binding of such an
important agent in cross coupling reaction could be useful to control catalytic activities in
chemical reactions.
2.2 Synthesis of Spiro-phenanthro-oxazine Dimer
The synthesis of SPOD, (1), shown in Scheme 2.1, was achieved in five steps
with an overall yield of 27%. Fischer indole cyclization71 was used to convert 4iodophenylhydrazine to 5-iodo-2,3,3-trimethylindole (3) in a 97% yield by reaction with
isopropyl methyl ketone. Reaction of 3 with methyl triflate in acetonitrile yielded 4 in
91% yield. This product was treated with base and reacted with 2 in ethanol, resulting in
a 51% yield of I-SPO (5).
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Scheme 2.1 Synthesis of spirooxazine dimer 1 (SPOD)

The single spirooxazine was characterized by 1D- and 2D-NMR (1H, 13C, COSY,
gHMBC NMR with limited information from gHMQC NMR, Appendix A) spectroscopy.
Sonogashira72 coupling was used to react spirooxazine (5 ) with 3,4diethynylbenzylalcohol (6), generating SPOD (1) in 60% yield. The purified dimer (Fig.
2.1) was confirmed by 1D- and 2D-NMR (1H, COSY, ROESY, and TOCSY NMR;
Appendix A) spectroscopy and HRMS.

29

4

6
23
28

7.8

29

14
10

22

7.6

7.4

7.2

30, 24
27
17
8.8

8.6

16

15

8.4

11
2

21

10

9

8

7

6

5

1

4

3

2

1

0

Figure 2.1. 1H NMR (500 MHz) characterization of spirooxazine dimer 1 in CDCl 3 . (See
Appendix A, Figure A. 9)

2.3 Spectral Properties
In the SP isomer, light is absorbed in the region of 280–390 nm (Fig. 2.2a). Upon
photo-irradiation (340 nm), a solution of 1 and 5 resulted in the formation of the colored
MC isomer with λmax in the range of 570 to 605 nm (Fig. 2.2a). Brooker’s red and blue
solvent parameters were used to investigate the polarity of the MC isomer. 7, 59, 60 A plot
of the absorption maxima (cm-1) in different solvents against Brooker’s red parameters
(χ R ) (Fig. 2.2b)7, 73, 74 displayed a linear correlation, indicating that SPOD exhibits
positive solvatochromism. The positive solvatochromism explains the weak polarity of
the ground state of the MC isomer as observed for many spirooxazine derivates.75
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Figure 2.2 (a) Photoinduced evolution of MC isomer in the absorption spectra of SPOD
1 ([1]=8.35x 10-7 M) in methylcyclohexane by UV irradiation. (b) The linear relationship
between the absorption maxima (in wave number) of the MC isomer of 1 and χ R (Red
shift) Brooker’s solvatochromic parameters. [MCH=methylcyclohexane).

2.4 Photochromic Properties
Similar changes in the structures were observed in the 1H NMR spectra for both 1
and 5 (Fig. 2.3) after 1 min UV light irradiation in acetone-d 6 at -40oC. The peaks
corresponding to H (16) (2 CH 3 ) shifted from 1.3 to 1.9 ppm. The N-CH 3 signals for 1 and
5 decreased and new peaks appeared at 2.7 to 3.6 ppm. A new singlet at 9.8 ppm, and
several multiplet peaks in the aromatic region appeared for both compounds due to the
presence of several cis-trans isomers. Investigation of the spectral changes correlates to
the trans-trans-cis conformation of spirooxazine.76, 77
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Figure 2.3. A comparison of 1H-NMR spectra of SPOD 1 (a) and I-SPO 5 (b) in acetoned 6 at -40oC; Before (upper) and after (lower) UV irradiation of each compound.

The thermal reversion of the MC isomer to the SP isomer (in the dark) follows
first order kinetics (Fig. 2.4). Using these data, the rate constants were calculated as listed
in Table 2.1. The results of thermal closure indicate an increase in rate with increasing
solvent polarity for both 1 and 5. In addition, the MC isomer of the dimer (1) was more
stable in all of the solvents compared to the MC isomer of the single spirooxazine (5),
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presumably due to the substituent effect. The results suggest that the less polar nature of
the MC isomer (quinoidal) is stabilized by nonpolar solvents.

Figure 2.4. The rate of thermal decay of a solution of 1 in methylcyclohexane at 577 nm
[1]=1.67 x 10-6 M. The first-order kinetic plot for the thermal decay of the MC isomer of
1 in methylcyclohexane at 25oC.

Table 2.1. The rate constants for thermal ring closure (k Tob s ) of 1 and 5.
Solvent
Methylclohexane
Toluene
Diethyl ether
THF
Acetone
DMF

Dielectric
constant ε
2.02
2.38
4.34
7.58
20.7
36.7

Rate constant k Tobs (s-1)
5
1
0.82
0.12
1.69
0.15
1.50
1.42
2.22
1.52
3.98
3.21
5.68
4.48

To determine fatigue resistance properties of SPOD (1), solutions of SPOD in
different solvents were alternatively treated by exposing the photochrome to UV light
and allowing thermal closure (in dark) five times. A plot of the UV-vis absorption
values at 577 nm (MC absorbance) versus time treated in an ‘on’ and ‘off’ sequence
(Fig. 2.5) suggests no appreciable fatigue under the experimental conditions.
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Figure 2.5 Five cycles of UV irradiation of 1 ([1]=8.35 x 10-7 M) at 25 oC followed of
thermal (dark) closure (absorbance at 577 nm).

2.5 Binding Properties
The binding properties of 1 and 5 towards the palladium catalyst were determined
using procedures reported previously.53, 69, 78 It was observed by UV-Vis spectroscopy
that the SP isomer of 1 and 5 had no affinity with (PPh 3 ) 2 PdCl 2 in THF as no change was
observed in both absorbance spectra by addition of excess Pd catalyst. In contrast, the
absorbance spectra of the MC isomer for 1 in the presence of (PPh 3 ) 2 PdCl 2 in THF
displayed an increase in absorbance (Fig 2.6).53, 78

34

Figure 2.6. UV-Vis spectra of MC isomer of 1 (4.18 x 10-7 M) with (PPh 3 ) 2 PdCl 2 (6.63 x
10-5 M) in THF.

Due to the short lived nature of MC isomer of 1, the binding properties of the MC
isomer of 1 and 5 towards (PPh 3 ) 2 PdCl 2 were examined using a graphical model (Figure
2.7).53, 78 The model accounts for only a 1:1 binding in the MC isomer. The observed
rate constant can be calculated using the model and equation depicted in Figure 2.7,
where k op , k T , k c , and K 11 are the rates of coloration, thermal closing, decoloration of
complex, and the equilibrium constant of host-guest interaction, respectively.

Figure 2.7. A graphical presentation of model and equation used to determine the binding
affinity of MC isomer of 1 and 5
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The kinetics of thermal closure in the absence and presence of metal catalyst was
monitored to determine the association constant of the MC isomer of 1 and 5 with Pd
catalyst. It was observed from the thermal closing data (Table 2.2) that single
spirooxazine (5) did not show any appreciable change with addition of (PPh 3 ) 2 PdCl 2 . In
contrast, the kinetic data suggested that SPOD (1) displayed a binding affinity for
(PPh 3 ) 2 PdCl 2 in THF as evidenced by a significant decrease in thermal decoloration rate
(Fig. 2.8). The association constant for the MC isomer of 1 towards (PPh 3 ) 2 PdCl 2 was
calculated as 4.60±0.25 x 106 M-1. Since I-SPO (5) showed no decrease in thermal
decoloration rate at even higher Pd catalyst concentrations, a strong binding affinity
between SPOD and the Pd catalyst is due to the presence of an aromatic cage formed by
two spirooxazine units upon UV irradiation. The absence of such a cage resulted in no
interaction as shown for the SP isomer of SPOD and both MC and SP isomer of I-SPO.
Consequently, SPOD has the potential to be used to control the catalytic activity via an
‘on–off’ manner in response to light. It can also be used as a reversible phase transfer
agent for this catalyst using different wavelengths of light.

Table 2.2 Thermal fading rates of 1 (4.18 ×10-6 M) and 5 (2.02×10-6 M) in presence of
different concentrations (PPh 3 ) 2 PdCl 2 in THF at 25 oC.
Rate constant k Tobs (s-1)
Guest Compound
-6
[(PPh 3 ) 2 PdCl 2 ) x 10 M]
5
1
0
2.22
1.52
1.24
2.21
1.28
2.49
2.34
1.12
3.48
2.09
1.12
4.97
2.37
1.07
9.94
2.22
1.05
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Figure 2.8. A plot of observed variation in the fading rate constant of 1 as a function of
reciprocal of (PPh 3 ) 2 PdCl 2 concentration in THF at 25oC. [1]=4.18×10-7 M

2.6 Conclusion
In summary, a uniquely shaped, highly conjugated spirooxazine dimer, SPOD,
was synthesized. Photochromism studies of SPOD in various solvents indicated that the
less polar quinoidal structure was the major MC isomer. The dimer showed high fatigue
resistance and adequate opening and closing rates, as indicated by rate constants, in
different solvents. The MC isomer of SPOD was shown to display a binding affinity for
palladium catalyst in THF compared to that of the single spirooxazine unit, I-SPO. These
results demonstrate great potential for selective recognition of organic, inorganic, and
biological molecules.
2.7 Experimental Section
2.7.1 General Techniques
Flash column chromatography was performed using Silica Gel 60 (230-400 mesh).
1

H NMR, 13C NMR and 2D-NMR spectra (Appendix A ) were recorded on a 500 MHz

Varian DirectDrive 500 MHz NMR spectrometer. Peak splitting due to long range
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coupling in more complex molecules (i.e. I-SPO and SPOD) was omitted from NMR
peak assignments. (See Appendix A, long range coupling is observed; however, broaden
due to complex splitting in some peaks limited accurate assignment of coupling
constant.) IR spectra were recorded on a Nicolet 380 FT-IR spectrometer using a KBr
pellet of the sample. High resolution mass spectra were obtained at the University of
California at Riverside Mass Spectroscopy Facility.
2.7.2 Experimental Procedures and Data
To determine the first order rate constant for thermal bleaching, a 5 mL solution
of 1 (8.35 x 10-7 M) was prepared in a cuvette containing a micro stir bar, maintained at
250C. Light from a 200 W Mercury Xenon lamp, filtered by 340 nm colored glass filter
(FSR-U340), was directed through the side of a cuvette. The absorbance was recorded
every 0.1 or 1s using the Ocean Optics software. The solution was irradiated and stirred
while monitoring the change in absorbance till no further change in absorbance was
detected in the visible region. The shutter was closed and the sample was left in the dark
till the spectrums resembled that of original solution. The data was fit to first order
reaction kinetics to obtain first order rate constants.
To determine fatigue, a 5 mL solution of 1 (8.35 x 10-7 M) was prepared using a
procedure similar to that used to determine the first order rate constants. The solution
monitored during irradiation, followed by a removal of the light source to allow the
spectrums to resemble that of the original solution. This process was repeated 4
additional times for each sample.
The binding constant of the MC isomer of 1 and 5 with metal catalyst was
determined indirectly using closing rate kinetics assuming that there is only 1:1 binding
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in the MC isomer and the metal ion affinity of SP isomer of 1 or 5 is negligibly small. A
series of experiments evaluating thermal closing rates of 1 and 5 at various metal catalyst
concentrations in THF were performed. The rate constant was obtained using a first order
kinetics plot.
A 4 mL solution of the photochromes 1 or 5 in THF was prepared in a cuvette
containing a micro stirrer bar. The cuvette was allowed to equilibrate to 25oC for ~2 min.
Similarly, 4 mL solutions of 1 or 5 with varying concentrations of metal catalyst were
prepared and their thermal fading rates determined after irradiation with 340 nm light.
Synthesis of 10 -Nitroso -9-phenanthrol (2)
9-Phenanthrol (1.65 g, 7.42 mmol) and ethanol (30 mL) were taken in a 150 ml
flask. The mixture was cooled to 0 oC and H 2 SO 4 (3 mL) was added slowly. This
mixture was cooled to below 0 oC using an ice-salt mixture. A solution of NaNO 2 (0.81
g, 12.89 mmol) in water was added to the reaction mixture dropwise keeping the solution
around 0 oC. This reaction mixture was stirred at this temperature for 7 h. The
precipitated product was filtered, washed with 50% aqueous ethanol and then with a little
ethanol to give pure 2 (1.55 g, 81.7 %) as a greenish yellow solid. IR (KBr/ν cm-1):
3445.0, 3058.0, 2925.1, 1600.0, 1525.7, 1143.6, 1107.5, 978.5. 1H-NMR (270 MHz,
CDCl 3 , δ): 8.39 (d, 1H, J=8Hz), 8.32 (d, 1H, J=8Hz), 8.17 (d, 1H, J=8Hz), 8.09 (d, 1H,
J=8Hz), 7.78 (t, 1H, J=8Hz), 7.53 (t, 1H, J=8Hz), 7.50 (t, 1H, J=8Hz), 7.45 (t, 1H,
J=8Hz), 1.70 (brs, 1H). 13C-NMR (125 MHz, CDCl 3 , δ): 137.8, 136.5, 130.3, 129.6,
129.4, 129.3, 129.1, 128.9, 128.6, 128.5, 128.3, 124.2, 123.7, 123.6. HRMS (m/z): calcd.
[M+H]+ 224.0712; found 224.0710.
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Synthesis of 5-Iodo-2,3,3-trimethylindolenine (3)
A solution of 4-iodo-phenylhydrazine (1.37 g, 5.89 mmol),
isopropylmethylketone (1.40 mL, 13.0 mmol), EtOH (20 mL) and concd H 2 SO 4 (0.3 mL)
in a 50 mL round bottom flask was heated under reflux for 12 h. After being cooled to
ambient temperature, the mixture was filtered and the filtrate was added to distilled water
(50 mL). The product was extracted with CH 2 Cl 2 (2 x 50 mL). The combined organic
layer was washed with 10 % NaHCO 3 (2 x 50 mL) and distilled water(3 x 20 mL), dried
over sodium sulfate, filtered, and evaporated under reduced pressure to yield (1.63 g,
97.1%) as a brownish liquid. IR (KBr/ν cm-1): 3041.7, 2960.2, 1656.6, 1574.7, 1448.2,
1122.2, 815.9. 1H-NMR (270 MHz, CDCl 3 , δ): 7.62-7.58 (m, 2H), 7.26 (d, 1H, J=8 Hz),
2.23 (s, 3H), 1.29 (s, 6H). 13C-NMR (125 MHz, CDCl 3 , δ): 153.4, 148.2, 136.7, 130.7,
121.8, 89.9, 54.0, 22.9, 15.4. HRMS (m/z): calcd. [M+H]+ 286.0093; found 286.0094.
Synthesis of 1,2,3,3-Tetramethyl-5-carboxy-3H-indolium triflate (4)
A solution of 3 (2.69 g, 5.94 mmol) and Methyl triflate (0.85 mL, 7.07 mmol) in
MeCN (20 mL) was refluxed under N 2 with stirring for 8 h. The solvent was evaporated
under reduced pressure. The residue was washed with diethyl ether (100 mL) to afford 4
(3.87 g, 91.2 %) as an off red solid. IR (KBr/ν cm-1): 2990.5, 1528.4, 1285.4, 15247.9,
1025.4. 1H-NMR (270 MHz, acetonitrile-d 3 , δ): 8.10 (d, 1H, J= 2 Hz), 7.98 (dd, 1H, J=8
Hz, J=2 Hz), 7.48 (d, 1H, J=8 Hz), 3.86 (s, 3H), 2.64 (s, 3H), 1.51 (s, 6H). 13C-NMR (125
MHz, CDCl 3 , δ): 202.0, 149.3, 147.6, 143.7, 138.2, 122.3, 100.5, 60.1, 40.3, 26.7, 19.4.
HRMS (m/z): calcd. for [M]+ 300.0244; found 300.0243.
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Synthesis of 5-iodo-1,3,3-trimethylspiro[indoline-2,2'-phenanthro[9,10-b][1,4]oxazine]
(5)
A solution of 4 (5.61 g, 12.49 mmol) in aqueous NaOH (1 M, 100 mL) was stirred
at ambient temperature for 2 h. The product was extracted into ethyl acetate. The organic
layer was dried over sodium sulfate and evaporated under reduced pressure to give 3.39 g
of dried reddish brown solid. The reddish brown solid (3.31 g,), 10-nitroso-9phenanthrol (2.50 g) and ethanol (50 mL) were taken in a 100 mL round bottom flask.
The reaction mixture was refluxed for 12 h, cooled, and the ethanol was evaporated. The
product was purified using column chromatography with 2% ether in hexane to give 5
(3.17 g, 51%) as light yellow solid. IR (KBr/ν cm-1): 3072.6, 2957.4, 1588.8, 1479.2,
1321.8, 1170.0, 1102.6, 1026.7, 754.1, 720.4. 1H-NMR (500 MHz, CDCl 3 , δ): 8.67 (d,
1H, J=8 Hz), 8.62 (d, 1H, J=8 Hz), 8.59 (d, 1H, J=8 Hz), 8.09 (d, 1H, J=8 Hz), 7.79 (s,
1H), 7.69 (t, 1H, J=8 Hz), 7.64 (t, 1H, J=8 Hz), 7.58 (t, 1H, J=8 Hz), 7.52 (t, 1H, J=8 Hz),
7.51 (d, 1H, J=8 Hz ),7.35 (s, 2H ), 6.37 (d, 1H, J=8 Hz), 2.73 (s, 3H), 1.38(s, 3H), 1.35
(s, 3H). 13C-NMR (125 MHz, CDCl 3 , δ): 149.8, 147.6, 139.5, 139.1, 136.9, 131.6, 130.7,
130.1, 128.1, 127.7, 127.0, 126.7, 125.2, 124.4, 123.0, 122.8, 122.7, 122.4, 120.2, 109.8
98.9, 81.2, 51.7, 29.8, 25.6, 20.9. HRMS (m/z): calcd. [M+H]+ 505.0777; found
505.0772.
Synthesis of (3,5-bis((1,3,3-trimethylspiro[indoline-2,2'-phenanthro[9,10b][1,4]oxazine]-6-yl)ethynyl)phenyl)methanol (1) SPOD
DEBA (0.09 g, 0.56 mmol), 3 (0.50 g, 0.99 mmol), CuI (4.40 x 10-2 g, 2.31 x10-2,
mmol)dichlorobis(triphenylphosphine)palladium(II) (1.49 x 10-2 g, 2.12 x 10-2 mmol)
were taken in a 50 mL 3-neck round bottom fitted with a condenser. The reaction flask
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was evacuated and N 2 was inserted. N-methylpyrrolidine (15 mL) was added to the
reaction flask under N 2 . The reaction flask was stirred at 70 oC for 48 h under N 2
atmosphere. The solid was dissolved in ethyl acetate and filtered. Ethyl acetate was
evaporated and the residue was chromatographed on silica gel. The impurities were
washed initially with 1:1 methylene chloride-hexane and then with methylene chloride.
The product was further purified using 2% ethyl acetate in methylene chloride to give
pure 1 (0.27 g, 59.9 %) as light blue product. IR (KBr/ν cm-1): 3398.6, 3072.6, 2963.0,
2204.2, 1608.4, 1583.1, 1493.2, 1349.9, 1316.2, 1102.6, 754.1. 1H-NMR (500 MHz,
CDCl 3 , δ): 8.68 (d, 2H, J=8 Hz), 8.63 (d, 2H, J= 8 Hz), 8.59 (d, 2H, J=8 Hz), 8.09 (d, 2H,
J=8 Hz), 7.81 (s, 2H), 7.69 (t, 2H, J=8 Hz), 7.64 (t, 2H, J=8 Hz), 7.61 (s, 1H), 7.58 (t, 2H,
J=8 Hz), 7.52 (t, 2H, J=8 Hz), 7.46 (brs, 2H), 7.45 (d, 2H, J=8 Hz),7.28 (s, 2H), 6.56 (d,
2H, J=8 Hz), 4.70 (s, 2H), 2.80 (s, 6H), 1.42 (s, 6H),1.40 (s, 6H). 13C-NMR (125 MHz,
CDCl 3 , δ): 149.6, 147.8, 141.3,138.1, 136.3, 133.1, 132.3, 131.3, 129.7, 128.9, 127.8
127.41, 126.7, 126.4, 125.1, 124.9, 124.3, 124.1, 122.7, 122.5, 122.4, 122.1, 119.9, 113.7,
107.06, 98.7, 91.0, 86.9, 64.6, 51.3, 29.5, 25.3, 20.7.HRMS (m/z): calcd. [M+H]+
909.3805; found 909.3787.
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Chapter 3
SYNTHESIS, CHARACTERIZATION, AND SOLVENT-INDEPENDENT
PHOTOCHROMISM OF SPIRO-NAPHTHO-OXAZINE DIMERS
3.1. Introduction
Photochromic materials have shown practical applications in the latest
technologies such as optical switching, sensor, drug delivery, data storage, and recording.
59, 60

The use of spirooxazine based materials has become of increasing interest due to

their excellent photostability, compatibility in a variety of matrices, and distinctive
changes in structure and absorption spectra upon irradiation.6, 17, 29
As an approach to improve the applicability of spirooxazine based compounds,
joining two of the species through a spacer offers unique biphotochromic molecules with
distinctive photokinetic properties.25, 43, 79 A challenge faced when designing
biphotochromic molecules is that these dimer systems often exhibit different or deficient
photochemical properties from those of the single components. Photochromic properties
and the rate of thermal closing are affected by the nature of the spacer, e.g., inducing a
loss of thermal reversibility, yielding different isomers from the starting material, and/or
extensive photodegradation.25, 43 In addition, biphotochromic systems have shown to be
either too rigid or flexible for further application.
Chapter 2 discussed the shape specific photochromic dimer, called SPOD, which
consists of two spiro-phenanthro-oxazine moieties connected via triple bond at the
indoline portion of the spirooxazine moieties.1 This SPOD has shown an interesting
binding ability with palladium catalyst. The open MC isomer of this molecule showed a
bathochromic shift at the maximum wavelength of absorption and higher colorability due
to the increased conjugation. It exhibited excellent reversibility; however, the data from
43

thermal bleaching illustrates that the rate of thermal closure increased dramatically with
increasing solvent polarity. Thermal closing rates ranged from 0.12 s-1 in nonpolar
methylcyclohexane to 4.48 s-1 in polar solvent, dimethylformamide. Reports suggest that
the solvent dependence for phenanthrene systems is due to a loss in pseudo π-conjugation
between the indoline and oxazine moieties in its transition state. As the electronic charge
on the indoline nitrogen and oxazine oxygen atoms increases, the molecular dipole
moment increases, causing the accelerated closing with polarity of solvent.61, 77
In this chapter, the improvement of the biphotochromic systems by replacing the
phenanthro-oxazine with a naphtho-oxazine to create molecules having environmentally
independent optical properties is discussed. In this chapter, the synthesis and
photochromic properties of two types of spiro-naphtho-oxazine dimers, Debald-SNOD
(2) and Deba-SNOD (3), are discussed. The chemical structures and typical
photoreactions for these photochromes are given in Fig. 3.1. Two SNO units in these
dimers were connected to different positions of a phenyl ring spacer, which would create
different conjugation systems. Additionally, both dimers possess a functional group on
the center phenyl ring to offer further modifications such as grafting onto surfaces and
polymers. The investigation in this chapter includes studies of the effects of solvent and
structure on the absorption properties, fatigue resistance, and closing rate kinetics of the
MC isomer of the dimers as compared to the single unit, Iodo-SNO(1).
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Figure 3.1. The structure of I-SNO (1) and typical photoreactions of Debald-SNOD (2)
and Deba-SNOD (3).

3.2 Synthesis of Spiro-naphtho-oxazine Dimer
The synthetic methods for SNOD shown in Scheme 3.4 were adapted and
modified from a previously published procedure.1 The biphotochromic systems were
synthesized in six steps with an overall yield of 12% for Debald-SNOD (2) and 7% for
Deba-SNOD (3). The synthesis started with the conversion of 4-iodophenylhydrazine to
5-iodo-2,3,3-trimethylindole via Fischer cyclization followed by methylation in
acetonitrile. The product was treated with base and reacted with 1-nitrosonaphthalen-2-ol
in trichloroethane to yield I-SNO (1). The single unit spirooxazine was then reacted with
3,4-diethynylbenzalcohol or 3,4-diethynylbenzaldehyde using Sonogashira coupling to
generate the respective spirooxazine dimer.
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Scheme 3.1. Synthetic route of I-SNO (1), Debald-SNOD (2), and Deba-SNOD (3).
Reagents and conditions: (a) H 2 SO 4 , EtOH (b) MeOTf, ACN (c) NaOH (d)
(PPh 3 ) 2 PdCl 2 , CuI, Et 3 N, 1 (e) TBAF, THF (f) (PPh 3 ) 2 PdCl 2 , CuI, NMP, (g) K 2 CO 3 ,
MeOH.

The approach to improve the photochromic abilities of spiro-compounds involved
connecting the two spirooxazines directly through a benzyl spacer. The major difference
in the two dimers is seen in the positioning of the spirooxazine units. The two
photochromic moieties are linked ortho to each in Debald-SNOD (2) while they are meta
to each other in Deba-SNOD (3). It is hypothesized that the ortho positioning may offer
a longer conjugated system in Debald-SNOD(2), which would facilitate in activation of
both moieties at a similar rate upon irradiation.43 Both dimers have been designed to
have specific angles, so that the photochromic units of the MC isomer create a cavity for
further applications such as sensing or binding.
The new dimers were obtained with high purity and successfully characterized
using 1H, 13C, and 2D-NMR analysis (Appendix B). The 1H NMR spectra of the
compounds 2 and 3 are shown in Fig. 3.2. Both integration of characteristic spirooxazine
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signals at 1.37 (2 CH 3 ), 2.81 (N-CH 3) , and 7.71 ppm (H-C=N) and chemical shifts of
protons near triple bond connections assisted in identification of the dimeric structure for
each compound. Downfield shifts to 6.5 and 7.3-7.4 ppm in these dimers from the peaks
in single I-SNO (1) confirm connection to diethynylbenzyl spacer. NMR data offers
distinctive difference in structure between asymmetric and symmetric dimers particularly
splitting doublets at 7.0 ppm in Debald-SNOD indicating complex coupling that is not
seen in Deba-SNOD.
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Figure 3.2. 1H NMR spectra of a) Debald-SNOD (2) and b) Deba-SNOD (3) (500 MHz,
room temp., CDCl 3 ) , See Appendix B, Figure B. 6 and Figure B. 8).
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3.3. Spectral Properties
To examine photochromism and reversibility of compounds 1, 2, and 3, the
absorption spectra were collected. A typical spectrum of each compound in solution
resulted in a strong band in the UV region. The absorption spectra for the two dimers
(2,3) in THF are shown in Fig. 3.3. Photo irradiation with a UV light (340 nm) resulted
in the formation of colored MC isomer with λ max in the range of 550 to 630 nm. When
the light is removed, the absorption spectrum prior to excitation is restored, concluding
that isomerization is reversible.

Figure 3.3. Absorbance spectra of a) Debald-SNOD(2) and b) Deba-SNOD(3) in THF,
1x10-4M upon irradiation of UV light (340 nm) at room temperature.
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The absorbance in the spectrum of the spiro form consists of localized π-π*
transitions in UV region of the indoline and oxazine moieties of the molecule. The
absorbance spectra of Debald-SNOD (2) exhibit large broad peaks from 300 to 420 nm
while the single unit (I-SNO) and Deba SNOD (3) compounds have narrow absorption
bands at 300-360 nm. The difference is based on the structure in that the spirooxazine
units are linked at the ortho position to each other in 2 while they are meta to each other
in 3. The ortho position offers a longer conjugated system between the two indoline units
of the SNO moieties, which absorbs longer wavelength at the peak about 390 nm.
The MC isomer is characterized by an absorption band in the visible region. The
MC absorbance of the dimers 2 and 3 in THF (609 and 606 nm, respectively) showed a
shift to longer wavelength than that of the single unit 1 (589 nm) due to increased
conjugation. The absorbances of the MC isomers of the dimers were observed to be
lower than previously reported studies of spiro-naphtho-oxazines (SNO).10, 11, 23 The
molar extinction coefficient of the MC isomer in SNOD is still unknown; however, a
possible factor for the low intensity is a temperature increase of the solution during
irradiation. Generally, the ring opening reaction of spirooxazines is temperature
sensitive.7 In addition, substituents exerting an inductive effect on the indoline moiety of
spirooxazine affect to destabilize the MC isomer.
The structural differences of the two dimers play a significant role in the opening
and closing of each moiety upon irradiation. By increasing the conjugation through two
spirooxazine units, it is speculated that activation of both units at a similar rate would
occur upon irradiation.43 To investigate this hypothesis, we extended the UV exposure
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time and examined the opening and closing upon irradiation in nonpolar and polar
solvents. Fig. 3.4 shows plots of the absorption maxima of the MC isomer of DebaldSNOD (2) and Deba-SNOD (3) in nonpolar methylcyclohexane (3.4a) and polar
dimethylformamide (3.4b) versus time.

Figure. 3.4. Plots of the absorption maxima of the MC isomer of Debald-SNOD (2) and
Deba-SNOD (3) in methylcyclohexane (a) and dimethylformide (b), 1x10-4 M versus
time subjected to UV irradiation at room temperature.

Upon initial excitation, a rapid increase in absorbance followed by decrease is
observed in both solvents, which is reported as ‘characteristic’ for the spiro-napthooxazines, yet the reason is unknown.44 After this initial projection, the MC isomer
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absorbance of both dimers in methylcyclohexane (3.4a) increased stepwise upon
sustained exposure to UV light. The plot of Debald-SNOD (2) shows a shoulder before
maximum absorbance is attained and then maintains a steady absorbance. Opening to the
MC isomer of Deba-SNOD (3) shows a slow two-step process to reach stable absorbance.
Again, it is unknown why the MC absorbance decreases after the major increase. The
difference between Debald-SNOD and Deba-SNOD can be explained by the conjugation
of two units of the Debald-SNOD, whose second spirooxazine unit opens faster than nonconjugated Deba-SNOD. In contrast to the behavior in methylcyclohexane, DebaldSNOD (2) in polar dimethylformamide maintains a maximum absorbance of the MC
isomer upon initial opening, while Deba-SNOD (3) displays a gradual increase to reach
absorbance maximum. After 150 seconds, the light source was turned off so that
isomerization to the SP isomer could be observed. Upon discontinuation of irradiation, a
dual step closing process is observed distinctively in methylcyclohexane (Fig. 3.4a) in
which the dimers generally demonstrate a slower isomerization to the SP isomer. The
decline in intensity is evidently faster for the conjugated dimer Debald-SNOD than for
Deba-SNOD. This is probably due to the sequential closing of two moieties. In
dimethylformamide, the cyclization appears faster due to the nonpolar nature of the MC
isomer and its lack of stability in this media.11 Thus, multistep closing was not observed.
The solvatochromism of the MC isomer-based π-π* absorption band of 1, 2, and 3
were examined in a series of solvents. The wavelength maxima were correlated with the
Brooker’s red parameters (χR)7, 31, which takes into account solvation effects such as
dispersion forces and hydrogen bonding, rather than simple solvent polarity parameters.
Spectral data indicate positive solvatochromism as wavelength maxima of the MC
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isomers shift to longer wavelengths with increasing relative solvent polarity as
summarized in Table 3.1. This bathochromic shift indicates that the lowest excited state
of the MC isomers is better stabilized by polar solvents resulting in a decrease in
transition energy.

Table 3.1. The wavelength of the MC isomer absorption of I-SNO (1), Debald-SNOD
(2), and Deba-SNOD (3)a.
Brooker’s red
Solvent
parameters (χR)
1
Methylcyclohexane
50.1
553
Diethyl Ether
48.3
565
Toluene
47.2
587
Tetrahydrofuran
46.6
589
Acetone
45.7
590
Dimethylformamide
43.7
610
a
-4
At 25°C, concentration of the solution: 1x10 M.
b
Obtained under UV irradiation at 340 nm.

λ MC (nm) b
2
589
597
607
609
614
621

3
583
593
603
606
612
619

The normalized absorption spectra of Deba-SNOD (3) under UV irradiation are
shown in Fig. 3.5a, along with the plot of wavenumbers of absorption maxima as a
function of Brooker’s red parameters in Fig. 3.5b. In addition to bathochromic shift in
λ max , a decrease in shoulder intensity with increasing solvent polarity was observed.
These data suggest that the quinoidal structure of the MC isomer is favored over the
zwitterions. Examination of the absorbance of the photo-induced isomer of single I-SNO
and dimers confirmed positive solvatochromism, but both dimers (2,3) showed smaller
shifts compared to the maximum absorbance shift seen in I-SNO.
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Figure 3.5. (a) Absorbance spectra of the MC isomer of Deba-SNOD(3) in various
solvents, and (b) a plot of wavenumbers (cm-1) of the MC maxima as a function of
Brooker's red parameters of all solvents.

3.4. Photochromic Properties
Low temperature NMR spectroscopy was used to observe the photoisomerization
of a single SNO unit and the dimers.76, 77, 80 Fig. 3.6 shows 1H NMR spectra of I-SNO(1)
and Deba-SNOD(3), before and after 1 min UV irradiation (340nm) in THF-d 8 at -30°C.
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Figure 3.6. Low temperature 1H-NMR spectra of a) I-SNO(1) and b) Deba-SNOD(3) in
THF-d 8 at -30oC; Before (upper) and after (lower) UV irradiation of each compound. The
photographs show the NMR samples. (Appendix B, Figure B. 11 and Figure B. 12)

Upon UV irradiation, similar changes occurred in both spectra of 1 and 3. The
opening of spirooxazine is characterized by a peak appearance at 1.88 ppm for two
methyl groups as a singlet and for aromatic H of the carbon-nitrogen bond at 9.95 ppm
for I-SNO (Fig 3.6a, after UV). In the SP isomer, these protons correspond to two methyl
singlets at 1.35 and 1.32 ppm and a singlet at 7.7 ppm, respectively. Upon opening,
conjugation in the MC isomer promotes these proton signals to appear downfield from
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that of the original SP isomer. In addition, the MC isomer peaks of doublets at 6.43 ppm
and 7.12 ppm were observed after irradiation shown in lower spectra of Fig. 3.6a. The
doublet signals correspond to aromatic peaks of the MC isomer meta to the indoline
nitrogen and oxazine oxygen, respectively. These doublets appear upfield from the
original SP isomer signals to 6.43 ppm and downfield to 7.12 ppm suggest a change in
electron distribution indicative of the MC isomer. Besides the appearance of these
resonance peaks of the MC isomer, some SP isomer signals were also shifted after UV
irradiation. Similar peaks of the MC isomers were observed for the dimers, 2 (data not
shown) and 3 (Fig. 3.6b) after UV treatment. Peaks of low intensity indicate a small
conversion to the expected MC isomer at this temperature (-30°C) and conditions as
consistent with lower quantum yields reported on general spiro-naphtho-oxazine series. 10,
17, 30, 77

Fig. 3.7 shows a thermal fading of MC isomer of Deba-SNOD (3) in ether; the
MC absorbance at the wavelength maxima collected immediately after the UV irradiation
was terminated. The inserted plot of ln(A/A 0 ) versus time exhibited the first order
kinetics of the closing rate and gave a rate constant with the relaxation time obtained
using t 1/2 = ln2/k. Data from elongated UV irradiation revealed successive closing of the
two moieties (Fig. 3.4); however, overall thermal closing in all solvents was evaluated to
obey first order kinetics.
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Figure 3.7. The thermal fading of the MC absorbance at 593 nm of Deba-SNOD(3) in
diethyl ether at 25oC ([3]=1.0 x 10-4 M). Embedded graph depicts the first-order kinetic
plot of the thermal decay.

Table 3.2 summarizes calculated rate constants of the three compounds in various
solvents. The relaxation half-life of the MC isomer (τMC-SP) given in Table 3.2 was
obtained from the first order rate constant using the expression t 1/2 = ln2/k. The results of
rate constants indicate slow thermal decay of the MC isomer in methylcyclohexane for all
compounds. The single unit, I-SNO (1), showed increased closing rates with an increase
in polarity of solvents with the exception of toluene. Thermal closure for the single unit
is generally faster than that of the dimers (2, 3) with the exception of diethyl ether, which
is consistent with previous studies on other spiro-dimers and partially due to the delay in
opening and closing of one moiety of the biphotochromic system.1 Despite their
differences in conjugation between moieties, compounds 2 and 3 show relatively similar
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closing rates with the exception of toluene. The cyclization rate of the MC isomer in the
dimers show smaller dependence upon solvent polarity compared to that of I-SNO.

Table 3.2. Thermal fading ratesa constants of compounds 1, 2, and 3 after irradiation (1.0
×10-4 M) in different solvents of varying polarity.
Rate Constant, k Tobs /s-1
b
Dielectric
(τMC–SP/s)
Solvent
Constant, ε
DebaldDebaI-SNO(1)
SNOD(2)
SNOD(3)
Methylcyclohexane
2.1
0.82
0.41
0.27
(0.9)
(1.7)
(2.6)
Toluene
2.4
1.92
1.02
0.22
(0.4)
(0.7)
(3.2)
Diethyl Ether
4.3
0.67
0.77
0.56
(1.0)
(0.9)
(1.2)
Tetrahydrofuran
7.5
2.90
0.57
0.48
(1.2)
(1.4)
(0.2)
Acetone
21
1.51
1.18
1.44
(0.5)
(0.6)
(0.5)
Dimethylformamide
38
1.84
1.59
1.03
(0.7)
(0.4)
(0.4)
a
at 25oC
b
The relaxation half-life of the merocyanines.

In general, the thermal closing rate varies depending both on structural
characteristics and solvent polarity. 7, 11, 29 It has been reported that substituents influence
the photochromism through both electronic and steric effects. The general stability of the
MC dimers (2,3) in solution compared to the single form (1) may be due to the inductive
effect of the halogen into the MC indoline moiety destabilizing the MC isomer of 1.
In previous discussions about spiro-phenanthro-oxazine dimer (SPOD), the
closing rate constants were extremely different from non-polar to polar solvents. 1 For
comparison, the rate constants of SPOD and two SNODs, 2 and 3 were plotted against
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log scale of solvent dielectric constants in Fig. 3.8. The closing rate of SPOD (green
marks) in methylcyclohexane (ε = 2.1) was 0.12 s-1; in dimethylformamide (ε = 38) the
rate was 4.48 s-1. Thus, demonstrating a significant solvent dependence. It is suggested
that for spiro-phenanthro-oxazine systems, the transition state of the ring closing reaction
is more polar than either the SP or MC isomer. 61, 77 The polarity of the transition state is
due to a loss of π conjugation upon rotation of indoline and oxazine moieties, which
increases the electronic charge on both the indoline nitrogen and oxazine oxygen. The
MC isomer being planar results in delocalization of the charge throughout the molecule
and thus loses the bipolar nature. As the polarity of the solvent increases, the quinoidal
MC isomer is destabilized to decrease energy gap with the transition state, and the
closing rate is drastically increased for SPOD.
For the spiro-naphtho-oxazine dimers in this study, the removal of the ring on the
oxazine portion of phenanthrene (SPOD) to form naphthalene (SNOD) changes the
polarity of the molecule itself. Though the diethynylbenzyl linker can exert a substituent
effect, which increases the electronic charge on the indoline nitrogen, the electron density
at the oxazine oxygen is reduced. The loss of electron density upon the rotation for
closing makes the transition state of the cyclization reaction less polar, which decreases
the polarity gap with either the SP or MC isomer. This similarity in compound polarity
through photocyclization reaction is a plausible explanation for a closing rate of SNOD
that is significantly less sensitive to the solvent polarity as shown in Fig. 3.8.
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Figure 3.8. Solvent dependency of thermal closing rate of Debald-SNOD (blue), DebaSNOD (red), and SPOD (green) 1 upon solvent dielectric constant.

To investigate the resistance of SNOD series to photodegradation, solutions of
each compound in varying solvents were alternately UV-irradiated and left in the dark.
Plots of the absorption maxima of the MC isomer of Debald-SNOD (2) in
methylcyclohexane and dimethylformide versus time subjected to an off and on manner
of irradiation are shown in Fig. 3.9. Debald-SNOD in methylcyclohexane exhibited
small decrease of MC absorbance over the long, repeated irradiation. In this highly nonpolar solvent, precipitation was observed after extended UV exposure, which could be
explained as a result of aggregation of the planar MC isomers by π - π stacking. This is
typical phenomenon for relatively polar MC isomers, such as isomer of spiropyrans.30, 66
Except in this particular case, the results of cyclability tests in various solvents indicated
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no appreciable fatigue or irreversibility under the experimental conditions over 20
minutes. Deba-SNOD (3) also showed excellent cyclability.

Figure 3.9. Cycles of UV irradiation of Debald-SNOD ([2] = 1 x 10-4 M) at 25oC
followed by thermal closing; absorption maxima for the MC isomers at 581 nm in
methylcyclohexane (red) and 621 nm in DMF (blue) were plotted.

3.5. Conclusions
The photochromic reactions of two spiro-naphtho-oxazine dimers were studied
under continuous UV irradiation in solvents of different polarity. The investigation
examined the effects of solvent and structure on the absorption properties and closing rate
kinetics of the MC isomer. The structural difference of these dimers was revealed to
influence the activation and deactivation of both moieties. The dimer with complete
conjugation through the two spirooxazine units showed faster opening and closing of the
second unit compared to the dimer whose conjugation was interrupted between two units
as we hypothesized. A bathochromic shift and plotting of the absorbance of the MC
isomers of both dimers against empirical Brooker's parameters confirmed a quinoidal MC
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isomer structure. The rate of cyclization of the MC isomer of the dimers showed very
little dependence upon solvent polarity, unlike that of the previously examined spirophenanthro-oxazine dimer. In summary, spiro-naphtho-oxazine dimer systems prepared
in this study exhibited an excellent response to photo irradiation, reversible isomerization,
and low degradation over several photo-induced cycles, all of which are deemed valuable
traits for practical application. Further modification of SNOD molecules such as
conjugation on substrate surfaces or to polymers, and investigation of binding interaction
of SNOD with guest compounds are discussed in chapter 4.
3.6 Experimental Section
3.6.1. General Methods
All reactants (Fisher Scientific, Pittsburg, PA, USA) and deuterated solvents (99.9
atom% D, Sigma-Aldrich, St. Louis, MO, USA) were purchased and used as received.
The reaction solvents were purified by Vacuum Atmospheres solvent purifier system.
Flash column chromatography was performed on silica gel (200-400 mesh, 60 A, Fisher
Scientific). A 200 W Mercury Xenon lamp housed in a light box containing a 340 nm
colored glass filter (FSR-U340) was directed at a right angle towards a cuvette containing
a 10 mL solution of photochromic species maintained at room temperature. Absorption
spectra were recorded with an Ocean Optics USB4000 Fiber Optic Spectrometer with
UV-vis Dip Probe, capable of recording spectra in the UV to visible region every 0.1 s to
1s. 1H and 13C spectra were recorded for CDCl 3 solutions on JOEL 270 MHz and Varian
500 MHz instruments (Appendix B). Peak splitting due to long range coupling in more
complex molecules (i.e. I-SNO, Debald-SNOD, and Deba-SNOD) was omitted from
NMR peak assignments. (See Appendix B, long range coupling is observed; however,
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broaden due to complex splitting in some peaks limited accurate assignment of coupling
constants.) Mass spectroscopy data was collected with positive mode of the ESI source
on an LCQ-Advantage mass spectrometer.
3.6.2 Experimental Procedures and Data
To determinate the photochromic properties, a 10 mL solution was prepared in a
vial containing a micro stir bar and maintained at 25°C. Light from a 200 W Mercury
Xenon lamp, filtered by 340 nm colored glass filter (FSR-U340), was directed
perpendicular to the side of the vial. The absorbance was recorded using the Ocean
Optics software. The solution was irradiated and stirred while monitoring the change in
absorbance in the visible region.
To determine the rate constant for thermal bleaching, Ocean Optics software was
used to record the merocyanine absorbance at the wavelength maxima. After absorbance
maximum was reached, irradiation was discontinued, and thermal decay was recorded
and plotted as absorbance versus time. The thermal closing data was fit to first order
reaction kinetics to obtain the rate constants from the linear dependences of ln A/Ao
versus time.
To determine cyclability, Ocean Optics software was used to record the
merocyanine absorbance at the wavelength maxima. After 1 minute, irradiation was
discontinued, and the merocyanine form was allowed to thermally decay for an additional
1 minute. The recording of the increase and decrease of merocyanine absorbance was
continued in an off and on manner until the absorbance at the maxima wavelength had
reached half the initial absorbance.
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To determine solvatochromism, Ocean Optics software was used to record the
absorption spectrum of the spiro-compound in solvents of various polarity. The
wavelength maximum was recorded for solutions with a concentration of 7.5 x 10-5 M
giving an absorbance ranging between 0.1–0.5.
Synthesis of 5-Iodo-2,3,3-trimethylindolenine
Isopropylmethylketone (1.8 mL, 16.7 mmol) followed by conc H 2 SO 4 (0.6 mL)
was added to a solution of 4-Iodophenylhydrazine (1.8 g, 7.57 mmol) and ethanol (20
mL) at room temperature. The reaction was allowed to reflux for 12 hrs. The reaction
mixture was allowed to cool to room temperature and 10% sodium bicarbonate was
added dropwise until a biphasic mixture was formed. The mixture was extracted with
diethyl ether (2x20 mL) and washed with deionized water (20 mL). The organic layer
was dried over Na 2 SO 4 and evaporated to yield a brown viscous liquid. The product was
purified using column chromatography with 1:1 diethyl ether and hexane to give a brown
viscous liquid (1.72 g, 76.2%). 1H-NMR (270 MHz, CDCl 3 , δ): 7.62-7.58 (m, 2H), 7.26
(d, 1H, J= 8 Hz), 2.23 (s, 3H), 1.29 (s, 6H).
Synthesis of 1,2,3,3-Tetramethyl-5-iodo-3H-indolium triflate
Methyl triflate (1.4 mL, 13.0 mmol) was added to a solution of
5-iodo-2,3,3-trimethylindolenine (1.7 g, 5.89 mmol) and acetonitrile (ACN) (20 mL)
under nitrogen atmosphere and allowed to reflux for 8 hrs. The solvent was evaporated
and the residue was washed with diethyl ether (50 mL) to yield a reddish solid (1.3 g,
73.8%). 1H-NMR (270 MHz, acetonitrile d 3 , δ): 8.10 (d, 1H, J= 2 Hz), 7.98 (dd, 1H,
J=8Hz, J=2 Hz), 7.48 (d, 1H, J= 8Hz), 3.86 (s, 3H), 2.64 (s, 3H), 1.51 (s, 6H).
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Synthesis of 5-Iodo-1,3,3-trimethylspiro[indoline-2,3'-naphtho[2,1-b][1,4]oxazine] (ISNO, 1)
A solution of 1,2,3,3-Tetramethyl-5-iodo-3H-indolium triflate (1.3 g, 4.34 mmol)
in aqueous NaOH (1 M, 100 mL) was stirred to 15 minutes at room temperature. The
product was extracted with dichloromethane. The organic layer was dried over Na 2 SO 4
and evaporated to yield a bright pink solid. The pink solids (1.71 g, 5.68 mmol) and 1nitrosonaphthalen-2-ol (1.21 g, 6.99 mmol) were taken into a reaction vessel.
Trichloroethane was added to the reaction vessel under nitrogen atmosphere. The
reaction mixture was refluxed for 12 hrs and cooled to room temperature. After the
solvent was evaporated, the product was purified using column chromatography with 1:2
dichloromethane and hexane to give a green solid (1.45 g, 56.4%). 1H-NMR (270 MHz,
CDCl 3 , δ): 8.53 (d, 1H, J=8 Hz), 7.74 (d, 1H, J=8 Hz), 7.70(s, 1H), 7.66 (d, 1H, J=8 Hz),
7.57 (t, 1H, J=8 Hz), 7.48 (d, 1H, J=8 Hz), 7.39 (t, 1H, J=8 Hz), 7.31 (s, 1H), 6.99 (d, 1H,
J=8 Hz), 6.35 (d, 1H, J=8 Hz), 2.72 (s, 3H), 1.33 (s, 3H), 1.31 (s, 3H). MS (m/z): calcd.
[M+H]+ 455.1; found 454.2.
Synthesis of 3,4-Bis(trimethylsilylethynyl)benzaldehyde (Debald-TMS)
Trimethylsilylacetylene (4 mL, 28 mmol) was added to a solution of 3,4dibromobenzaldehyde (0.77 g, 2.9 mmol), (PPh 3 ) 2 PdCl 2 (102 mg, 0.15 mmol), and CuI
(43.4 mg, 0.23 mmol) in Et 3 N (10 mL) at room temperature under nitrogen atmosphere.
After stirring for an hour, the temperature was increased to 85°C, and the reaction
continued for 12 hrs. The reaction mixture was allowed to cool to room temperature,
diluted with diethyl ether (20 mL), poured into deionized water (20 mL), to give a
biphasic mixture which was extracted with diethyl ether (3 x 20 mL). The organic layer
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was dried over Na 2 SO 4 and evaporated to yield a yellow film (0.564 g, 64.8%). 1H NMR
(270 MHz, CDCl 3 ): δ 9.94 (s, 1H), 7.94 (d, 1H, J=2 Hz), 7.73 (dd, 1H, J=8 Hz, 2 Hz),
7.58 (d, 1H, J=8 Hz), 0.23 (s, 18H).
Synthesis of 3,4-Diethynylbenzaldehyde (Debald)
3,4-bis(trimethylsilylethynyl)benzaldehyde (0.45 g, 2.9 mmol) and K 2 CO 3 (167
mg, 1.2 mmol) was dissolved in methanol (12 mL) at room temperature. The reaction
was stirred for 1h, diluted with dichloromethane (15 mL), and washed with aqueous
sodium bicarbonate (15 mL), and deionized water (15 mL x 2). The organic layer was
collected, dried over Na 2 SO 4 , and evaporated to yield a yellow solid (0.185 g, 79.6%).
1

H NMR (270 MHz, CDCl 3 ): δ 9.80 (s, 1H), 8.00 (d, 1H, J=2 Hz), 7.81 (dd, 1H, J=8 Hz,

2 Hz), 7.65 (d, 1H, J=8 Hz), 3.54 (s, 1H), 3.41 (s, 1H).
Synthesis of 3,4-Bis((1,3,3-trimethylspiro[indoline-2,3'-naphtho[2,1-b][1,4]oxazine]-5yl)ethynyl)benzaldehyde (Debald-SNOD, 2)
N-Methylpyrrolidine (15 mL) was added to a reaction vessel containing 3,4diethynylbenzaldehyde (0.18 g, 1.17 mmol), I-SNO(1) (0.797 g, 1.76 mmol), CuI (32.0
mg, 0.117 mmol), and (PPh 3 ) 2 PdCl 2 (79.8 mg, 0.117 mmol) under nitrogen atmosphere.
The reaction mixture was stirred at 85°C for 12 hrs, cooled to room temperature, and
diluted with DCM (20 mL). The product was washed with 2% HCl, followed by water (2
x 20 mL), and further purified using column chromatography with 2:1 DCM and hexane
to give a green solid (0. 274 g, 28.3%). 1H-NMR (500 MHz, CDCl 3 , δ): 9.99 (s, 1H),
8.56 (d, 2H, J=8 Hz), 8.03 (s, 1H), 7.76 (d, 2H, J=8 Hz), 7.73 (d, 1H, J=8 Hz), 7.72 (s,
2H), 7.65 (d, 2H, J=8 Hz), 7.58 (t, 2H, J=8 Hz) 7.57 (d, 1H, J=8 Hz), 7.51 (d, 2H, J=8
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Hz), 7.42 (t, 2H, J=8 Hz), 7.31 (s, 2H), 6.96 (d, 2H, J=8 Hz), 6.53 (d, 2H, J=8 Hz), 2.79
(s, 6H), 1.36 (s, 6H),1.34 (s, 6H). MS (m/z): calcd. [M+H]+ 807.3; found 807.3.
Synthesis of 3,5-Bis(trimethylsilylethynyl)benzalcohol (Deba-TMS)
Trimethylsilylacetylene (4.5 mL, 31.4 mmol) was added to a solution of 3,5dibromobenzalcohol (1.27 g, 4.78 mmol), (PPh 3 ) 2 PdCl 2 (35.2 mg, 0.050 mmol), and CuI
(8.81 mg, 0.0458 mmol) in Et 3 N (10 mL) at room temperature under nitrogen atmosphere.
After stirring for an hour, the reaction temperature was increased to 85°C and stirred for
12 hrs. The reaction mixture was allowed to cool to room temperature, diluted with
diethyl ether (20 mL), poured into deionized water (20 mL), to give a biphasic mixture
which was extracted with diethyl ether (3 x 20 mL). The organic layer was dried over
Na 2 SO 4 and evaporated to yield a yellow film (1. 38 g, 96 %). 1H NMR (270 MHz,
CDCl 3 ): δ 7.48 (s, 1H), 7.38 (s, 2H), 4.60 (s, 2H), 1.82 (brs, 1H), 0.23 (s, 18H).
Synthesis of 3,4-Diethynylbenzalcohol (Deba)
Tetrabutylammonium fluoride (TBAF: 1.0M solution of THF, 13.7 mmol) was
added to 3,5-bis(trimethylsilylethnyl)benzalcohol (1.83 g, 6.09 mmol) in anhydrous
tetrahydrofuran (THF) (25 mL) at room temperature under nitrogen atmosphere. The
reaction was stirred for 8 hrs, diluted with diethyl ether (25 mL), then washed with 2%
HCl (25 mL), brine (25 mL), and deionized water (25 mL x 2). The organic layer was
collected, dried over Na 2 SO 4 , and evaporated to yield a brown solid. The product was
further purified using column chromatography with 3:7 ethyl acetate and hexane to give a
golden solid (0.360 g, 33.5%). 1H NMR (270 MHz, CDCl 3 ): δ 7.51 (s, 1H), 7.45 (s, 2H),
4.64 (s, 2H), 3.07 (s, 2H), 1.98(brs, 1H).
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Synthesis of 3,5-Bis((1,3,3-trimethylspiro[indoline-2,3'-naphtho[2,1-b][1,4]oxazine]-5yl)ethynyl)phenylmethanol (Deba-SNOD, 3)
N-Methylpyrrolidine (15 mL) was added to a reaction vessel containing I-SNO
(1) (0.63 g, 1.39 mmol), 3,4-diethynylbenzalcohol (0.145 g, 0.929 mmol), CuI (17.2 mg,
0.092 mmol), and (PPh 3 ) 2 PdCl 2 (64.1 mg, 0.092mmol) under nitrogen atmosphere. The
reaction mixture was stirred at 85°C for 12 hrs, cooled to room temperature, and diluted
with dichloromethane (20 mL). The product is washed with 2% HCl followed by water
(2 x 20 mL) and further purified using column chromatography with 3:7 ethyl acetate and
hexane to give a green solid (0.423 g, 37.6 %). 1H-NMR (500 MHz, CDCl 3 , δ): 8.56 (d,
2H, J=8 Hz), 7.77 (d, 2H, J=8 Hz), 7.75 (s, 2H), 7.69 (d, 2H, J=8 Hz), 7.61 (s, 1H), 7.59
(t, 2H, J=8 Hz), 7.46 (s, 2H), 7.43 (d, 2H, J=8 Hz), 7.42 (t, 2H, J=8 Hz), 7.28 (s, 2H),
7.03 (d, 2H, J=8 Hz), 6.55 (d, 2H, J=8 Hz), 4.70 (s, 2H), 2.80 (s, 6H), 1.39 (s, 6H), 1.37
(s, 6H). MS (m/z): calcd. [M+H]+ 809.3; found 809.3.
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Chapter 4
PHOTOCHROMISM OF POLYMER CONJUGATED SPIRO-NAPHTHOOXAZINE DIMERS
4.1 Introduction
Spirooxazine based stimuli-responsive materials have attracted increased attention
due to their photostability, compatibility with a variety of matrices, and distinctive
changes in structure and absorption spectra upon irradiation. Practical applications
include optical switching, sensoring, drug delivery, data storage, and recording.59, 60 As
discussed in previous chapters, the MC isomer possesses a binding affinity for certain
organic and inorganic compounds. The binding and releasing abilities of many metals
with spirooxazine and various derivatives have been abundantly evaluated in both
solution and within polymeric matrices.6, 9, 15, 34, 50, 52, 53 Recently, some groups
synthesized block copolymers incorporating spiropyrans81 and spirooxazines82 to control
self-assembled structures. Furthermore, Evans and Davis prepared block copolymers
with spirooxazine unit(s) at the polymer terminal and examined photochromic response.47
However, switching of photochromes in a polymer matrix without significant fatigue has
been a central challenge. Typically, the photochrome is either blended randomly in the
polymer system or incorporated in a monomer to polymerize. For these systems,
controlling the photoresponse of the photochrome, polymer structures, and other
properties are limited because the photochromic stability depends upon the polymers, and
the amount of photochrome which can hinder freedom of designing polymer architecture.
47, 81, 82

In engineering photochromes, previous studies have shown that biphotochromic
molecules display distinctive photokinetic properties by joining two of the species
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through a spacer.25, 43, 79 In chapter 3, the synthesis and photochromic properties of a
spiro-naphtho-oxazine dimer, Deba-SNOD were discussed. In this chapter, Deba-SNOD
will be referred to as simply SNOD. This dimer consists of two SNO units connected at
the meta position of a center phenyl ring via triple bonds.83 The photoreaction is given in
Figure 4.1a. Photochromism studies revealed that SNOD demonstrates positive
solvatochromism indicating a quinoidal MC isomer upon UV irradiation, relatively stable
values of thermal closing rates in various solvents with different polarity, and improved
fatigue resistance compared to corresponding spiropyran and spiro-phenanthro-oxazine
dimers.1, 66

Figure 4.1. Typical photoreactions of SNOD (a) and the schematic structures of two
models of SNOD modified polymeric materials (b).
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In this chapter, we utilize the photochromic properties of the dimers by coupling
them to two polymeric substrates: monomethoxy-poly(ethylene glycol) (PEG) and
polystyrene microbeads, to create SNOD-PEG (1) and SNOD-PS beads (2), respectively
(Figure 4.1b). Coupling the hydrophobic photochromic dimer with a hydrophilic PEG
chain creates the self-assembled polymeric micelles in aqueous medium. Alternatively,
biphotochrome modified polystyrene bead surfaces create bi-phase systems (i.e. solidliquid and solid-air), which would offer photo-controlled retention and release of a
targeted species. These photo-switchable materials are potentially useful for stimulicontrolled drug delivery systems and chemo-/biosensors. In this chapter, the synthesis,
photochromic properties, and binding affinities of two types of spiro-naphtho-oxazine
polymeric systems are investigated.
4.2 Spirooxazine Dimer-Polymer Conjugate, SNOD-PEG
4.2.1 Synthesis of SNOD-PEG (1)
The synthetic methods are adapted and modified from a previously published
procedure.83-85 As discussed in chapter 3, two SNO units were connected to the meta
positions of a phenyl ring spacer. Additionally, the dimer possesses a functional group on
the center phenyl ring to provide for polymer conjugation. The SNOD-polymer
conjugate was prepared using methoxy-PEG amine, MW750 and coupling to SNOD via a
carbamate bond. The SNOD-PEG (1), a pale golden solid, was characterized by 1H
NMR (Appendix C). Figure 4.2 shows a typical 1H NMR spectrum of SNOD (b) and
SNOD-PEG conjugate (c). Shifting of the benzyl peak (14) of SNOD from 4.7 to 5.0 ppm
occurs, and the integration is consistent with pure SNOD-PEG conjugation product.
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Figure 4.2. (a) Synthesis scheme for modified SNOD and 500MHz 1H NMR spectra of
(b) SNOD and (c) SNOD-PEG in CDCl 3 . (See Appendix C, Figure C. 2)

4.2.2 Spectral Properties
A comparative analysis of the photochromic properties of SNOD to its polymer
conjugate system, SNOD-PEG, was done under continuous irradiation in solvents of
different polarity. Typically for SNOD, the absorbance in the spectrum consists of
localized π-π* transitions in UV region corresponding to the acoplanarity of the indoline
and oxazine moieties of the molecule. Upon photo irradiation with a UV light (340 nm),
the formation of colored MC isomer is observed with λ max in the range of 550 to 630 nm
(Fig. 4.3).
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Figure 4.3. Absorbance spectra of SNOD-PEG (1) in MCH, 1.45 x10-5 M upon
irradiation of UV light (340 nm) at room temperature.

The absorption spectra for SNOD-PEG in solution resulted in a strong band in the
UV region representing the SP isomer. The long wavelength absorption bands of the SP
isomer for each compound have narrow absorption bands at 300-360 nm. The MC
isomer is characterized by an absorption band in the visible region. When the light is
removed, thermal relaxation to the SP isomer occurs in which the absorption spectrum
prior to excitation is restored, concluding that isomerization is reversible. The absorption
spectra for the polymer conjugated dimer in methylcyclohexane are shown in Figure 4.3.
The MC absorbance of the dimers and polymer conjugate in methylcyclohexane (583 and
575 nm, respectively) showed a shift to longer wavelength than that of the reported single
unit (553 nm) due to increased conjugation.1, 66, 83 The color change for SNOD-PEG was
pale yellow to deep blue. SNOD-PEG did not produce precipitation for UV irradiation
over 120 min. The intensities of the MC isomer in these compounds were observed to be
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lower than previously reported studies of spironaphthooxazines,10, 11, 23 which is possibly
due to substituents exerting an inductive effect.
The solvatochromism of the photomerocyanine-based π-π* absorption band of the
polymer conjugated dimer was examined in a series of solvents (Table 4.1). The
wavelength maxima were correlated with the Brooker’s Red parameters (χR),7, 31 which
estimates solvation effects such as dispersion forces and hydrogen bonding as well as
solvent polarity. Spectral data for SNOD-PEG (1) indicate positive solvatochromism
similar to that reported for SNOD. This bathochromic shift of the wavelength maxima of
the MC isomer with increasing relative solvent polarity indicates that polar solvents
decrease the energy gap between the ground state and excited states. Using the Frank
Condon principle, more polar solvents stabilize the excited state, reducing the energy gap
and shifting the maximum absorbance to a longer wavelength. These data suggest that
the ground state of the MC isomer favors the non-polar quinoidal structure rather than the
polar zwitterion.

Table 4.1. Solvatochromism of compounds SNOD and SNOD-PEG in different solvents
of varying polarity.
Brooker’s Red
λ MC (nm) b
Solvent
parameters (χR)
SNOD
SNOD-PEG
Methylcyclohexane
50.1
583
575
Diethyl Ether
48.3
593
589
Toluene
47.2
603
604
Tetrahydrofuran
46.6
606
602
Acetone
45.7
612
606
Dimethylformamide
43.7
619
620
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4.2.3 Photochromic Properties
Figure 4.4 shows the thermal fading of SNOD-PEG (1) in THF. The MC isomer
absorbance at the wavelength maxima (602 nm) was recorded immediately after the UV
irradiation was terminated. The inserted plot of ln(A/A 0 ) versus time shows the first
order kinetics of the closing. Overall, thermal closing in all solvents was evaluated to
obey first order kinetics.

Figure 4.4. The thermal decay of the MC absorbance at 602 nm of SNOD-PEG(1) in
tetrahydrofuran at 25oC ([1]=5.0 x 10-5 M). Embedded graph kinetic plot of the thermal
decay.

Table 4.2 shows the results of thermal fading of the MC isomer of SNOD
compared to that of SNOD-PEG (1) and the corresponding relaxation half-life of the MC
isomer (τMC-SP) obtained using the expression t 1/2 = ln2/k. Chapter 3 discussed the
thermal closing of SNOD displays little solvent dependence compared to that of a spirophenanthro-oxazine dimer (SPOD), having thermal closing rates ranging from 0.12 s-1 in
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nonpolar methylcyclohexane to 4.48 s-1 in polar solvent, dimethylformamide .83 The
calculated rate constants of thermal decay of the MC isomer for SNOD-PEG (1) were
found to be further independent on wide polarity range of solvents with small differences
(k Tobs = 0.30-0.88). Evans and Davis studied polymer conjugated spirooxazines for the
effects of molecular weight and glass transition temperature (T g ) of polymers on thermal
closing rate of the MC isomer in test lens matrix.47 More flexible (low T g ) and lower
molecular weight polymers promoted photochromic activities of spirooxazine. PEG used
for this study had low T g (< -80°C) and low molecular weight (750 Da). The flexibility
of the polymer chain can surround the biphotochrome and form a micro-environment
which differs from that of the surrounding media. Thus, the polymer chain further
enables photo-switchability of SNOD regardless of environmental conditions.

Table 4.2. Thermal fading rates of compounds SNOD and SNOD-PEG in different
solvents of varying polarity at 25oC.
Rate Constant, k Tobs /s-1
Dielectric
Solvent
Constant,
ε
SNOD
SNOD-PEG
Methylcyclohexane
2.1
0.27
0.30
Diethyl Ether
2.4
0.22
0.44
Toluene
4.3
0.56
0.81
Tetrahydrofuran
7.5
0.48
0.36
Acetone
21
1.44
0.53
Dimethylformamide
38
1.03
0.88

4.2.4 Binding Properties
Typically for spirooxazines, complexation between the photochrome and a target
agent can promote the formation of the MC isomer at room temperature in the absence of
light. In addition, an increase in absorbance intensity of the MC isomer is observed,
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followed by a slowing in thermal closing upon removal of the light source.34, 52, 69, 86 The
binding affinities of SNOD and SNOD-PEG were examined with three different targeted
agents as a means to evaluate types of systems that could undergo uptake in the presence
of these photo-switchable materials. Erythrosine B, 1,6-diphenylhexatriene, and
(PPh 3 ) 2 PdCl 2 were chosen respectively as a means to examine the possible ionic,
hydrophobic, and/or π-π interactions occurring with the MC isomer of the photochrome.
The thermal closing rate in the absence and presence of targeted species was monitored to
determine the association constant. The effects of the agent on the photochromic process
were studied in THF or DMF with concentrations of SNOD-PEG in the order of 10-5 mol
ml-1. The concentration between photochrome and the target agent was examined at a 1:1
ratio.
Table 4.3 summarizes closing rates of SNOD and SNOD-PEG without and with
guest molecules in THF or DMF. Upon UV irradiation, it was observed that the spectral
properties of both the SP and MC isomer of SNOD and SNOD-PEG displayed little
sensitivity to the presence of the targeted species in that no significant change was
observed in the absorbance spectra for both photochromic systems with the addition of
the targeted agent. The thermal closing reaction was fit using first order kinetics and the
slopes of the linearly descending ln A/A 0 plot give the first-order rate constants.
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Table 4.3. Thermal closing rate and shifts in λ MC of SNOD-PEG in the presence of
targeted agents, 1:1 ratio (3.75 x 10 -5 M) in THF.
Rate constant
Guest Compound
Solvent
λ MC
(nm)
k Tobs (s-1)
Control
THF
602
0.36
(Ph 3 P) 2 PdCl 2
THF
604
0.28
1,6-Diphenylhexatriene
THF
604
0.49
Control
DMF
620
0.88
Erythrosin B
DMF
620
0.81

The affect of the agent to the kinetics of the thermal ring closure process is shown
in Figure 4.5, in which the thermal decay rate decreases appreciably from 0.36 to 0.28 in
the presence of (PPh 3 ) 2 PdCl 2 . This selective binding affinity between SNOD and the Pd
catalyst is primarily due to the presence of an aromatic cage formed by the MC isomer.1
In addition, palladium is known to coordinate with internal alkynes in the formation of
alkynyl-transition metal complexes in catalyzed annulation.87, 88 It can therefore be
speculated that the triple bond linking the spirooxazine moieties to the benzyl linker is
another contributor to the binding affinity towards the transition-metal complex.
Consequently, the cavity formed between the two MC isomers of the photochrome
induces coordination of the robust tri-phenyl phosphine ligands on the palladium
catalysts via specific π–π interactions not observed with erythrosine B and 1,6diphenylhexatriene (Table 4.3).
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Figure 4.5. The first-order kinetic plot of the thermal decay of the MC absorbance at 602
nm of SNOD-PEG (square), and SNOD-PEG with (PPh 3 ) 2 PdCl 2 (circle) in
tetrahydrofuran at 25oC ([1]=[ (PPh 3 ) 2 PdCl 2 ]=3.5 x 10-5 M).

4.2.5 Micelle Characterization.
The photochromes incorporated in the polymer structure and in their formulated
micelles have potential to reversibly open and close upon irradiation.81 When a
hydrophobic molecule is encapsulated within the core of the micelle, its release can be
induced by exposure to UV light. In aqueous solution, the modified polymer selfassembled to form micelles in which the hydrophobic block, SNOD, forms the core,
while the hydrophilic PEG forms the shell. The micelles were prepared by dissolving a 13 mg of SNOD-PEG (1) in 2 mL THF with 1 mL of the solution being added dropwise to
9 mL of water. Separate sets of micelle solutions were prepared with equal molar
amounts of either erythrosine B, 1,6-diphenylhexatriene, or (PPh 3 ) 2 PdCl 2 dissolved in
THF. After the solvent was evaporated by stirring at room temperature, the solution was
centrifuged to precipitate unloaded insoluble agents off and separated. The micelle
solution was filtered through a 0.45μm filter before use.
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The size distribution (Figure 4.6a) for both unloaded (control) and catalyst-loaded
micelles was determined by dynamic light scattering (DLS). The average hydrodynamic
diameter (Table 4.4) of the micelles was found to be 64 nm, while that of loaded micelles
ranged between 53-64 nm, with a polydispersity index of ranging from 0.17 to 0.19
suggesting monodispersed micelles. Particle size and morphology of unloaded and
loaded micelles were observed by transmission electron microscopy (TEM).

a
Control micelle
with (Ph3P)2PdCl2

b

c

20 nm

100 nm

Figure 4.6. Micelle size distribution and surface morphology. (a) Dynamic light
scattering (b, c) TEM image of micelle formulated from SNOD-PEG.

As shown in Figure 4.6b, a spherical micelle shape was confirmed. The polymer
micelles showed a size distribution ranging between 30-50 nm in diameter. With
observation time under high resolution, the PEG layer started collapsing quickly, and
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then electronically dense micelle core was distinctly seen with little distinctive
boundaries between micelles (Figure 4.6c). The diameter of the hydrophobic core
consisting of SNOD was measured to range from 3-8 nm. The catalyst loaded polymer
micelles showed a size distribution ranging between 30-40 nm in diameter. These data
indicate the formation of stable micelles.
In aqueous solution, the photoisomerization of SNOD-PEG formed micelles was
demonstrated by UV/Vis absorption spectroscopy. The solution was irradiated with UV
light, of which an absorption band at 638 nm was observed. Micelles loaded with either
erythrosine B, 1,6-diphenylhexatriene or (Ph 3 P) 2 Cl 2 contributed to a MC isomer
absorbance ranging from 618 to 637 nm as shown in Table 4.4. Upon removal of the
light source, isomerization to the SP isomer was confirmed by the spectra gradually
returning to the original absorption spectra. The observed shift in wavelength for
micelles loaded with (PPh 3 ) 2 PdCl 2 was an indication of possible binding and
encapsulation of the agent within the hydrophobic micelle core. To examine complex
formation, the thermal fading of the MC absorbance at the wavelength maxima for
unloaded and loaded micelle was collected immediately after the UV irradiation was
terminated. Table 4.4 lists the calculated rate constants for unloaded (control) and loaded
micelles.
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Table 4.4. Summary of micelle encapsulation study; the hydrodynamic diameter (DLS),
the guest loading rate, maximum wavelength of the MC isomer, and the thermal closing
rate constant in aqueous media under UV irradiation.
Rate constant
Guest compound
Diameter
λ MC
k Tobs (s-1)
(nm)
(nm)
0.111
Control
64
638
0.045
(PPh 3 ) 2 PdCl 2
62
618
0.091
Erythrosin B
53
637
1,6-Diphenylhexatriene
65
636
0.274

The thermal closing of the micelle form in aqueous solution was different from
that typically observed in homogeneous solutions. The first order kinetics of the closing
rate of SNOD-PEG confirmed that the recyclization reaction of SNOD in the micelle core
was slower (k Tobs = 0.11) than the solution state in the most polar organic solvent, DMF
(k Tobs = 0.88). The micelles loaded with erythrosine B demonstrated a closing rate
similar to that of the unloaded micelles, suggesting no binding affinity or uptake.
Diphenylhexatriene loaded micelles showed an increase in recyclization; however, the
reason for this change in rate is unknown. In contrast, micelles uploaded with palladium
catalyst showed both a decrease in closing rate and a blue shift in wavelength
characteristic of complex formation between the MC isomer and binding agents.51 The
decrease in closing rate and λ MC suggest that the encapsulation and binding affinity for
(PPh 3 ) 2 PdCl 2 loaded micelles are attributed to hydrophobicity and π–π interactions
between the aromatic cage formed by the MC isomer of the biphotochrome and the
phenyl groups of the catalyst. These interactions induce uptake of the agent and stabilize
the MC isomer, thus retarding the recyclization process.
Loading and efficiency of target agent and PEG-SNOD combination micelles
were examined by 1H NMR. SNOD-PEG micelles with three different guest compounds
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in aqueous solutions, used for photokinetic studies above, were completely dried and redissolved in CDCl 3 for samples of (PPh 3 ) 2 PdCl 2 and 1,6-diphenylhexatriene, or acetoned 6 for erythrosine B. The NMR spectra of SNOD-PEG micelles with 1,6diphenylhexatriene and erythrosine B showed original SP isomer of SNOD-PEG and
each guest compound. Palladium catalyst, however, gave different result for the NMR
spectra of SNOD-PEG structure as shown in Figure 4.7, confirming complex formation.
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CDCl3

*

PEG

(PhP3)2PdCl2

*
Complex (PhP3)2PdCl2
-OCH3

8.6

8.4

8.2

8

7.8

7.6

7.4

7.2

7

6.8

6.6

6.4

3.8

3.6

3.4

3.2

8

7.8

7.6

7.4

7.2

7

6.8

6.6

6.4

3.8

3.6

3.4

3.2 ppm

b) SNOD-PEG (SP form)

8.6

8.4

8.2

Figure 4.7. 500MHz 1H NMR spectra of (a) ruptured PEG-SNOD micelle loaded with
(PPh 3 ) 2 PdCl 2 ([1]= 4.4 x 10 -5M, [Pd cat]= 2.78 x 10 -5 M) and (b) PEG- SNOD in
CDCl 3 . (*) 13C satellites of CHCl 3 (209Hz).

The interactions of SNOD and guest compounds were also examined using proton
NMR (Fig. 4.8). Based on thermal closing rate data, (PPh 3 ) 2 PdCl 2 slows the
recyclization reaction; however, no evidence of a complex was observed in the UV-vis
spectra for the MC isomer in the presence of the agent. Conversely, when compared to
hydrophobic dye micelles, the 1H NMR spectrum of ruptured micelles loaded with
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(PPh 3 ) 2 PdCl 2 show distinctive shifts in the aromatic region. The lack of characteristic
peaks such as 6.51 and 8.46 ppm observed for the SP isomer and the appearance of new
doublets at 6.92, 7.01, and 7.20 ppm suggest the formation of a stable MC-(PPh 3 ) 2 PdCl 2
complex. The NMR data indicates two sets of peaks corresponding to the phenyl protons
of (PPh 3 ) 2 PdCl 2 . Protons at 7.46 and 7.67 ppm are un-coordinated (PPh 3 ) 2 PdCl 2 while
signals at 7.53 and 7.84 ppm are attributed to the complex.
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Figure 4.8. 500MHz 1H NMR spectra of control experiments in THF-d 8 (a) SNOD with
(PPh 3 ) 2 PdCl 2 after UV irradiation and (b) SNOD.

Based on the disappearance of peaks corresponding to the SP isomer of PEGSNOD and the loading ratios, it can be speculated that this complex consist of two MC
isomer PEG-SNOD molecules for every one (PPh 3 ) 2 PdCl 2 . The affinity for
(PPh 3 ) 2 PdCl 2 can be attributed to hydrophobicity , π–π interactions between the aromatic
cage formed by the MC isomer of the biphotochrome and the phenyl groups of the
catalyst, as well as the attraction of palladium towards the triple bonds linker. These
combined interactions induce uptake of the agent and stabilizes the MC isomer.
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4.3 Bi-Spirooxazine Modified Polymer Resin, SNOD-PS bead
4.3.1 Synthesis of Deba-SNOD-PS bead (2)
The modified resin was prepared using amino-methyl polymer resin (PS beads)
under similar conditions to that of the polymer conjugate. The SP-MC PS beads were
characterized by IR spectroscopy. Figure 4.9 shows the IR absorption spectra of
aminated polystyrene microbeads (black) and 2 (blue). An absorption peak at around
1726 cm-1, which is assigned to the C=O stretch of the carbamate linkage, in the spectrum
of SNOD modified beads (blue) is found to increase with introduction of the dimer. In
addition, an absorption peak at 2205 cm-1 is assigned to the C-C triple bond of the dimer.
These results confirm the coupling of the spirooxazine dimer onto modified beads.

Figure 4.9. FT –IR of amino resin (black) and resin modified with SNOD (blue)
indicating coupling.

The concentrations of SNOD attached to PS bead were calculated using the ratio
of the IR absorbance of independent peaks, 2205 cm-1 and 698 cm-1, corresponding to the
alkyne stretching of SNOD and the carbon hydrogen bending of PS bead, respectively.
As shown in Table 4.5, using a known weight ratio of SNOD/PS-bead standard mixture
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(6.99 wt%) as a calibration, the weight % of SNOD in the synthesized SNOD-PS bead
was calculated to be 6.84 wt%. That value was used to determine the amount of SNOD
bond to the PS bead available to coordinate with the targeted agents. The concentration
of SNOD on modified bead (10 mg) available for binding to a guest compound in a 10
mL solution was calculated to be 8.47 x 10-5 M.

Table 4.5. Summary of calculations to obtain the amount of SNOD covalently bond to
the surface of PS-beads using the area of absorbance bands in the IR spectrum of
modified bead.
SNOD
IR Area
Ratio SNOD in 10mg PS bead
-1
-1
(wt %) 2205 cm
698 cm
(moles x 10-7)
Standard
6.99
0.253
5.094
0.0497
8.78
SNOD-PS-beads
6.84
0.509
10.478
0.0486
8.47

4.3.2 Binding Affinity
By modifying the surface of polystyrene microbeads (PS beads) with the
biphotochromic molecules, we can obtain solid-liquid phase systems, which offer photocontrolled retention and release of a targeted species. The change in electronic structure
accompanying photoisomerization in spirooxazines is significant in that the MC isomer
can interact with other molecules such as amino acids,89 metals,52 and catalyst.22 The
result is the formation of a complex that can be employed as extraction or transportation
systems for a targeted species. To investigate the binding properties, we examined the
binding affinity of SNOD towards the palladium catalyst, (PPh 3 ) 2 PdCl 2 , the common
agent in cross coupling reactions. Previous studies indicate that the MC isomer of the
spirooxazine dimer binds to palladium catalyst in THF compared to that of the
spirooxazine monomer.1 Encapsulation studies using 2 in the presence of palladium
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catalyst were conducted by dissolving the catalyst in a THF solution containing 2. The
heterogeneous mixture of the targeted species of known concentration and modified PS
beads was subjected to UV irradiation while stirring. Upon removal of the light source,
the mixture was allowed to settle, and the decrease in maximum absorption of the
targeted species was recorded. By monitoring the maximum absorbance of (PPh 3 ) 2 PdCl 2
at 365 nm, a decrease in absorbance was observed after irradiation in the presence of the
modified beads. As a control experiment, no change in maximum absorbance for
(PPh 3 ) 2 PdCl 2 was observed with un-modified polystyrene microbeads.
The binding event of SNOD-PS bead toward Pd catalyst was quantitatively
analyzed. The targeted agent, (PPh 3 ) 2 PdCl 2 , was dissolved in 10 mL THF including 10
mg of SNOD-PS bead. The concentrations of SNOD on modified bead in a test solution
was 8.47 x 10-5 M and of guest compound was 7.5 x 10-5 M; thus, nearly 1:1 host/guest
molecules existed. After obtaining the molar absorptivity (ε = 19698 L/ mol cm-1) for
(PPh 3 ) 2 PdCl 2 , Beer’s law was used to calculate the change in concentration of the
targeted species in the presence of modified PS bead. As shown in Figure 4. 10, the
absorbance spectra indicated a 0.38 decrease in the maximum absorbance of palladium
catalyst after irradiation in the presence of the modified beads. The intensity decrease
was correlated to the amount of (PPh 3 ) 2 PdCl 2 bond to SNOD modified PS-bead and
found to be 1.97 x 10-5 M, yielding a 26.3 % uptake of the targeted agent in the presence
of modified beads. This uptake amount of Pd catalyst leads 23.3 % of total amount of
SNOD on 10mg of SNOD-PS beads by assuming 1:1 host-guest binding occurs on the
solid surface. Furthermore, to examine the releasing property, the sample was kept in
dark at 25°C after UV light was off for 1 min. The thermal closing of SNOD released
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(PPh 3 ) 2 PdCl 2 about 13% into the solution (Figure 4.10 c). These preliminary results
supported the potential of effective binding/release properties of spiro-naphtho-oxazine
dimer on the polymer substrates. Further binding studies varying factors such as
concentration, host-guest molar ratio, and different types of guest compounds are
underway.

Figure 4.10. UV-vis absorbance spectra of palladium catalyst, (PPh 3 ) 2 PdCl 2 , before (a)
and after (b) photo irradiation, and after leaving in dark for 1 min (c), in the presence of
SNOD modified polystyrene bead in THF solution at 25°C.

4.4 Conclusion
The photochromic reactions of spirooxazine modified polymers were studied
under continuous UV irradiation in solvents of different polarity. The investigation
examined the absorption properties and closing rate kinetics of the merocyanine in
various solvents. Empirical Brooker's parameters confirmed a quinoidal merocyanine
structure for the MC isomer. The rate of cyclization of MC isomer of the dimers was
observed to be slower than the unmodified dimer suggesting that the polymer chain
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hinders the reverse reaction. Overall results suggest that the SNOD molecule in the
polymer maintains its photochromism despite modification. SNOD-PEG polymeric
micelles formed from an aqueous solution were examined to show efficient in
encapsulating targeted agents. In addition, SNOD modified PS beads display photocontrolled uptake (PPh 3 ) 2 PdCl 2 upon exposure to external stimuli. Photochemical
stability and specificity of molecular binding of the tailored materials in this study are
potential for various applications such as selective extraction and controlled release.
Further studies directed toward efficiency and greater specificity for biomolecular
application are currently underway.
4.5 Experimental Section
4.5.1 General Methods
α-Methoxy-ω-amino-poly(ethylene glycol) (MW 750) was purchased from
Sigma Aldrich (St. Louis, MO). Aminomethyl polymer resin (Aminomethylpolystyrene
divinylbenzene copolymer, 1% Crosslinked with DVB, nitrogen load: 0.4-0.6 mmol/g,
100-200 mesh) was purchased from Fisher Scientific (Pittsburgh, PA). All reactants
(Fisher Scientific, Pittsburg, PA, USA) and deuterated solvents (99.9 atom.% D, SigmaAldrich, St. Louis, MO, USA) were purchased and used as received. The reaction
solvents were purified by Vacuum Atmospheres solvent purifier system. Flash column
chromatography was performed on silica gel (200-400 mesh, 60A, Fisher Scientific).
A 200 W Mercury Xenon lamp housed in a light box containing a 340nm colored
glass filter (FSR-U340) was directed at a right angle towards a cuvette containing a 10
mL solution of photochromic species maintained at room temperature. Absorption
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spectra were recorded with an Ocean Optics USB4000 Fiber Optic Spectrometer with
UV-vis dip probe, capable of recording spectra in the UV to visible region every 0.1s - 1s.
1

H and 13C NMR spectra were recorded for CDCl 3 solutions on JOEL 270 MHz

and Varian 500 MHz instruments (Appendix C). Peak splitting due to long range
coupling in more complex molecules (i.e. SNOD) was omitted from NMR peak
assignments. (See Appendix C, long range coupling is observed; however, broaden due
to complex splitting in some peaks limited accurate assignment of coupling constants.)
Samples for infrared spectroscopy were mixed with KBr, ground, and pressed into
a pellet for analysis. Each spectrum was recorded at the absorbance from 4000 to 400
cm−1 in a Nicolet 360 FT-IR spectrometer (Nicolet Co., USA). Instrument parameters
were as follows: scans = 64, resolution = 4, gain = 1. The spectral analyses were
performed using Omnic 7.3 software (Thermo Electron Corp., West Palm Beach, FL,
U.S.A.)
Mean particle size and size distribution of micelles were determined by dynamic
light scattering (DLS) using a Zetasizer (Malvern Instruments, Worcestershire, UK).
Sample solutions (~0.1mM) were analyzed at room temperature with a 90° detection
angle, and the mean micelle size was obtained as a Z-average. All measurements were
repeated seven times and reported as the mean diameter for triplicate samples.
Micelles prepared from SNOD-PEG were visualized using a JEOL JEM1200EX
II transmission electron microscope (TEM) equipped with digital AMT CCD camera. An
aliquot of the micelle suspension was loaded on a carbon grid, followed by air-drying.
The grid was visualized under the electron microscope operating from 40 KV to 120 KV
and magnifications ranging from 50 to 500,000.
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4.5.2 Experimental Procedures and Data
Synthesis of SNOD-PEG (1)
The synthetic method for preparing the photochromic dimer, 3,5-bis((1,3,3trimethylspiro[indoline-2,3'-naphtho[2,1-b][1,4]oxazine]-5-yl)ethynyl)phenylmethanol
(SNOD) was adapted and modified from a previously published procedure85. Dry
dichloromethane (DCM) was added to a reaction flask containing SNOD (c = 0.7 mmol
/mL), 4-(dimethylamino)pyridine (DMAP), (0.3 mol %), and 1,1'-carbonyldiimidazole
(CDI), (3 equiv) under nitrogen atmosphere while stirring. After 4 h at reflux, the
mixture was brought to room temperature. The product was washed with deionized water,
dried over MgSO 4 , and evaporated to yield a golden brown solid, SNOD-CDI (54.2 mg,
72.9%). 1H-NMR (270 MHz, CDCl 3 , δ): 8.55 (d, 2H, J=8 Hz), 8.18 (s, 1 H), 7.75 (d, 2H,
J=8 Hz), 7.73 (s, 2H), 7.67 (d, 2H, J=8 Hz), 7.62 (s, 1H), 7.58 (t, 2H, J=8 Hz), 7.50 (s,
1H), 7.49 (s, 2H), 7.42 (d, 2H, J=8 Hz), 7.41 (t, 2H, J=8 Hz), 7.28 (s, 2 H), 7.08 (s, 1 H),
7.00 (d, 2H, J=8 Hz), 6.53 (d, 2H, J=8 Hz), 5.39 (s, 2H), 2.78 (s, 6H), 1.37 (s, 6H), 1.36
(s, 6H).
Dry DCM (5 mL) and triethylamine (1.5 equiv) were added to a reaction flask
containing α-methoxy-ω-amino-poly(ethylene glycol) (1.0 equiv), SNOD-CDI (1.1
equiv, 55 mg), and DMAP (1.1 mol %) under nitrogen atmosphere. The solution was
stirred at reflux for 46 h, washed with water, and dried over MgSO 4 . The organic layer
was evaporated and purified using column chromatography with 3:7 acetone and hexane
followed by washing with water to further remove unreacted PEG to give a pale amber
solid, SNOD-PEG (1), (54.2 mg, 68.9%).1H-NMR (500 MHz, CDCl 3 , δ): 8.57 (d, 2H,
J=8 Hz), 7.77 (d, 2H, J=8 Hz), 7.75 (s, 2H), 7.69 (d, 2H, J=8 Hz), 7.61 (s, 1H), 7.59 (t,
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2H, J=8 Hz), 7.45 (s, 2H), 7.43 (d, 2H, J=8 Hz), 7.42 (t, 2H, J=8 Hz), 7.25 (s, 2 H), 7.04
(d, 2H, J=8 Hz), 6.56 (d, 2H, J=8 Hz), 5.57 (brs, 1H), 5.10 (s, 2H), 3.65 (m, -CH 2 CH 2 O-,
68H), 3.56 (t, 2H), 3.41 (q, 2H), 3.38 (s, 3H), 2.81 (s, 6H), 1.39 (s, 6H),1.38 (s, 6H).
Synthesis of SNOD-PS bead (2)
Dry DCM (5 mL) and triethylamine (1.5 equiv) were added to a reaction flask
containing aminomethyl polymer resin, 1% crosslinked with DVB (44 mg), SNOD-CDI
(20 mg), and DMAP (1.1 mol %) under nitrogen atmosphere. The solution was stirred at
35°C for 24 h. The reaction mixture was brought to room temperature, filtered, and
rinsed with water and DCM several times to remove all chemicals and non-conjugated
dimer. The product was dried.
To determine the photochromism and binding study of SNOD-PEG, the thermal
closing rate kinetics for SNOD and SNOD-PEG (1) were compared by the method as
previously discussed in chapter 3. After the absorbance maximum of merocyanine
isomers (557-638 nm) was reached, irradiation was discontinued, and the thermal decay
was recorded and plotted as absorbance versus time. The thermal closing data was fit to
first order reaction kinetics to obtain the rate constants from the linear dependency of ln
A/A 0 versus time.
Solvatochromism for SNOD and 1 was studied in solvents of various polarity.
The wavelength maximum was recorded for solutions with a concentration of 7.5 x 10-5
M giving an absorbance ranging between 0.1–0.5.
Prior to micelle formation, binding studies for SNOD and SNOD-PEG were
performed as a means to evaluate suitable agents for encapsulation. The targeted species
were erythrosine B, 1,6-diphenylhexatriene, and (PPh 3 ) 2 PdCl 2. The effects of targeted
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species on the MC isomer process were studied in tetrahydrofuran (THF) and/or
dimethylformamide (DMF). The concentration of the dimer or dimer conjugated
polymer (1) to the agent was 1:1 ratio. A solution of the photochrome and targeted
species was allowed to complex under UV irradiation for 2.5-3 minutes. The thermal
closing reaction was monitored at room temperature directly after removal of the light
while scanning at the maximum absorption wavelength of the complex. First-order rate
constants were obtained from the linear ln A/A o versus time descending curves. The
experiment was performed in more than 6 runs in which the average rate constant was
reported.
The amphiphilic micelle of SNOD-PEG (1) was prepared in aqueous solution.
SNOD-PEG (1-3 mg) was dissolved in 1 mL of THF then added dropwise into 9 mL of
water to form micelles in which THF was allowed to completely evaporate. The solution
was filtered through a 0.45μm filter before use. For preparation of the guest loaded
micelles, either erythrosine B, 1,6-diphenylhexatriene or (PPh 3 ) 2 PdCl 2 was co-dissolved
with SNOD-PEG in THF and then formulated in the same manner.
Binding studies for SNOD-PS bead (2) were performed as follows: the effects of
targeted species on the MC isomer process were studied in THF (a good-solvent for the
guest compounds) using Ocean Optics software to record the absorption spectrum of the
targeted compound, (PPh 3 ) 2 PdCl 2 . A 10 mL heterogeneous mixture of the targeted
species of known concentration (7.5 x 10-5 M) and modified PS-bead (10 mg) was
subjected to UV irradiation while stirring for 3 minutes. The mixture was allowed to
settle, and the decrease in maximum absorption of the targeted species was recorded.
Beer’s law was used to calculate the change in concentration of the targeted species in the
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presence of modified bead. The experiment was conducted in triplicate with the average
being calculated and reported.
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Chapter 5
CONCLUSION AND OUTLOOK
Conclusion
The work described in this dissertation focused on the synthesis and
characterization of biphotochromic systems based on spirooxazine for selective
recognition as the premise for stimuli responsive materials. Chapter 2 examined the
synthesis and photochromic properties of a spiro-phenanthro-oxazine dimer, SPOD,
which demonstrated a binding affinity towards (PPh 3 ) 2 PdCl 2 . However, data from
thermal bleaching illustrated a considerable solvent dependency, which limited
applicability. In chapter 3, an improvement of the biphotochromic system was attempted
by replacing the phenanthro-oxazine with naphtho-oxazine as a means to create
molecules having environmentally independent optical properties. Deemed valuable due
to relatively stable values of thermal closing and improved fatigue resistance,
incorporation of the spiro-naphtho-oxazine dimer, Deba-SNOD onto polymer materials
was performed. Chapter 4 summarized the conjugation of the dimer to two polymeric
substrates, monomethoxy-poly(ethylene glycol) (PEG) and polystyrene beads, which
demonstrated photo-controlled retention and release of a targeted species.
The results of this work demonstrated promise for the use of spirooxazine dimers for
photo-responsive materials. One of the main conclusions of this research is that the
strategies discussed are only a facet of the design and development of spirooxazine based
materials. Important aspects of designing these materials involve strategically
establishing synthetic methods that yield shape specific biphotochromes that demonstrate
photo-isomerization in a variety of matrices as well as selective binding capabilities.

94

Each dimer discussed in this work, has its own unique properties that can be further
developed. One such aspect, in particular, is the development of tunable spiro-naphthooxazine. By adding substituents onto the photochromic moiety, the photochromic
properties can be influenced by the electronic effect exerted by either an electron
donating or withdrawing group. Exploring the ability to manipulate and fine tune
photochromic behavior would be a fascinating prospect for further study.
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NMR spectra of compound s synthesis in Chapter 2
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Appendix B
NMR spectra of compounds synthesis in Chapter 3
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Appendix C
NMR spectra of compounds synthesis in Chapter 4
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