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Hexahomotriaza-p-chlorocalix[3]arene (L1) was successfully by synthesized and
functionalized to provide two novel heteroditopic sensors. From complexation studies, the
hexahomotriaza-p-chlorocalix[3]arene could be used as a selective chromogenic sensor
for F and H;PO4. The partial-cone hexahomotriaza-p-chlorocalix[3]-trinaphthylamide
(L2) synthesized from both cone and partial cone triester derivatives exhibited a selective
fluorescent sensor for Cd**, Pb?" and F. Hexahomotriaza-p-chlorocalix[3]-cryptand (L3)
which is fixed in cone conformation and possesses a close well-defined cavity showed a
high selectivity for CI° ion. Tuning this ligand by complexing with Zn®* on
hexahomotriaza-p-chlorocalix[3]arene framework, its anion binding selectivity changed
to Br ion. Moreover, a new class of chemosensor recognition elements based on
conjugated polymer network ultra-thin films from electrochemical cross-linking of
hexahomotriaza-p-chlorocalix[3jarenc-carbazole (L4) was successfully realized. Its
demonstrated high selectivity and sensitivity towards Zn** was observed.

A self-assembly between polyamidoamine (PAMAM) dendrimer and dendron
surfmers (GoCOOH, G;COOH and G,COOH) was prepared through an efficient
supramolecular interaction. The electrochemical cross-linking of dendrimer complexes
(PAMAM-G;COOH) provided thin films which have a ring-like or donut structure most
likely composed of thet PAMAM-core and dendron-carbazole shell. In addition, n-
conjugated dendrimer-protected gold nanoparticles in a stable colloidal form have been
successfully prepared ‘via simultaneous reduction of AuCly with terthiophene (PT) and
carbazole (PC) peripheral functionalized PAMAM dendrimers.
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CHAPTER I

INTRODUCTION AND BACKGROUND

1.1 Introduction of calixarene and azacalixarene

In supramolecular chemistry, a wide variety of macrocyclic receptors are able to
recognize or selectively interact with neutral, anionic and cationic species to form host-
guest complexes which are extremely important in chemistry. Recognition is related to
selective host-guest receptors and is strongly dependent on the host-guest intermolecular
interactions. The one family of model systems in supramolecular host-guest chemistry is

calix[n]arenes [1,2,3].

1.1.1 Calixarenes

1.1.1.1 History of calixarenes

The calixarenes, generally having the structure shown in Figure 1.1, were
discovered by Zinke in the 1940s [4] and fully interpreted by Gutsche in the 1970s [5].
Gutsche was also the first person who drew an attention to the potential use of these
cyclic oligomers as the molecular receptors or the enzyme mimics. In 1978, Gutsche
proposed that these cyclic oligomers were known collectively as “calixarenes” [4].
Derived from the Greek word calix meaning vase, and arene indicating the presence of
aromatic rings, calixarenes have been synthesized in a number of sizes. A bracketed
number positions between calix and arene indicates the number of phenolic units linked
to each other by the methylene bridges to form the cavity of the molecule. A substitution
on the aromatic rings is specified by the appropriate prefixes. The naming scheme is

illustrated-in Figure 1.1.

1.1.1.2 Nomenclature of calixarenes

The calixarene descriptor is taken to designate only the basic macrocyclic

framework. A bracketed number specifies the number of aromatic rings. The substituents



on the upper (wider, usually located on the top) and lower (narrower) rims (see Figure

1.1) are designated as prefixes along with an appropriate numbering [6].

R R R R R «—= uUpperrim

/ .
O I—P I-P q_' OH <= Lower rim

R =H, alkyl, etc
n =4-8

Figure 1.1 General structure of calixarene.

The cyclic tetramer derived from p-tert-butylphenol and formaldehyde is named
p-tert-butylcalix[4]-arene, or 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,26,27,28-
tetrahydroxycalix[4]arene. According to the IUPAC system of nomenclature, the name is
pentacyclo-[19.3.1.137.1%% 1">*]octacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,2
3-dodecaene-25,26,27,28-ttrol-5,11,17,23-tetrakis(1,1-dimethylethyl).

1.1.1.3 Conformations of calix[4]arenes

The solid-state structure of p-tert-butylcalix[4]arene adopts a vase-like
arrangement called the *“cone” conformation. In this conformation, all four phenolic
groups point to the same direction. As shown in Figure 1.2, the region where the p-tert-
butyl groups locate is called the “upper rim” or “wide rim” and the region where the four
hydroxy! groups lie is called the “lower rim” or “narrow rim”. A rotation of the p-tert-
butyl groups passing through the upper rim is prohibited in calix[4]arenes, but it is
possible in the calixarenes with larger rings. However, a rotation of the hydroxyl group
through the lower rim is permitted, which results in three other conformations: partial-
cone, 1,2-alternate and 1,3-alternate. In the solid state, the cone conformer is the only
form, stabilized by intramolecular hydrogen bonding. In a solution, however, the four
conformations are interchangeable. The interconversion is slow at low temperatures and
rapid at high temperatures, as evidenced by NMR spectroscopy. The different
conformations of calix[4]arenes originate from lower rim rotation. When the size of the
OR group becomes larger, such rotation becomes impossible, giving four

conformationally rigid isomers. The attachments of the groups with different sizes to the



hydroxyl groups were performed and the mobility of the calix[4]arenes was studied. It
was found that the tetramethyl [7,8], tetraethyl [8] and tetrakis(cyanomethyl) ethers [9] of
calix[4]arene are all conformationally mobile, while the tetrapropyl ether [8] is
conformationally rigid even at elevated temperatures. Therefore, O-substituted groups
larger than the ethyl group will lock the conformation of a calix[4]arenes into four
steroisomers. Another interesting phenomenon is that partially etherified calix[4]arenes
are less flexible than the corresponding fully etherified calix[4]arenes. This is attributed
to the existence of intramolecular hydrogen bonding, which stabilizes the cone

conformation.

5ry///P

Upperrim R RR R Upperrim

Jj\ rotation
D)

\MTT
/O OO0 O
Lowerrim |  f \H Yy Lower rim
rotation

1,2-Alternate 1,3-Alternate

Figure 1.2 Four interchangeable conformations of p-tert-butylcalix[4]arene.

1.1.1.4 Complexation of metal ions by calix[4]arenes

Early studies showed that p-tert-butylcalix[4]arene exhibited no metal ion
transport ability in a neutral solution. In a solution of the metal hydroxide, however, the
transport behavior was greatly enhanced [10]. Among all the cations investigated, the
calix[4]arene preferably transported Cs*. During the complexation process, the

calix[4]arene is deprotonated first, followed by the complexation with a cation to form a



neutral complex that remains in the organic phase. It can be confirmed by a dimer
formation in reaction of calix[4]arene with SiCl, [11] and TiCl, [12] in the NaH in THF
as demonstrated in Figure 1.3. To further understand the limited properties of calixarene,
the researchers try to increase the interaction between calixarene and cation by
incorporated heteroatom instant methylene bridges. As we know in the name of

“heteroatom-bridged calixarenes”.

1.1 1.2
a. M1=M2=Si
b:M]_:Si, MzzTi

Figure 1.3 Complexation of calix[4]arene with metal lead to double calix[4]arene in the

present of NaH as base.

1.1.2 Heteroatom-bridged calixarenes

The names of “heteroatom-bridged calixarenes” are currently used to indicate in a
specific manner. The calixarene analogues in which CH, groups are completely replaced
by a heteroatom such as oxygen, sulfur and nitrogen are called
hexahomotrioxacalixarenes or oxacalixarenes (1.3) [13], hexahomotrithiacalixarenes or
thiacalixarenes (1.4) [14] and hexahomotriazacalixarenes or azacalixarenes (1.5) [15],
respectively. In recent years, these calixarene analogues have been synthesized as part of
a class of compounds called expanded calixarenes. From the structural point of view,

hexahomooxacalix[3]arene and hexahomothiacalix[3]arene have similar size to that of



the 18-crown-6 but, for the topological one, they provide 3-D cavity, which can better

envelop the substrates.
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oxacalix[3]arene (1.3) thiacalix[3]arene (1.4) azacalix[3]arene (1.5)

Figure 1.4 Structures of heteroatom-bridged calixarene.

It is well known that more coordinating sites give more complexation stability.
Therefore, scientists replace oxygen and sulfur atoms on 1.3 and 1.4 by nitrogen atoms to
attach more binding sites affording hexahomoazacalix[3]arenes (1.5) Furthermore, the
structure of azacalix[3]arenes (1.5) can be modified at not only the upper-rim (R) and
lower-rim (R”), but also within the macrocycle cup at the inner-rim (R’). So, this
molecular platform is interesting to be developed for a selective sensor for anions, cations

and/or organic molecules.

1.1.3 Hexahomotriazacalix[3]arenes or azacalix[3]arenes

Although the literature on azacalix[3]arenes is sparser than that on
oxacalix[3]arenes, their chemistry is in principle even richer. Both the reactivity of the
amino groups and the interaction of the substituents on the side arms with those on the
upper and on the lower rim should be considered. The azacalix[3]arene can be

synthesized by one-pot and stepwise methods.

1.1.3.1 One-pot synthesis of azacalix[3]arenes

Azacalix[3]arenes can be easily synthesized by heating bis(hydroxymethyl)phenol
derivatives and benzylamine in refluxing toluene or xylene for 3 days [16]. The desired
cyclic compounds are obtained selectively in moderate to high yields. The choice of non-

polar solvents is essential in this reaction because the template effect by OH- - -OH and



OH- - N hydrogen bonds play an important role in the cyclization [16a]. Thus, the high
dilution technique is not required in this reaction. Several reports support this
phenomenon; i.e., a phenol cyclic trimer was observed in supersonic jets [17]. Generally,
condensation reaction between alcohol and amine require drastic reaction conditions and
catalysts [18]. However, in the case of hydroxymethylphenols, C-N bond formation
occurs under a relatively mild condition. The reaction is not a simple dehydration
reaction but seems to be a kind of Mannich reaction via quinonemethides as shown in
Scheme 1.1. This is because of that an absence of the phenolic OH group allows no
reaction; i.e., 1,3-bis(hydroxymethyl)-5-tert-butylbenzene and benzylamine do not react

at all under similar conditions.

H
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Tautomerization
R
H
N-R
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Scheme 1.1 Reaction of hydroxyphenol derivatives with amines.
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For example, Takemura and coworkers [19,16b] first reported the divergent
synthesis of azacalix[3]arene (1.6 and 1.7) by azeotropic refluxing of 2,6-

bis(hydroxymethyl)phenol in the presence of a primary amine in toluene.
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Several years later, Hampton and coworkers [20] developed an alternative
approach to the azacalix[3]arenes (1.8) which is compatible with volatile amines that
involves a cyclooligomerization reaction between 2,6-bis(chloromethyl)-4-methylphenol
and glycine methyl ester hydrochloride in dimethylformamide (DMF) under high-dilution
condition in the presence of potassium carbonate.

The receptor 1.8 exhibits a cone-shape in the solid state with all three of its ester
functional groups surrounding the cavity of the macrocycle. Although the macrocycle
possesses a well defined pocket for inclusion chemistry, it does not extract alkali metal
picrates because of the intramolecular hydrogen bonding which prevents both the

phenolic oxygens and amines from participation in molecular recognition processes.

R
R' . .
Hepy al K2CO3 inseparable mixture of
H® — >  azacalix[3]arene and azacalic[4]arene
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Moreover, the condensation of aminomethyl-chloromethyl monomer 1.9 and
cyclization of the aminomethyl-salicylaldehyde 1.10 were used as starting materials to



synthesize azacalix[3]arene [21]. Both of them have demonstrated a separation problem.
The inseparable mixtures of azacalix[3]arene and azacalix[4]arene macrocycles were
observed when monomer 1.9 was used. Similar results were obtained with a cyclization
of 1.10. Separation of the imine-linked macrocycles was not possible due to the ability of
the azacalix[n]arenes (n=3, 4) exhibited too similar of chromatographic property to

separate the mixture.

1.1.3.2 Stepwise synthesis of azacalix[3]arenes

In 2000, Hampton and coworkers [22] described a new selective convergent
synthesis of azacalix[3]arenes (1.13a-e). The key transformation in this synthesis
involves the coupling of the triamines with 2,6-bis-(chloromethyl)-4-methylphenol. This
condensation proceeds in an exceptionally high yield (~95%) and without the formation
of other macrocyclic products, i.e. the azacalix[4]arene. The desired 1.13a-e were
obtained in overall yield ~57%. Deprotection of azacalix[3]arene 1.13c to from the N-

unsubstituted azacalix[3]arene 1.13e has been accomplished under palladium catalyzed

conditions.
OH OH Me
RHN N NHR
R 1.13a: R=CH,Ph
K.CO R. R 1.13b: R=(S)-CH(CH3)Ph
Me . M3 N N Oy N 1.13¢c: R=CH,CH=CH,
DMF. 25°C ! 1.13d: R:CHch(CH3)2
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N
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Moreover, the azacalix[3]arene 1.14 [23a] can be synthesized by using this
method instead of the previous one. The acyclic intermediate was synthesized first, after

that it was cyclized by refluxing in xylene for 72 hours to get the azacalix[3]arene.
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1.1.4 Complexation of metal ions by azacalix[3]arenes

The azacalix[3]arene macrocycles have the potential of binding trivalent metal
ions as neutral (HsL) and trianionic (L*) ligands; complexes of both types have been
observed depending on the reaction conditions. The reaction of macrocycle 1.8 with a
stoichiometric amount of MX3 (M=Sc, Y, La; X=Cl, OTf) resulted in the formation of
M(HsL)X3 complexes. The metal bound to the three phenolic oxygen atoms and the three
ring nitrogen atoms were protonated resulting in a metal complex of an overall neutral
ligand (HsL) [20]. This was supported by *H-NMR spectrum of complex which indicated

an N-H signal coupling with the adjacent methylene protons.

Figure 1.5 View of the complex molecule in p-chloro-N-benzylhexahomotri-
azacalix[3]arene with (a) Nd*', and (b) UO,?* which are shown hydrogen bonds in
dashed lines, protons of the ammonium groups represented as small spheres of arbitrary
radii [23].

Thuéry and coworkers [23] prepared Nd**, UO*, and Yb** complexes of

azacalixarenes (1.14) without using any bases and succeeded in obtaining complexes
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suitable for crystallographic analyses (Figure 1.5). Interestingly, in the crystal structures,
OH protons are not located on the oxygen atoms but are transferred to nitrogen atoms and
form intramolecular zwitter-ionic structures. The metal ions are placed out of the plane of
the O- - \NH". - -O- - - linkage: this is ascribed to the NH"- - -M" repulsion. A review by
Thuéry and coworkers [2] described the complexes of f-element ions of oxa- and
azacalixarenes. Furthermore, alkali and alkyl ammonium ions can be extracted by these
macrocycles. Macrocycle 1.15 was prepared by O-methylation of 1.14. Picrate extraction
studies indicated no detectable extraction of alkaline metal ion, NH,", or PrNH3" picrates
by azacalix[3]arene 1.14. Under identical condition, the O-methylated 1.15 exhibits a
greater extraction ability than 1.14 does which is likely due to the removal of

intramolecular hydrogen bonding and the enhanced donor ability of the ether groups.
H H H CHs cH
1 lodomethane -
oes AN
NaH, THF/DMF
O Cl O Cl
Cl cl Cl Cl
1.15

The inner rim was modified by Takemura and coworkers [16] and it extracted
UO," efficiently even in the presence of a high concentration of NaCl. This ligand proved
to be a weak complexant with a remarkable K* selectivity while the analogue with 2-
picolyl substitution (1.7) in the side arm was much more effective in alkali metal ion
complexation but the selectivity was very poor because of the flexibility of the picolyl
side arms [16D].
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1.2 Introduction of carbazole, thiophene, oligothiophenes, dendrimers, and their
applications
1.2.1 General aspects of conducting polymers
Most polymers, either natural or synthetic, are traditionally associated with

insulating properties. Therefore, they have been widely used as insulators of metallic
conductors, packaging materials, and photoresists in the electronics industry. Since the
unexpected discovery in 1977 that doping of polyacetylene resulted in increased
conductivity by 11 orders of magnitude [24,25], conjugated polymers have been
proclaimed as futuristic new materials that will lead to the next generation of electronic
and optical devices. This “conducting polymer” field is deemed especially exciting
because it evolves at the boundary between chemistry and condensed matter physics. It
also creates a number of opportunities to address questions in quantum chemistry and the
fundamental understanding of n-bonded macromolecules. Although the initial emphasis
was on the conduction properties of these “synthetic metals” obtained through doping of
conjugated polymers, the past two decades have focused on the study of soluble and
intrinsically semiconducting polymers. During the past 29 years, many novel materials
have been designed, synthesized, and developed for their specific physical or chemical
properties. Some have even been implemented in working devices in the marketplace.

The discovery of highly conducting polyacetylene in 1977 prompts the synthesis
of other polymers with conjugated r-systems such as poly (p-phenylene) (PPP), poly(p-
phenylenevinylene) (PPV), polythiophene (PT), polycarbazole (PCBz), polypyrrole
(PPy), and polyaniline (PANI). Their chemical structures are shown in Figure 1.6. The
major drawback to these materials is_that they are intractable because of their limited
solubility. However, there is still great interest in these materials from a theoretical
perspective and scientists would eventually overcome the solubility problem through
molecular design. - Two major- approaches involved are direct functionalization of the
polymer backbone with solubilizing alkyl groups and the creation of a “doped complex”
with other soluble polymers. Using the “complex” strategy, the Bayer Corporation
developed the first commercially successful conducting polymer, Baytron P, in 1988. It

consists of a complex of poly(3,4-ethylenedioxythiophene) (PEDOT) and polystyrene
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sulfonate (PSS) and has found applications in antistatic coatings, batteries, and “smart”

windows [26].

1.16 (PA) 1.17 (PPP) 1.18 (PPV) 1.19 (PT) 1.20 (PPy)
9y ® Oy
n H g n

1.21 (PF) 1.22 (PCbz) 1.23 (PANI)

Figure 1.6 Chemical structures of (1.16) trans-polyacetylene (PA); (1.17) poly(p-
phenylene) (PPP); (1.18) poly(p-phenylene vinylene) (PPV); (1.19) polythiophene (PT);
(1.20) polypyrrole (PPy); (1.21) polyfluorene (PF); (1.22) polycarbazole (PCbz); (1.23)
polyaniline (PANI).

In the undoped, or pristine state, the bandgap of conjugated polymers, which is
defined by the energy difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), falls in the
semiconductor regime. They become conductive in their doped state, which can be
achieved either chemically or electrochemically. -~ Upon-doping, the electrochemical
potential (Fermi level) is moved either by a redox reaction or by an acid-base reaction
into a region of energy where there is a_high density of electronic states. Charge
neutrality 'in the material 'is' maintained by the addition of ‘counterions. In this sense,
metallic polymers can be considered as salts. Their electrical conductivity results from
the existence of charge carriers through doping and from the ability of the charge carriers
to move freely along the z-system. Since every monomeric repeat unit is a potential

redox site, conjugated polymers can be doped to charge carriers of high density [27].
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About the time that the scientific community began to accept the concept of
organic conductors, the Cambridge group, in 1990, reported emission of light from a
plastic sandwich that was connected to a battery [28]. The discovery of
electroluminescence (EL), i.e., the emission of light upon excitation by flow of electric
current in conjugated polymers, has provided a new incentive for the development of
polymer light-emitting diodes (PLEDs) for display technologies. Other applications,
such as field-effect transistors and organic solar cells were soon to follow. This
discovery provided a stimulus for a major push into a new, emerging field called “organic
electronics”. This field has become extremely popular in the scientific community,
involving hundreds of research groups and millions of dollars in funding by

governmental and industrial sources.

1.2.2 Polycarbazole

The beginning of the first wave dates back to the sixth decade of the last century.
A lot of interest in these polymers was caused by the discovery of photoconductivity in
poly(N-vinylcarbazole) (PVK) by H. Hoegl [29]. In 1957, he has established that PVK
sensitized with suitable electron acceptors showed high enough levels of
photoconductivity to be useful in practical applications like electrophotography. As a
result of the following activities, IBM introduced its Copier | series in 1970, in which an
organic photoconductor, the charge transfer complex of PVK with 24,7-
trinitrofluorenone (TNF), was used for the first time [30]. The photoconductor was a 13
um single-layer device. It was prepared by casting a tetrahydrofuran solution containing
PVK and TNF onto an aluminium substrate [31]. Since then numerous carbazole-
containing polymers have been described in scientific literature and especially as patents.
The ongoing peak of interest in carbazole-containing polymers is connected mostly with
the discovery of polymeric light emitting diodes [28] and organic photorefractive
materials [32]. In the recent investigations of organic electroluminescent devices and
photorefractive materials an important role belongs to the carbazole-containing polymers.
Apart from electrophotographic photoreceptors [33], light-emitting diodes, and
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photorefractive materials carbazole-containing polymers are studied as the components of
photovoltaic devices [34]. These fields of the present and potential application of
carbazole-containing polymers can be named smart material. In all these fields of
application photoconductive properties of carbazole-containing polymers or their ability

to transport positive charges (holes) are exploited.

Carbazole-based compounds are attractive as photoconductors or charge-

transporting materials from the following reasons:
(1) Carbazolyl groups easily forms relatively stable radical cations (holes);

(2) Some carbazole-containing compounds exhibit relatively high charge carrier

mobility;
(3) Different substituents can be easily introduced into the carbazole ring;

(4) Carbazole-containing compounds exhibit high thermal and photochemical

stability;
(5) Carbazole is a cheap raw material readily available from coal-tar distillation.

Few reviews only have been published exclusively on carbazole-containing
polymers. Synthesis and properties of PVK and some other carbazole-containing
polymers are described in previous work [35]. Vinylcarbazole polymers have been
reviewed by Pearson [36]. Different classes of carbazole-based polymers are described in
a review article of Biswas and Das [37]. Since carbazole-containing polymers constitute
an important part of photoconductive ‘polymers much attention-is paid to the carbazole-
based compounds in the studies reviewing photoconductive polymers and organic
photoreceptors-[38].. Most of -the above mentioned books and the review: articles were
published ten or more years ago. During this time a lot of developments have been
observed in the field of carbazole-containing polymers which is a new class of

amorphous, film-forming photoconductive and charge-transporting materials.
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1.2.3 Polythiophenes

Among conducting polymers, polythiophenes have become the most frequently
investigated because their conductivity is mostly unaffected by substituents [39]. In
addition, polythiophenes are some of the most environmentally and thermally stable
materials. As an important representative class of conjugated polymers, polythiophenes
can be used as electrical conductors, non-linear optical devices, polymer LEDs,
transistors, electrochromic windows, photoresists, antistatic coatings, sensors, batteries,
electromagnetic shielding materials, artificial noses and muscles, solar cell, electrodes,
microwave absorbing materials, new types of memory devices, batteries, nanoswitches,
nanoelectronics, and optical devices [40,41].

Polythiophenes (PT) can be generally viewed as conjugated chains consisting of
sp°py-carbon atoms that have the analogous structure to a cis-poly(acetylene) (PA) chain
stabilized by the bridging sulfur atom. The ability of a conjugated system to transduce
electronic effects depends on the amount of delocalization of charge carriers, which are
created along the molecular chain due to optical or electronic excitation. This charge
delocalization can be represented by resonance structures. In the case of conjugated
systems, an aromatic and a quinoid structure can be drawn as shown in Figure 1.7.

Among the conjugated chains, resonance is most pronounced for polyenes due to
the energetic equivalency of the resonance forms. Polyenes have a degenerate ground
state. Because of the reduced conjugation between moieties, this is not the case for other
aromatic or heteroaromatic m-systems. The reduced conjugation is either caused by
decreased aromaticity and/or the reduced planarity due to the steric hindrance of o-
hydrogen atoms-and/or substituents. Therefore, in the case of aromatic systems, the
quinoidal resonance form is only of minor consequence and leads to a non-degenerate
ground state [42]. In comparison to PA, polythiophenes provide several interesting
features, such as (a) higher environmental stability, (b) structural versatility that allows
for the modulation of electronic and solubility properties by attaching appropriate side
groups to the thiophene monomers, and (c) a non-degenerate ground state related to the
non-energetic equivalence of the two limiting mesomeric forms (aromatic and quinoid) of
PT.
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Figure 1.7 Resonance structures of PA, PPP, and PT that show the difference in the two

mesomeric forms (aromatic and quinoid) that define the lowest energy states.

1.2.4 Oligothiophenes

Although the optical and electronic properties of polythiophenes can be tuned by
the substituents on the backbone to a certain extent, precise predictions about
indisputable structure/property relationships are not possible. The physical properties of
polythiophenes cannot be correlated directly to the structural parameters. Due to
statistical chain' length distribution -and- interruption- of. the conjugated chain by
mislinkages and other defects (such as sp® defects), polythiophenes lack a rigidly defined
structural principle.

The study of well-defined oligothiophenes is therefore useful to gain insight into
structural and electronic peculiarities of the corresponding polythiophenes.
Oligothiophenes serve as excellent models for polydispersed polythiophenes. They often
provide specific information concerning the solution, electronic, photonic, thermal, and

morphological properties of their higher homologues: polythiophenes. Moreover, they
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serve as useful models for interpreting structural and conformational properties of
polythiophenes.

The study of defined oligomers also provides useful information to improve
strategies for the development of novel materials. Some of their physical properties even
surpass those of the polythiophenes. For example, an all-a-linked sexithiophene has been
successfully used for organic field-effect transistor [43]. The mobility of the charge
carriers and the transistor characteristics are superior to those of an analogous
polythiophene transistor and even approach those of silicon transistors. Oligothiophenes
are now widely considered as a valuable route towards understanding the intrinsic
properties of polythiophenes from both experimental and theoretical perspectives [44].

The oligomer approach to the investigation of properties of conjugated
polythiophenes offers several key advantages:

(1) The starting material has a well-defined molecular composition;

(2) It can be purified by high vacuum sublimation and/or (if solubility permits) by
recrystallization;

(3) It can be processed as a thin film by sublimation in ultra high-vacuum in the
absence of both solvents and contaminants;

(4) These films, if made with exceptional purity, allow for a comparison of film and
single-crystal properties, which is useful for determining the correlation between
molecular ordering and intrinsic response;

(5) The ability to grow large single crystals from the vapor phase have allowed the
preparation of single crystal devices that allow for the study of intrinsic properties
of conjugated materials, such as.conductivity or polarized emission along
different crystal planes.

1.2.5 Synthesis of oligothiophenes

It is interesting to note that the initial driving force for the synthesis of
oligothiophenes was their potential use as biologically active compounds. Many bi- and
terthiophene derivatives exhibit biological activities such as phototoxicity against

microorganisms [45,46] , or antibiotic and antiviral properties in the presence of UV light
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[47,48]. The second and major motivation is related to their use as materials for
electronic device applications. As early as 1974, Kuhn and co-work [49] described
photocurrent measurements on LB films of a-quinquethiophene (a-5T). But the
discovery in 1988 of the charge- transport properties of a-sexithiophene (a-6T) is the
true starting point for this second generation of oligothiophenes [50,51].

For the synthesis of oligothiophenes, one of the most useful procedures in the
formation of C-C o-bonds is the metal-promoted coupling reaction of organic halides.
The reactions of active organometallic agents, such as organolithium or
organomagnesium reagents with salts of transition metals, are briefly described below.
These reactions have a great disadvantage in that they require at least stoichiometric
amounts of transition metals, and have been replaced by more effective, purely catalytic
low-valent transition metal-catalyzed methods. A brief description of some of the most

relevant methods is given below.

1.2.5.1 Copper(l1)-mediated oxidative coupling

The oxidative coupling reaction was done by using organolithium compounds
coupling with cupric chloride [52] that the reaction yields were drastically improved,
reaching ~85% for bithiophene.

1.2.5.2 Nickel-catalyzed kumada cross coupling reactions

Kumada published an extensive report in 1982 describing the Grignard cross-
coupling reactions with heterocyclic compounds, including thiophene and pyridine
derivatives [53]. By adding a Grignard solution to a mixture of the organic halide and
catalytic amounts of nickel-complexes (0.1 — 1 mol %) in ether solution, the reaction

proceeds under mild conditions and gives a coupling product in high yield. Since then,
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the “Kumada coupling” has become the most frequently used method in the synthesis of

various types of oligothiophenes.
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1.2.5.3 “Stille coupling” reactions

The palladium-catalyzed coupling of organotin compounds has become one of the
two most general and selective cross-coupling reactions in organic chemistry [54]. A
general mechanistic representation is involving three major steps: (1) oxidative addition,

(2) transmetalation, and (3) reductive elimination.
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1.2.5.4 Suzuki coupling reactions

The second of the two most general selective cross-coupling reactions in organic
chemistry is the palladium-catalyzed cross-coupling of an aromatic diboron derivative
with a vinyl- or aryl-dihalide (or triflate) in the presence of base. It is the so-called

Suzuki (or Suzuki-Miyaura) cross coupling reaction [55]. One advantage of this reaction
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over Stille coupling is that it uses boronic acids or esters, which are much safer than the

aforementioned stannates.

Pd(PPhj) S
QB(OH)2+ Br/Q\Br o \ / ST \
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1.2.6 Dendrimers

Dendrimer is derived from the Greek words dendron (tree) and meros (part).
Dendrimers are highly branched, perfect monodispersed, three-dimensional (3D), tree-
like macromolecules. They are synthesized by an iterative sequence of reaction steps, in
which each additional iteration, leads to a higher generation material. VVogtle [56] first
reported an iterative synthetic procedure toward well-defined branched structures.
However, it was Tomalia’s PAMAM dendrimers [57,58] and Newkome’s “arborol”
systems [59] that made dendrimers receive world-wide attention. Besides these two
dendrimers, poly(propylene imine) [60,61], Fréchet type polybenzylether [62] and
Moore’s phenylacetylene dendrimers [63,64] are the five classes of most well-studied and
well-known dendrimers. Additionally, many other types of interesting, valuable, and
aesthetically appealing dendritic systems have been developed [65], and thus, various
dendritic scaffolds have been accessible with defined nanoscopic dimensions and discrete
numbers of functional end- groups.

Compared with classical linear polymers, dendrimers have three distinguishing
architecture components, namely (&) an initiator or connecting core, (b) interior layers
called “generations” (denoted by the letter G) consist of repeating units radially attached
to the initiator core, and (c) a layer of terminal groups attached to the outermost
branching units.

Due to these three architectural components, dendrimers have at least three
characteristic features in sharp contrast to those of classical linear polymers:

(1) A dendrimer can be isolated as an essentially monodispersed compound,;
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(2) As their molecular weight increases, the physicochemical properties are
dominated by the nature of the end groups;

(3) Dendritic growth is mathematically limited. Dendrimer size increases linearly and
the number of surface functional groups increases exponentially with generation
number. Therefore, dendrimers adopt a more globular conformation as generation
increases. At a certain generation a steric limit to regular growth, known as the De
Gennes dense packing [66] is reached.

1.2.7 Synthesis of dendrimers
Dendrimers are generally synthesized by two complementary approaches, the
divergent [67] and the convergent [67.68]. Figure 1.8 shows the basic concept of these

two approaches [69]. Both approaches have advantages and disadvantages.

1.2.7.1 Divergent approach

The divergent approach starts growth of the dendrimer at the core and continues
outward by the repetition of coupling and activation steps. The number of reactions at the
periphery increases exponentially as the dendrimer grows from one generation to the next
higher generation. Therefore, an excess of reagent is required to drive both reactions to
completion. This approach is ideal for the preparation of large quantities of higher-
generation dendrimers, but the dendrimers thus produced always have defects because of

the difficulties in driving exponentially increased numbers of reactions to completion.

1.2.7.2 Convergent approach

The convergent method initiates growth from the exterior of the dendron and
continues inward by the repetition of coupling and activation steps. Although it also uses
an iterative synthesis, the convergent approach is different from its divergent counterpart
in that it involves only a small number of reactions per molecule during the coupling and

activation steps. The convergent approach will generate fewer defects in dendrimers, but
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it is typically limited to lower generations of dendrimers. The convergent synthesis,
however, has the advantage of allowing precise control of functionality at specific
locations of the dendrimer. It also can produce various novel architectures through
attachment of dendritic branches to other molecules. The final step is the coupling of

these dendrons to a central core.
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Figure 1.8 Dendrimers are generally synthesized by two complementary approaches (a)

Divergent approach, and (b) Convergent approach [69].
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1.2.8 Functional dendrimers and their applications

Since the Tomalia [57] and Newkome [59] reported on dendrimers, research on
dendrimers has mainly focused on the preparation and characterization of fundamentally
new dendrimer skeletons. Due to the wealth of already well-established dendrimers, the
interest in this field of chemistry has gradually shifted to research in specific functions
and particular applications for dendrimers. The high density of terminal functional groups
in higher generation dendrimers offers a larger number of reactive sites for potential
applications in the field of catalysis, light-harvesting systems, supramolecular chemistry,
and medicinal chemistry. Since this dissertation involves dendrimers with potential
applications in catalysis, light-harvesting, and supramolecular assembly, the next section

provides a brief review In these three areas and related theories.

1.2.8.1 Transition metal catalysis using functional dendrimers

Transition metal catalysis based on functional dendrimers is one of the promising
applications of dendrimers [70]. The ideal catalyst should be highly active and selective
under mild conditions. It should be stable and can be separated from the product using a
relatively simple process. Right from the start, the regular monodispersed structure and
tree-like topology of dendrimers inspired chemists to design dendrimers with peripheral
catalytic sites as soluble supported catalysts. Dendrimers have nanoscopic dimensions
and can be molecularly dissolved. These features make dendrimers suitable to close the
gap between homo- and heterogeneous catalysis. Since heterogeneous systems generally
contain at least 10* active sites per conglomerated particle, it is fair to say that the class
of dendritic catalysts containing at-most 1000 active sites Is closer to the monomeric
homogeneous systems. Therefore, functional dendrimers potentially-can combine the
advantages of both homogeneous and heterogeneous. catalytic systems. Moreover, their
globular architecture makes them more suitable for recycling than soluble polymer-
supported catalysis. In principle, catalytically active transition metals can be attached to

either the periphery or the core (Figure 1.9).
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Figure 1.9 Catalytically active transition metal complexes can be attached to (a) the

periphery or (b) the core [70].

a) Functional dendrimers with a catalytic core

By virtue of the dendritic architecture, transition metal cored-dendrimers can
enclose large void spaces near the core. Thus, most of the metal core is available for
catalysis. In addition, the placement of the catalytic active site at the core can result in
beneficial interactions between the substrate and the catalyst because the dendritic layer
exhibit container/scaffolding properties, helping to bring the reactants to the metal core.
Placing the catalytic group at the core of the dendrimer allows spatial control of
functionalities so that steric, photophysical, and electrochemical properties can be easily
controlled.

Brunner first reported a functional dendrimer with a pyridine-containing Schiff-
base as a Cu(l)-binding core [71].- The cyclopropanation of styrene with ethyl
diazoacetate was investigated for which almost no asymmetric induction takes place.
Many other dendrimers with a catalytic group at the core have also been synthesized and
studied [72]. For example, Oosterom and coworkers [72b] synthesized a series of
diphosphine ligands having phosphorus donor atoms in the core of a carbosilane

dendrimer (Figure 1.10) and studied their use in a palladium-catalyzed allylic alkylation.



Figure 1.10 Carbosilane dendrimers synthesized by Oosterom and coworkers [72Db].
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Figure 1.11 Nanoparticle-core dendrimers (NCDs) synthesized by Fox and coworkers.
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Gold is popular for being chemically inert and appeared for long time an
essentially useless material for catalysis. Ironically, the extremely facile Au’-catalyzed
oxidation of CO to CO, is the most striking result in Au’-catalytic chemistry [73], but
only when Au® exists as metal nanoparticles supported on suitable metal oxides. This
potential catalytic application of gold nanoparticles inspired Fox and coworkers [74] to
synthesize a series of nanoparticle-core dendrimers (NCDs, Figure 1.11). However, the

catalytic activities of these NCDs have not been reported yet.
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Figure 1.12 The carbosilane dendrimers 1.25 synthesized by VVan Koten and coworkers.
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b) Functional dendrimers with peripheral catalytic Sites

The periphery of dendrimers can be used to attach many catalytic sites on one
molecule, possibly resulting in anomalous and favorable catalytic behavior. Ford and
coworkers [75] reported the first dendrimer with 36 peripheral quaternary ammonium
ions. This dendrimer accelerates both the decarboxylation of 6-nitrobenzoisoxazole-3-
carboxylate and the hydrolysis of p-nitrophenyl diphenyl phosphate in water. Later on,
more dendrimers with peripheral catalytic sites were synthesized and their catalytic
activities were studied [76]. For example, VVan Koten and Vogt and coworkers [77a]
synthesized carbosilane dendrimers 1.25 (Figure 1.12). The palladium complexes of this
system can efficiently catalyze hydrovinylation of styrene, an important reaction since it

provides easy access to chiral building blocks for the synthesis of fine chemicals.

c¢) Transition metal nanocomposites in the dendrimer interior

Recently, a new concept of making catalytic metal nanoparticles was reported
independently by the groups of Crooks [77] and Tomalia [78]. Hydroxyl-terminated
poly(amido amine) dendrimers (PAMAM) are excellent templates for the preparation of
precise metal nanoclusters within the dendrimer interiors. Precise construction of metal
nanoparticles in the cavities of dendrimers leads to both metal cluster stability and full
control over size and size distributions. The dendrimer branches can be used as selective
gates to control access of substrates to the catalytically active encapsulated nanoparticles.
In addition, the peripheral groups can be tailored to control solubility of the
nanocomposite and used as-linkage attaching to surfaces and other polymers.

Cu®" ions have been ‘extracted iinto the interior of PAMAM dendrimers with
terminal hydroxyl groups and bound to the outermost tertiary amine groups. Chemical
reduction” leads, to" stable; soluble ' Cu® nanoclusters ‘(Figure 1.13). Pd’ and Pt°
nanoparticles were synthesized similarly. Dendrimer-encapsulated Au, Ag, Pd and Pt
nanoclusters were prepared by metal-displacement reactions with Cu. Such
intradendrimer exchange reactions are fast and quantitative. Moreover, the resulting

nanoparticles are stable and relatively monodispersed. The water-soluble nanocomposite
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G4-OH(Pd4) has a high catalytic activity for the hydrogenation of alkenes in water.
Turnover frequencies are higher than that of water-soluble polymer-bound Rh' catalysts
and comparable to PVP-stabilized Pd dispersion in water (PVP: poly(vinyl pyrrolidone)).

These dendrimer-encapsulated catalysts are sufficiently stable for recycling and reuse.

Nanoparticles

Product R1eactant
Figure 1.13 Synthesis of dendrimer-encapsulated metal nanoparticles and their

application in catalysis.

1.2.8.2 Functional dendrimers for light-harvesting applications

Besides dendrimers with efficient energy-transfer properties, there has also been
considerable effort to design dendrimers with favorable electron-transfer properties [79].
However, efforts to combine these two steps, energy transfer and charge transfer, to
mimic both preliminary events of the photosynthesis, have been more limited [80].
Figure 1.14 shows the sequence of events [81].

A donor molecule first transfers its energy to the core acceptor, which then is able
to oxidize the donor and form a charge separated state. In such a system, the donor plays
two roles: energy harvester and electron donor. Dendrimers are also interesting scaffolds

for photoinduced charge transfer from the core to the periphery. As one moves from the
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core to the periphery of the dendrimers, the number of units at least doubles with each
layer. Therefore, dendrimers could provide an entropic driving force for charge
separation from the core to the periphery. Guldi and coworkers [82] reported conjugated
phenylene vinylene-based dendrimers, in which an energy level dependent energy
transfer and/or electron transfer was achieved. In conjugated dendrimers, the backbone
serves as a vehicle for the through-bond communication both for electron and energy

transfer.

EET

N + A 4
) _’r’J{_ N - 4 N
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Figure 1.14 Cartoon of dendrimers for light harvesting.

1.2.8.3 Functional dendrimers in supramolecular chemistry

Due to their unique structural features, dendrimers offer new possibilities for
molecular recognition and self-assembly, which are two important areas in
supramolecular chemistry. Malecular “recognition  and ' self-assembly are based on
supramolecular interactions such as hydrogen bonding, hydrophobic effect, metal-ligand
coordination, 77 stacking, etc. For example, Percec and coworkers [83] reported the
self-assembly of gallic acid dendrons. The driving force of self-assembly is the

hydrophobic and fluorophobic effect. Depending on the form of the dendrons (wedge-
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shape or cone-shape), cylindrical or spherical aggregates were formed. These
supramolecular aggregates come together to form even larger structures. While the
cylindrical supramolecular structures form hexagonal columnar phases, the spherical

aggregates arrange to cubic superstructures (Figure 1.15).

Figure 1.15 Gallic acid dendrons self-assembling to supramolecular dendrimers, which

again organize themselves in thermotropic, liquid-crystalline phases.

1.3 Objectives and outline of this dissertation

The objectives of this dissertation are as follows:

(1) To design ditopic sensor in the present of azacalix[3]arene component;

(2) To explore the-applications-of azacalix[3]arene which connected to conjugated
polymer networks (CPNS) to be a sensor for real system;

(3) To expand thiophene and carbazole dendrimers chemistry by introducing
functional groups on the periphery;

(4) To study supramolecular assembly and their electropolymerization properties of
carbazole dendrons with dendrimers.
The rest of this dissertation is organized into three chapters. Chapter 2 exposes

the secret properties of azacalix[3]arene based on understanding their plate form (L1) and
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chemistry of azacalix[3]arene after modification included cone (L2) and partial-cone
(L3) conformations as well as their binding properties. To implement its application, the
preparation and the metal ion sensing of polycarbazole-ultrathin film incorporating the
hexahomotriazacalix[3]arene moiety as a neutral cation-binding receptor will be describe.

Chapter 3 composes of two parts. The first one demonstrates supramolecular
complexes of PAMAM and electropolymerizable surfmer dendrons which were prepared
resulting in nano-ring structures electrodeposited on conducting substrates. The second
part describes the functionalization of poly(amidoamine) dendrimers with thiophene and
carbazole dendrons, the preparation of dendrimer-encapsulated metal nanoparticles, and
absorption behavior of the resulting nanocomposites.

Finally, Chapter 4 provides a general summary of all the different projects and the

impact they will have on future studies.



CHAPTER Il

SYNTHESIS AND BINDING PROPERTIES OF DITOPIC RECEPTORS
BASED ON HEXAHOMOTRIAZACALIX[3]JARENE

2.1 Ditopic receptors based on hexahomotriazacalix[3]arene

2.1.1 Introduction
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Based on the concepts provided by host-guest chemistry, cations and anions
sensing have recently risen to a dominant position in research devoted to the detection
of designated species [84]. This rapid growth is derived from the realization of the
diverse roles played by cations and anions in biological and chemical systems [85].
Current effort is paid for developing supramolecular systems that simultaneously bind
both of a cation and an anion. Two strategies have been presented in literature: 1) the
so-called “dual receptor strategy’ involving a binary mixture of a cation-receptor and
an anion-receptor [86] and 2) the so-called “ditopic receptor strategy’ consisting of a
single ditopic receptor with defined cation and anion binding sites [87]. Calixarenes
and related macrocycles have received a lot of attention due to their molecular
recognition properties [6,21]. The advantages ‘of ‘azacalix[3]arene compared to
calixarene are more coordinating sites in which 3-D cavity is suitable for binding
cations [16]. Moreover, the presence of soft nitrogen atoms in azacalixarenes is
envisioned to bind soft cations such as transition metals according to the hard soft
acid and base principle (HSAB) as well as other specific features such as building
sophisticated receptors, metal ligand systems, etc. [15,16]. However, they have
received relatively little attention, mainly because they can be synthesized only in

rather low overall yields. There is no specific functionalization condition to obtain a
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specific conformation. Moreover, there have only been limited studies of the solution

conformations, solid-state structures, and complexation properties of this molecule.

2.1.2 Objectives of this research

According to the previous reports, the profound understanding on properties of
azacalix[3]arene is insufficient, despite its wide application. Therefore, this receptor is
ready for our lab to explore. Several research groups have focused on studying only
the cation binding site of azacalix[3]arenes, especially in transition metal ions. The
selectivity depends on their cavity sizes and hard-soft acid and base between cations
and nitrogen donor atoms of these compounds. Normally, when azacalix[3]arene
combined with cations the hydroxyl protons are not located on the oxygen atoms but
are transferred to nitrogen atoms and form intramolecular zwitter-ionic structures
[16]. On the other hand, they can bind with anions through hydrogen bond at the
phenol groups. This is an interesting character of this molecular platform. With this in
mind, we decide to study the complexation of L1 with anions in order to expose other
properties of azacalix[3]arene template and get an excellent anion receptor.

Previously, Hampton and coworkers [89] showed that the conformations of
azacalix[3]arenes are cone and partial cone based on NMR and X-ray single crystal
studies. Previous reports have focused on the functionalization and complexation of
the cone conformation. On the other hand, partial cone conformation has rarely been
studied which was changed both of selectivity and geometry in this template. To
further understand the properties of azacalix[3]arene in partial cone conformation, we
report a conformational selective synthesis, the X-ray crystal structures, and the
binding properties of N-benzylhexahomotriaza-p-chlorocalix[3]-trinapthylamide (L2)
towards cations and anions. This is the first time to expose complexation ability of
partial cone azacalix[3]arene.

The azacalix[3]arene is chosen to elaborate ‘a novel anion receptor due to the
fact that not only their chemistry has a high potential to be developed for anion
receptors but their structural Cs, symmetry accompanied by a hydrophobic cavity
wider than that of calix[4]arene is also able to accept large substrates. In addition, we
report the synthesis, the conformational analysis, the X-ray crystal structure and
binding properties of  cone conformation (Csy-symmetrical N7-

hexahomotriazacalix[3]-cryptand or N7-azacalix[3]-cryptand (L3)) which combines
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Csv symmetrical ‘N-benzylhexahomotriaza-p-chlorocalix[3]arene’ element and a 3-
fold symmetric ‘tren’ residue [8]. This integration results in a system that can bind
anions through a hydrogen bonding with amide groups. The inner rim of
azacaliz[3]arene was also used to complex with cation in order to tune the anion

binding property of N7-azacalix[3]-cryptand (L3).

2.1.3 Experimental section

2.1.3.1 Synthesis of heteroditopic receptors based on azacalix[3]arene

a) General procedure
al) Materials

Unless otherwise specified, the solvent and all materials were reagent grades
purchased form Fluka, BHD, Aldrich, Carlo Erba, Merck or J.T. Baker and were used
without further purification. Commercial grade solvents such as acetone,
dichloromethane, hexane, methanol and ethylacetate were purified by distillation
before used. Acetonitrile and dichloromethane for set up the reaction were dried over
calcium hydride and freshly distilled under nitrogen atmosphere prior to use.
Tetrahydrofuran was dried and distilled under nitrogen from sodium benzophenone
ketyl immediately before use.

Column chromatography was carried out on silica gel (Kieselgel 60, 0.063-
0.200 nm, Merck). Thin layer chromatography (TLC) was performed on silica gel
plates (Kieselgel 60, Fzss, 1 mm, Merck) and used to detect the compounds by the
UV-light. All manipulations were carried out under nitrogen atmosphere. For titration
experiments, dimethyl sulfoxide (DMSQO) used as solvent was spectroscan grade
(LAB-SCAN). Tetrabutylammonium hexafluorophosphate (TBAPFg, purum, Fluka)
was used as supporting electrolyte. Metal salts, used without further purification, were
as following: LiClO4, NaClO4 and KCIO,4, CoCl, (GR ACS grade, Merck), NiCl,, and
CuCl; (RPE grade, Carlo Erba), ZnCl, (purum, Fluka), CdCl,, and HgCl, (GR ACS
grade, Merck), PbCl, (purum, Riedel-de-Haén®) and Pb(NOs;); (puriss, Riedel-de-
Haén®). In quantitative determination of metal using the EDTA
(ethylenediaminetetraacetic acid) titration, reagents were used as following: EDTA
standard solution (Idranal® I11 0.10 M, for metal titration, Riedel-de-Haén®),
hexamethylenetetramine (Hexamine, analytical reagent grade, Riedel-de-Haén®),

Murexide (for complexometry, Riedel-de-Haén®), and Xylenol orange (for metal
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titration, Riedel-de-Haén®). Anion salts, used without further purification, were as
following: TBAF, TBACI (GR ACS grade, Merck), TBABr, TBAI, TBANOs;,
TBAHSO,, TBACIO,;, TBACH3;COOH and TBAPhCOOH (purum, Fluka).

a2) Instrumentations
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400
MHz spectrometer in deuterated solvents. Chemical shifts (8) are reported in parts per
million and the residual solvent peaks are used as internal standards.
Absorption spectra were measured by a Varian Cary 50 UV-vis spectrometer.
UV-vis titration spectra were measured by a Perkin Elmer Lambda 25

spectrophotometer at 25 °C.

Fluorescence spectra were recorded by Perkin Elmer SL50B fluorescence
spectrophotometer.

FT-IR spectra were obtained using a Nicolet Impact 410. KBr pellets were
prepared by first mixing the sample solutions with KBr, removing solvents under
vacuum and then pressing the KBr using a 10-ton hydraulic press.

MALDI-TOF mass spectra were recorded on a Biflex Bruker Mass
spectrometer with 2-cyano-4-hydroxycinnamic acid (CCA) or 2,5-dihydroxy-benzoic
acid (DHB) as matrix.

Elemental analysis was carried out on CHNS/O analyzer by Perkin Elmer
PE2400 series II.

b) Synthesis
bl)  Synthesis of N-chlorobenzylhexahomotriazacalix[3]-arene
(L1)

Synthesis of 4-chloro-2,6-bis(hydroxymethyl)phenol (2.1)

cl cl
1) CH,0,NaOH

'

2) AcCOOH
OH OH OH OH

2.1



36

2.1 was synthesized according to the general procedure reported by Robinson
and Hakimelahi [90].

Into a solution of p-chlorophenol (55.50 g), formaldehyde (95.40 mL) and
sodium hydroxide (21.68 g) were added. The reaction mixture was stirred for 7 — 10
days at room temperature under nitrogen atmosphere. The sodium salts of 2.1 were
isolated by removal of the solvent under reduced pressure. Acidification of the
sodium salts with acetic acid in acetone, removal of sodium acetate by filtration and
recrytalization form ethyl acetate resulted 4-chloro-2,6-bis(hydroxymethyl)phenol
(2.1) with 72% yield.

Characterization data for 2.1
IR (neat)/cm'l: 3412, 3300, 2967, 2914, 2888, 1478, 1456, 1211, 1068, 1010
'H-NMR (400 MHz, CD;0D): & (ppm) 7.14 (s, 2H, ArH), 4.72 (s, 4H, HOCH,Ar)

MALDI-TOF : m/z Calcd for [CsHsCIO3]": m/z 188.02
Found: [CsHoClO3; + H]": m/z 189.00

All spectroscopic data are consistent with those reported in the literatures [90].

p-chloro-N-benzylhexahomotriazacalix[3]arene (2.2)

Cl

cl H,N
N O.. N
|T| H
f O .0
Xylene,reflux 72 hours H

OH OH OH N

33% cl Cl
2.1 ©)Ll or2.2
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This procedure was modified from the procedure reported by Thuéry and co-
workers [23].

Into a solution of 2.1 (6.00 g, 32.52 mmol) in 100 mL of xylene, benzylamine
(3.39 g, 31.67 mmol) dissolved in 50 mL of xylene was added dropwise. The reaction
mixture was refluxed for 72 hours and the water generated was removed during the
course of the reaction with a Dean-Stark condenser. The mixture was evaporated to
dryness affording deep yellow oil. The residue was dissolved in dichloromethane (100
mL) and washed with saturated NaHCO3 (2 x 50 mL). The organic layer was dried
over anhydrous sodium sulfate and purified by column chromatography (hexane :
EtOAc =9: 1, v/v) providing 2.2 as a white solid (2.73 g, 3.50 mmol) in 33 % vyields.

Characterization data for L2 or 2.2
IR (neat)/cm'l: 3412, 3300, 2967, 2914, 2888, 1478, 1456, 1211, 1068, 1010

'H-NMR (400 MHz, CDCl3): & (ppm) 11.2 (br s, 3H, ArOH), & 7.29 (br s, 15H,
ArH), 7.01 (s, 6H, ArH) 3.69 (s, 6H, NCH,Ar), 3.64 (s, 12H, NCH,Ar)

BBC.NMR (100 MHz, CDCls): & (ppm) 155.5, 136.4, 129.6, 129.4, 128.1, 127.3,
125.0, 122.7, 58.0, 56.7

MALDI-TOF: m/z Calcd for [C45H42CIsN3Os]": m/z 777.23
Found: [CsH42ClsN303 + H]™: m/z 778.69

Elemental analysis: Anal Calcd. for C45H42CIsN3O3: C, 69.36; H, 5.43; N, 5.39
Found. C, 69.44; H, 5.49; N, 5.28

b2) Synthesis of N-benzylhexahomotriaza-p-chlorocalix-[3]-

trinapthylamide (L2)

N-benzylhexahomotriaza-p-chlorocalix[3]-tri(ethylacetate (2.3)
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Into a solution of N-benzylhexahomotriaza-p-chlorocalix[3]arene 2.2 (0.67 g,
0.85 mmol) and NaH (0.14 g, 2.99 mmol) in THF (30 mL) and DMF (10 mL) was
added with a solution of ethylbromoacetate (0.499 g, 2.99 mmol) in THF (10 mL).
After stirring for 2 days at 80 °C, the reaction mixture was evaporated, extracted with
CH,Cl, (2 x 30 mL), and washed with NaHCOj3 (2 x 30 mL). The organic layer was
dried over anhydrous Na,SOg, filtered, and evaporated to dryness by a rotary
evaporator. Column chromatography on silica gel (hexane/EtOAc = 9:1, v/v) afforded
2.3a (0.135 g, 0.130 mmol) in 21 % yield as a deep yellow oil and 2.3b in 31 % yield

as pale yellow solid.
Characterization data for 2.3a

IR (neat)/cm™: 3063, 3028,2981, 2929, 2803, 1757, 1448,1372, 1292, 1188, 1118,
1065, 1030, 879, 743, 701
'H-NMR (400.MHz, CDCls): & (ppm): 7.34-7:26-(m, 12H, ArH), 7.18 (t, 3H, Ju.
4=7.2 Hz, ArH), 6.90 (s, 6H, ArH), 4.28 (s, 6H, OCH,CO), 4.22 (q, 6H, J4.+=7.6 Hz,
OCH,CHs), 3.61 (s, 6H, NCH.Ar), 3.44 (dd, 12H, Jy.x=14.4, 7.6 Hz, NCH,Ar), 1.28
(t, 9H, Jy.4=7.2 Hz, OCH,CHs)
B3C-NMR (100 MHz, CDCls): & (ppm) 169.1, 152.3, 139.2, 133.9, 130.1, 129.0,
128.9, 128.9, 128.6, 127.3, 71.0, 62.4, 52.5, 52.1, 14.4
MALDI-TOF: m/z Calcd for [CsHgoCl3sN3Og]": m/z 1035.34

Found: [Cs7HsoClsN3Og + H]™: m/z 1036.92
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Elemental analysis: Anal Calcd. for Cs7HgCI3N3Og: C, 65.99; H, 5.83; N, 4.05
Found. C, 65.95; H, 5.71; N, 4.00

Characterization data for 2.3b

IR (neat)/cm™: v 3063, 3028, 2981, 2922, 2852, 2804, 1756, 1446, 1376, 1291, 1187,
1121, 1063, 1030, 891, 743, 700
'H-NMR (400 MHz, CDCls): & (ppm) 7.57 (d, J = 7.6 Hz, 2H, ArH), 7.31 (t, J = 7.6
Hz, 3H, ArH), 7.38-7.30 (m, 10H, ArH), 7.02 (s, 4H, ArH), 6.98 (s, 2H, ArH), 4.31
(br d, 2H, OCH,CO), 4.15 (s, 4H, OCH,CHs), 4.13 (s, 2H, OCH,CHs), 4.11 (br d, 2H,
OCH,CO0), 3.79-3.22 (m, 20H, OCH,CO and NCH,Ar ), 1.24 (m, 9H, OCH,CHj3)
MALDI-TOF: m/z Calcd for [Cs;HgoCl3N30g]": m/z 1035.34

Found: [Cs7HsoClsN30g + H]': m/z 1036.92
Elemental analysis: Anal Calcd. for Cs;HgoClsN3Og: C, 65.99; H, 5.83; N, 4.05

Found. C, 65.82; H, 5.92; N, 3.93

N-benzylhexahomotriaza-p-chlorocalix[3]-trinapthylamide (L.2)

L22 (41%)
L2 (42%)

Condition a: into a solution of 2.3a (0.14 g, 0.13 mmol) was charged with a
solution of 1-napthymethylamine (0.07 g, 0.46 mmol) in 1:1 methanol : toluene
mixture (10 mL). The solution was reflux for 3 days. After removing the solvents, the

crude mixture was purified with column chromatography of the precipitate on silica
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gel (hexane/EtOAc = 3:2, v/v) gave L2% (0.07 g, 0.05 mmol, 41 % yield) as a white
solid.

Condition b: into a solution of 2.3b (0.21 g, 0.20 mmol) was charged with a
solution of 1-napthymethylamine (0.21 g, 0.70 mmol) in 1:1 methanol : toluene
mixture (10 mL). The solution was reflux for 7 days. After removing the solvents, the
crude mixture was purified with column chromatography of the precipitate on silica
gel (hexane/EtOAC = 3:2, v/v) gave L.2° (0.11 g, 0.09 mmol, 42 % yield) as a white
solid.

Characterization data for L2

IR (neat)/cm™: v 3419, 8059, 2921, 2837, 2810, 1679, 1594, 1524, 1436, 1364, 1251,
1193, 1124, 1041, 884, 797, 789, 745, 701
'"H-NMR (400 MHz, CDCl): & (ppm) 8.10-8.08 (m, 3H, ArHp,), 8.01-7.97 (m, 4H,
ArHuap), 7.91 (d, Jin = 7.2 Hz, 2H, ArHpgy), 7.64-7.57 (M, 8H, ArHyyp), 7.64-7.57 (m,
4H, ArHnap), 7.32-7.21 (m, 9H, ArHcaix), 7.14 (d, J4-.1 = 6.8 Hz, 2H, ArHcaix), 7.09 (d,
Ju-n = 7.6 Hz, 4H, ArHeaix), 7.02 (s, 1H, CH,NHCO), 6.86 (s, 2H, CH,NHCO), 6.51
(s, 2H, ArHcaix), 6.44 (s, 2H, ArHcaix), 6.36 (s, 2H, ArHcaix), 5.11 (d, Ju.n = 4.8 Hz,
2H, ArCH,NH), 5.04 (d, Ju.4 = 5.6 Hz, 1H, ArCH,NH), 5.00 (d, Ju.n = 4.8 Hz, 1H,
ArCH,NH), 4.93 (d, Jyny = 4.8 Hz, 1H, ArCH,NH), 4.89 (d, Jy.y = 5.2 Hz, 1H,
ArCH,NH), 3.91 (d, Jy.n = 15.2 Hz, 2H, ArCH,N), 3.80 (s, 2H, OCH,CO), 3.58 (d,
Ju-n = 14.8 Hz, 2H, ArCH;N), 3.09 (s, 2H, OCH,CO), 2.99-2.71 (m, 12H, ArCH;N
and OCH,CO), 2.57 (d, Jy.n = 12.8 Hz, 2H, ArCHN), 2.28 (d, Js.» = 14.0 Hz, 2H,
ArCH;,N)
MALDI-TOF: m/z Calcd for [CgsH75Cl 3NgO6]": m/z 1368.48

Found: [Cg4H75Cl3NgOg + H]": m/z 1369.67
Elemental analysis: Anal Calcd. for Cg4H75Cl 3NgOs: C, 73.59; H, 5.51; N, 6.31

Found. C, 73.56; H, 5.53; N, 6.14

b3) Synthesis of N;-hexahomotriaza-p-chlorocalix-[3]cryptand (L3)

N-benzylhexahomotriaza-p-chloro-calix[3]-tri(methyl acetate) (2.4)
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- . OMe |
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Cl O Cl O’«

Into a solution of N-benzylhexahomotriaza-p-chlorocalix[3]arene 2.2 (1.17 g,
1.50 mmol) and NaH (0.25 g, 10.50 mmol) in THF (40 mL) and DMF (30 mL) was
added with a solution of methyl bromoacetate (0.90 g, 5.85 mmol) in THF (10 mL).
After stirring for 2 days at 80 °C, the reaction mixture was evaporated, extracted with
CH,Cl, (2 x 30 mL), and washed with saturated NaHCO3 (2 x 30 mL). The organic
layer was dried over anhydrous Na,SO, filtered, and evaporated to dryness under
vacuum. Column chromatography on silica gel (hexane/EtOAc = 3:2, v/v) afforded
2.4a (0.24 g, 0.24 mmol) in 16 % yield as a deep yellow oil and 2.4b (pale yellow
solid, 33 % yield).

Characterization data for 2.4a

IR (neat)/cm™: 3427, 2949, 2918, 2844, 2357, 1762, 1435, 1365, 1182, 1123, 1057,
878, 750, 691
'H-NMR (400 MHz, CDCIl5): & (ppm) 7.46-7.38 (m, 9H, ArH), 7.32-7.29 (m, 6H,
ArH), 7.01 (s, 6H, ArH), 4.42 (s, 6H, OCH,CO), 3.90 (s, 9H, OCHa), 3.72 (s, 6H,
NCHyAr), 3.54 (br s, 12H, NCH,Ar)
BC-NMR (100 MHz, CDCl3): & (ppm) 169.1, 152.3, 139.2, 133.9, 130.1, 129.0,
128.9, 128.9, 128.6, 127.3, 71.0, 62.4, 52.5, 52.1
MALDI-TOF: m/z Calcd. for [Cs4Hs4Cl3N3Og]": m/z 993.29

Found: [Cs4Hs4CI3sN3Og + H]™: m/z 994.69
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Elemental analysis: Anal Calcd. for Cs4Hs4CI3N3Og: C, 65.61; H, 5.47; N, 4.22
Found. C, 65.12; H, 6.17; N, 4.08

Characterization data for 2.4b

IR (neat)/cm'lz 3427, 2949, 2918, 2844, 2357, 1762, 1435, 1365, 1182, 1123, 1057,
878, 750, 691
'H-NMR (400 MHz, CDCl5): & (ppm) 7.55 (d, J = 7.6 Hz, 2H, ArH), 7.45 (t, J = 7.6
Hz, 2H, ArH), 7.38-7.30 (m, 11H, ArH), 7.16 (s, 2H, ArH), 7.14 (s, 2H, ArH), 7.09 (s,
2H, ArH), 4.32 (s, 4H, OCH,CO), 3.93-3.68 (m, 19H, OCH2CO, NCH,Ar and
OCHj), 3.72 (s, 6H, NCH,AT), 3.59 (s, 2H, NCH,Ar), 3.56 (s, 2H, NCH,Ar), 3.46-
3.35 (m, 6H, NCH,Ar)
MALDI-TOF: m/z Calcd for [Cs4H54Cl3N3O] : m/z 993.29

Found: [Cs4Hs:CIsN3Og + H]™: m/z 994.69

Elemental analysis: Anal Calcd. for Cs4Hs4CI3N3Og: C, 65.61; H, 5.47; N, 4.22
Found. C, 65.12; H, 6.17; N, 4.08

N7- hexahomotriaza-p-chlorocalix[3]-cryptand (L3)

MeO MeO OMe NH pyN° H
o O= /EO =0
0

=N
\H Toluene, MeOH \2
Cl 52% Cl

Into a solution of 2.4a (0.49 g, 0.47 mmol) was mixed with a solution of
tris(2-aminoethyl)amine (0.07 g, 0.47 mmol) in 1:1 methanol : toluene mixture (10
mL). The solution was reflux for 38 hours and, then, a second crop of tris(2-
aminoethyl)amine (0.03 g, 0.24 mmol) was added. The mixture was refluxed for

additional 72 hours. After removing off the solvents, the crude product was
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precipitated with methanol. Column chromatography of the precipitate on silica gel
(acetone/CH,CI, = 3 : 7, v/v) gave L3 (0.26 g, 0.24 mmol, 52 % yield) as a white

solid.
Characterization data for L3

IR (neat)/cm™: 3443, 3388, 2925, 2844, 2361, 1668, 1513, 1439, 1353, 1182, 1120,
1038, 849, 867, 746, 695
'H-NMR (400 MHz, CDCls): & (ppm) 7.33-7.30 (m, 9H, ArH), 7.27-7.20 (m, 6H,
ArH), 6.94 (s, 6H, ArH), 4.01 (s, 6H, OCH,CO), 3.54 (s, 6H, ArCH;N), 3.38 (br s,
6H, NCH,CH,NH), 3.30 (s, 12H, NCH,Ar), 2.70 (br s, 6H, NCH,CH,;NH)
BC-NMR (100 MHz, CDCls): & (ppm) 167.8, 151.2, 138.2, 133.3, 131.2, 129.4,
129.0, 128.7, 127.7, 73.0, 62.0, 56.0, 52.1, 38.0
MALDI-TOF: m/z Calcd for [Cs7HgoClsN7Og]: m/z 1043.37

Found: [Cs7HesoCIsN7Og + H]': m/z 1044.11
Elemental analysis: Anal Calcd. for Cs;HgoClsN;Og: C, 65.48; H, 5.78; N, 9.38

Found. C, 65.13; H, 5.91; N, 9.36

2.1.3.2 Complexation studies
a) Complexation studies of ligand L1, L2 and L3 by using the 'H-
NMR spectroscopy
Typically, ~an excess (10 equivalents and 4 equivalents) of
tetrabutylammonium salts were added into NMR tubes. A solution of 10 mM of L1,
L2 and L3 (0.055 mmol).in CDCl3 5 mL was prepared and 0.5 mL of this solution
was added in-each NMR tube. The *H-NMR spectra were recorded after addition of

anions and checked every 24 hours until the complexation reached to the equilibrium.

b) Complexation studies by using the UV-vis spectroscopy

b1l) Complexation studies of L2 and L3 with metal ions by
using the UV-vis titration
Stock solutions of ligand kept concentration approximately 1 mM have been
prepared by measuring amounts of each ligand on the Mettler Toledo model AT 201
balances and dissolving in DMSO with ionic strength kept constant at 10 mM using
TBAPFs. The stock solutions were diluted with the same solvent system until
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obtained concentration was approximately 0.1 mM, named ligand solutions. In the
case of stock solutions of metal, actually concentration of metal stock solutions could
be determined by the EDTA titration [91] before these solutions would be diluted
with DMSO/TBAPFg system in which metal solutions were controlled concentration
by an optimal condition of each complexation studied.

2 mL of ligand solution was placed in spectrophotometric cell of 1-cm path
length and its absorbance was recorded extending from 200 to 400 nm. A metal
solution had been then added directly and successively into the cell by a microburette
and was stirred for 40 seconds after each addition of metal solutions. Spectral
variations were recorded after each addition. The stability constants were refined from

spectrometric data using the program Sirko [92].

b2) Complexation studies of L1, L2 and L3 with anions by using

the UV-vis titration
Stock solutions with 10 mM constant ionic strength using TBAPFs were
prepared as described for metal ion complexation study. The UV-vis titrations were
carried out in the same manner as mentioned in titration with metal ions. The stability

constants were also refined from spectrometric data using the program Sirko.

c) Complexation studies by using the fluorescent spectroscopy

cl) Complexation studies between L2 with cations by using the
fluorescent spectroscopy

Typically, a solution of 0.001 mM of a ligand L2 in a 0.01 M TBAPF; in dried
DMSO were prepared by adding 0.01 mL of a stock solution of ligand L2 (0.1 mM)
in a 10 mL volumetric flask. Stock solutions of 30 mM of cations in dried DMSO
were prepared in a 10 mL volumetric flasks.

Fluorescent spectra of L2 and cation complexes were recorded from 290-600
nm at ambient temperature. The solutions of excess (300 equivalents) cations were
added directly to 2.00 mL of 0.001 mM ligand L2 in a 1-cm quartz cuvette, stirred
and recorded after addition and every 24 hours until the complexation reached the

equilibrium.
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c2) Complexation studies between L1 and L2 with anions by using

the fluorescent spectroscopy

Table 2.1 Concentration of anions (X" = F, H,PO4, CH3COO™ and PhCOQ") used in
anion complexation studies with ligand L1 and the final ratios of guest : host.

Point X/L1 [L1], pM [X], uM | Vof X" (mL) | V total (mL)
1 0 0.100 0.000 0.00 2.00
2 0.2 0.099 0.020 0.02 2.02
3 0.4 0.098 0.039 0.04 2.04
4 0.6 0.097 0.058 0.06 2.06
5 0.8 0.097 0.077 0.08 2.08
6 1.0 0.096 0.096 0.10 2.10
7 14 0.094 0.131 0.14 2.14
8 1.8 0.092 0.166 0.18 2.18
9 2.2 0.090 0.199 0.22 2.22
10 2.6 0.089 0.231 0.26 2.26
11 3.0 0.087 0.262 0.30 2.30
12 3.8 0.084 0.320 0.38 2.38
13 4.6 0.082 0.375 0.46 2.46
14 5.4 0.079 0.427 0.54 2.54
15 6.2 0.077 0.475 0.62 2.62
16 7.0 0.074 0.520 0.70 2.70
17 8.0 0.072 0.573 0.80 2.80
18 9.0 0.069 0.623 0.90 2.90
19 10.0 0.067 0.669 1.00 3.00
20 11.0 0.065 0.712 1.10 3.10
21 12.0 0.063 0.753 1.20 3.20
22 13.0 0.061 0.791 1.30 3.30
23 14.0 0.059 0.826 1.40 3.40
24 15.0 0.057 0.860 1.50 3.50
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Typically, a solution of 0.001 mM of a L2 in a 10 mM TBAPFs in dried
DMSO were prepared by adding 0.01 mL of a stock solution of them (0.1 mM) in a
10 mL volumetric flask and a solution of L1 (0.1 mM) in 10 mM TBAPFs in dried
DMSO 50 mL. A stock solution of 30 mM of anions in dried DMSO was prepared in
a 10 mL volumetric flask.

Fluorescent spectra of L1, L2 and their anion complexes were recorded at
ambient temperature from 400-700 and 290-600 nm, respectively. The solution of an
excess (300 equivalents) anions were added directly to 2.00 mL of 0.001 mM ligand
L2 and 2.00 mL of 0.05 mM ligand L1 ina 1-cm quartz cuvette, stirred and recorded
after addition and every 24 hours until the complexation reached to the equilibrium.
For the fluorescent titrations of L1, the solution of anions were added to 2.00 mL of
0.05 mM ligand L1 in a 1-cm quartz cuvette by microburette and stirred for 40
seconds. Fluorescent spectra were measured after each addition. Table 2.1 shows the

concentration of anion which used in anions complexation and ratio of anions : host.

2.1.4 Results and discussion

2.1.4.1 Synthesis and characterization of sensor L1, L2 and L3

The synthesis of desired compound L2 was carried out as shown in Scheme
2.1.  Alkylation of  N-benzylhexahomotriaza-p-chlorocalix[3]arene  with
ethylbromoacetate in the presence of NaH in THF/DMF to produce compounds 2.3a
(cone conformation) in 20% yield, in which its structure was confirmed by X-ray
single crystal spectroscopy as shown in Figure 2.1a, and 2.3b (partial cone
conformation) .in_20%  yield. The reactions between 2.3a and 2.3b with 1-
aminomethylnaphthalene  afforded only the partial cone “conformer of the N-
benzylhexahomotriaza-p-chlorocalix[3]-trinaphylamide (L2) in 41% and 42% yields
started of 2.3a or 2.3b, respectively.

The partial cone conformation of L2 was confirmed by *H, *C, 2D-NMR and
X-ray single crystal spectroscopies [94]. In the *H-NMR spectrum of L2, the
methylene protons of the Arc.ixCH2N bridges present as two AB doublets at 6 3.91
(Jn-+ = 15.2 Hz), 3.58 (Jn.1t = 14.8 Hz), 2.57 (Jnnt = 12.8 Hz), 2.28 (Jun = 14.0 H2)
and a signal in a multiplet at 2.99-2.71 ppm. The other doublets for the methylene
protons of Arn,,CH>NH appear at 5.11, 5.04, 5.00, 4.93 and 4.89 ppm with coupling
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constants of 4.8, 5.6, 4.8, 4.8 and 5.2 Hz, respectively. In the parent
hexahomotriazacalix[3]arene [95], which adopts a regular C3, cone conformation, the
signal of 6 protons of ArcixH exists as a singlet at 6 7.01 ppm. However, in L2, the
three singlets of ArcixH were observed at 6.51, 6.43 and 6.36 ppm. The *C-NMR
spectrum also confirms the partial cone conformation of azacalix[3]arene macroring
of L2. ArnpCHNH appeared as two peaks at 41.6, 41.2 ppm and the carbons of
methylene bridges (ArcaixCH2N) splitted to four peaks at 72.8, 52.7, 52.5 and 52.0
ppm. The aromatic carbons of Arcix Which connected with hydrogen also gave three
signals at 130.2, 130.1 and 129.5 ppm. Therefore, L2 exists in a stable partial cone
conformation. The X-ray single crystal structure of L2 was also a solid proof for the
partial cone conformation as shown in Figure 2.1b. The cavity for cation (7.92x4.92
A?) and free N-H for anion binding sites were observed. More interestingly, during
the preparation of L2 by starting with 2.3a, the conformation changed from cone to
partial cone conformations, which is more stable as a result of steric effect.

C. \Q alt

L2 (419%)
2.3b (31%) OEt L2 (42%)

Scheme 2.1 Synthesis pathway of L2 (a) ethylbromoacetate, NaH, THF, DMF, reflux,
72 hours; (b) 1-aminomethylnaphthalene, toluene:MeOH(1:1), RT, 3 days, L2a
(41%); and (c) 1l-aminomethyl-naphthalene, toluene:MeOH(1:1), RT, 7 days, L2b
(42%).

The synthesis of L3 (Scheme 2.2) began by the reaction of N-
benzylhexahomotriaza-p-chlorocalix[3]arene  (L1) with 3 equivalents of
BrCH,CO;Me and 7 equivalents of NaH as base in THF for 2 days to provide two N-
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benzylhexahomotriaza-p-chlorocalix[3]tris(methyl acetate) isomers: 2.4a (deep
yellow oil, 16%) and 2.4b (pale yellow solid, 33%). Based on 'H-NMR, IR, and MS
spectroscopies, 2.4a was shown to be in a cone conformation while the partial-cone
conformation was found for 2.4b. Compound 2.2a was refluxed with 3 equivalents of
N(CH,CH;NH>); or tren in a 1:1 mixture of methanol/toluene for 5 days to afford N;-
azacalix[3]cryptand (L3) in 52% yield.

EN 0. N/\© By OMe
7 — o
a—
/é;HJS)\ NaH, THF
cl N cl

P
FNN
MeO pMeo  OMe NH HN HN

gy r
2410 p

L3 (52%)

Cl

2.4a (16%)
2.4b (patial cone conformation, (33%)

Scheme 2.2 Synthesis pathway of N7-Azacalix[3]cryptand (L3).
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Figure 2.1 ORTEP drawing of N-benzylhexahomotriaza—p-chIorocalix[3]-tri(ethyl
acetate (2.3a) (a) and N-benzylhexahomotriaza-p-chlorocalix[3]-trinapthylamide (L2)
(b). The displacement ellipsoids are drawn at the 50% probability level.
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L3 exists in a cone conformation due to the presence of only one singlet at
3.63 ppm for the ArCH,N protons in ‘H-NMR spectrum showing that the
azacalix[3]arene macroring retains a Cgy symmetry. The X-ray crystallographic
analysis [93] clearly confirms that L3 was in a cone conformation (see Figure 2.3).
They mutually interact outside the cavity to furnish a unique crystal structure
stabilized by intermolecular CH/CI interactions (see Figure 2.2).

Figure 2.2 Formation of solid structure L3 stabilized by intermolecular CH/CI

hydrogen bond interactions.
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Figure 2.3 ORTEP drawing of Nr-azacalix[3]cryptand (L3). The displacement

ellipsoids are drawn at the 50% probability level.

2.1.4.2 Investigation of binding ability
Cations and anions binding studies of all compounds were carried out by *H-
NMR spectroscopy, UV-vis and fluorescence titrations. Compound L1 contains
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phenolic hydroxyl groups serving as anion binding sites. Compounds L2 and L3 can
bind with transition metals through cation-dipole interaction with nitrogen atoms of
the azacalix[3]arene macroring and anions through hydrogen bonding with primary

acetamide groups.

a) Complexation studies of ligand L1 with various anions by using
'H-NMR, UV-vis and fluorescent spectroscopies
In our preliminary experiments, we found that all ligands were able to dissolve
in DMSO-ds. For *H-NMR spectroscopy, this technique allows access to the detail of
the interaction between a host and a guest molecule and has been widely employed to

investigate receptor-substrate interactions.
| (f) Cl

|
|l ‘ (¢) PhACOO

G/ L ILL | S
(d) CH,CO0O
(¢) H PO,
= S .(h] F
: . _— ([T [3-1}-[.,1
I w) pPQ [PMYAN P |G | ; _z 1 0 PPM

Figure 2.4 'H-NMR spectra (400 MHz, DMSO-ds) (a) azacalix[3]arene (L1), (b)
L1oF, (¢) L1oH,PO4, (d) L1IoCH;COO,, (e) L1oPhCOOT,. and (f) L1oCI
complexes obtained upon addition of a CDCI5 solution of L1 into NBu, X" salts (10

equivalents).

The inclusion of an anion by the ligand can be monitored by observing the
singlet peak of phenolic OH protons at 11.15 ppm. In case of H,PO,, the signal of
phenol protons at 11.15 ppm in *H-NMR spectra (Figure 2.4) disappeared after
addition of 4 equivalents of anions. The similar behaviors were observed in the case
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of F, CH3COO™ and PhCOOQO". After addition F’, the signal of aromatic protons of
phenolic groups shows a small upfield shift from 7.1 to 6.9 ppm which may be caused
by the deprotonation of phenolic OH groups by F ion. Besides, the signals of
aromatic protons of benzyl moieties also shifted to downfield and splitted into
multiplets. However, when the solution of L1 was added to the excess (4 equivalents)
of Br, I, NO3, PFs and ClO, salts, no displacement of signals in the *H-NMR
spectra was observed which implies that they could not form complex with L1.
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Figure 2.5 Spectral change in the UV absorption of L1 (C, = 5x10™ M) upon
=4 .

addition of NBu,'F~ i

Ll F C  Br I  NO/ PF5 CHCOO ClO, PhCOO™ H,PO;

Figure 2.6 Color changes of L1 in DMSO after addition of 30 equivalents of anions.
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In complexation studies between metal ions and ligands using UV-vis
spectrophotometric titration, spectral changes are usually employed for monitoring the
complex formation. Most of all absorption spectra of complexes studied in this
research exhibited hypochromic shifts upon addition of NBu,s "X into solutions of L1
(Figure 2.5). Free compound L1 displayed a strong absorption band at 295 nm. The
inserted curve in Figure 2.5 shows the mole ratio plot which confirms the 1:1
stoichiometry.

Interestingly, after addition of 30 equivalents of anions, the color of the
solution changed from colorless to orange and light orange in the case of F (see
Figure 2.6) by which UV-vis spectra are positively proved by observation of new
peaks at 350 nm (F) and 325 nm (H,PO,4) as shown in Figure 2.7. This may come
from the deprotonation process [96] at the phenolic protons to provide phenoxide ion.
However, in the case of CI', Br', I, NOs', PFs and CIO, ions, no detectable color
change was observed. This sensor, thus, allows the selective colorimetric detection of
F. The excited state would be more stabilized by anion binding, resulting in a

bathochromic shift in the absorption maxima as well as colors change.

2.0
—L1
[ F'
1.6 cr
—Br
1\ / r Ir
Y 1.2 = ——NO;
S PF,
2 —— CH,COQ
§ 0.8 —— PhCOO
< ——H,PO;
0.4
0.0

: ; '
300 350 400 450
Wavelength (nm)

Figure 2.7 Absorption spectra of ligand L1 ([L] = 1 x 10 M) upon addition excess

of anions (30 equivalents).
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The emission spectra (Lex = 270 nm) of L1 (1 x 10™ M) in the presence of 30
equivalents of anions are shown in Figure 2.8. It can be seen that the fluorescence
intensity (Aem = 470 nm) of L1 significantly increases and shifts to 508 nm upon
addition of F and H,PO,. The enhancement of fluorescence with a change of
maximum wavelength in both anions is due to charge transfer (CT) mechanism
(amine donor to chlorophenol acceptor) which is in good agreement with the

deprotonation process.
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Figure 2.8 Emission spectra of ligand L1 ([L] = 1 x 10 M) upon addition excess of

anions (30 equivalents).

Moreover, the anion complexation abilities of ligand L1 with various sizes,
geometries, and basicity -of anions such as chloride, nitrate, benzoate, dihydrogen
phosphate, etc. were investigated by using the UV-vis titrations in DMSO.

The stoichiometries and binding constants of complexes could be determined
from changes in photophysical properties of host L1 ‘induced by a guest bound. The
changes in absorbance of the DMSO solution between 200-400 nm were used for
evaluating of complex formation constants and stoichiometries by using the SIRKO
program [52] which are reported in Table 2.2.

It can be concluded that the order of the formation constants of L1 with anions
were PhCOO™ ~ CH3COO™ > H,PO,4 > F for 1:1 complexes and H,PO, ~ CH3;COO™ >
F for 1:2 complexes. This suggests that the anion binding ability of L1 depends on

basicity of anions as well as their geometries [96].
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Table 2.2 Stability constants (log 8)* of hexahomotriazacalix[3]arene (L1) complexes
with anion in DMSO by UV-vis titration method (T = 25 °C, | = 0.01 M BusNPFg).

anions log # (M™)
F 3.47 (0.08),7.69 (0.01)°
cr <150
Br 1.99 (0.01)°
I 3.31 (0.01)°
NO;5" 1.51(0.01)°
PFe <1.50
CH,COO" 5.40 (0.07)°,10.29(0.09)°
PhCOO" 5.53 (0.01)",8.62 (0.01)
H,PO, 4.07 (0.01)°,11.26 (0.02)°
ClOy 1.50 (0.01)°

®Mean values of n > 3 independent determinations, with standard deviation oy,.; on the

mean in parentheses. °1:1 complex (AL). “2:1 complex (A,L). 91:2 complex (ALy).
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Figure 2.9 Intensity of emission spectra of L1 (1 x 10°M) enhanced by addition of F°

(hex = 295 Nm) in DMSO.

Compound L1 contains the chlorophenol groups as fluorophore which bind

anions by hydrogen bonding. This interaction can also be easily monitored by which



55

anion complexation induced a change in enhanced fluorescent intensity with attribute
to formation of chorophenoxide anions during addition of anions. For example, Figure
2.8 presents changes in absorption spectra of ligand L1 upon addition of F". From the
fluorimetric titration, binding constant can be determined by plotting of I°/(I - 1°%)
against the reciprocal of the anions concentration [M]* as shown in the equation
below where a and b is a constant. The stability constant (f) is obtained from the ratio

2\ :( . j( L +1J 2.1)
10 (b-a\K[M]

Based on this equation, £ for 1:1 stoichiometry of F* = 10721, CH;COO™ =
11990, H,PO, = 7607 and PhCOO™ = 4427 dm>mol™ were obtained. With all of the
results it has been noted that L1 can be used to be a colorimetric sensor for F.

of intercept/slope [97].

b) Fluorogenic properties of ligand L2

It is well-known that hexahomotriazacalix[3]arene which is a stronger metal
ion complexing agent [16,95] than the parent calixarenes and amide derivatives can
complex with anions [95]. Generally, a naphthalene-based fluorophore can form a
monomer and excimer [98] and can be detected in fluorescent spectrum of L2 at
wavelengths of 336 and 423 nm, respectively. However, the excimer formation of
fluorophore containing more than one fluorogenic unit can be inter- or intramolecular
manners which the former one depends on concentration and solvent polarity. The
ratio of excimer to monomer can be observed by using the ratio of intensities of
excimers to monomers. (lexcimer/Imonomer OF l¢/lm). From-fluorescent spectrum, we also
discovered that free L2 exhibits a strong monomer emission at 336 nm and an
excimer emission at 423 nm suggesting that the two naphthalene units are in the face-
to-face w-stack so as to form-a dynamic excimer [98]. The ratio of l¢/l,, increased
when the concentration of fluorophore L2 decreased (Figure 2.10). Because of at the
low concentration which was no intermolecular interaction, the two naphthyl groups
are on the same side of azacalix[3]arene platform formed an intramolecular excimer

and gave an excimer emission at 423 nm.
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Figure 2.10 Plot of the ratio of excimer to monomer emission versus concentration

of ligand L2.

While, the other naphthyl moiety which is on the opposite side remain a
monomer but its fluorescent emission at 336 nm was quenched for the reason that it
was included by the azacalix[3]arene framework as found in the fluorescent
quenching of red dye by calix[6]arene [99]. On the other hand, at higher
concentrations, the intermolecular interaction increased leading to a decrease of
intramolecular inclusion of naphthyl fluorophore. However, the hydrogen bond
between the amide groups prevented. the face-to-face stacking of naphthyl moieties

leading to more monomer emission.

c) Complexation studies of ligand L2 with various anions by using
'H-NMR, UV-vis and fluorescent spectroscopies
We investigated fluorescent intensity changes of L2 to determine the cation
and anion binding abilities. In the case of cations, we found that L2 exhibits Pb**,
Hg?* and Co®* (quenching) and Cd** (enhancing) selectivity over other metal cations

studied as shown in Figure 2.11. The quenching phenomena are ascribed to the PET
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(photo-induced electron transfer) mechanism and metal ion effects [100]. The electron
transfer from lone pair of amido-nitrogen to naphthalene group occurs when the

carbonyl moiety of amide group binds with metal such as Pb®* [101].

i M92+ Cah CDH Ni2+ Zn2+ th Hg24 Pb2+

200 - II
Il 3
o 1]
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Figure 2.11 Fluorescence changes (I - 10) of L2 upon addition of various metal ions.
Condition: L2 (1 #M) in DMSQO, excitation at 285 nm, metal nitrate and chloride (300
equivalents) in DMSO. I: fluorescence emission intensity of complexes L2. lo:

fluorescence emission intensity of free L2.

On the other hand, in the case of Cd®*, both monomer and excimer emissions
increased which strongly suggests. that the Cd®*-ion prefers to bind to nitrogen of
azacalix[3]arene macroring rather than to the amide groups indicating that the
photoinduced electron transfer (PET) and heavy metal ion effects are excluded.
Moreover, the azacalix[3]arene has a similar structure to azacrown ether and exhibits
an excellent binding with Cd** which shows, for the first time, the advantage of
azacalixarene framework over the parent calixarenes [102]. UV-vis spectroscopy was
employed to determine the stoichiometries and stability constants of complexes by
using SIRKO program. According to the extent of the absorption spectra changes, we
could obtain the association constants of L2 as shown in Table 2.3. This indicates that
the ligand L2 binds strongly with Pb®* (log 5= 4.68 M™) and Cd** (log = 4.53 M}).
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The titration profiles of absorption changes of L2 with Cd®*and Pb** are shown in

Figures 2.12 and 2.13.

Table 2.3 Stability constants (log 5)? of 1:1 complexes of L2 with cations in DMSO
by UV-vis titration method (T = 25 °C, | = 0.01 M BusNPF).

Cations Size(A) log B (M™)
Mg** 1.60 2.13 (0.01)
ca?* 1.97 2.01 (0.04)
Co** 0.75 4.08 (0.09)
NiZ* 0.69 1.83 (0.04)
cu* 0.69 2.06 (0.08)
ydy 0.74 3.23 (0.09)
Cd* 0.95 453 (0.04)
Hg* 1.02 2.12 (0.01)
Pb%* 1.19 4.68 (0.04)

®Mean values of n > 3 independent determinations, with standard deviation o,.; on the

mean in parentheses.
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Figure 2.12 Spectral change in the UV-vis absorption of L2 (C_ = 3x10™ M) upon
addition of Cd** (Cc = 1.2x10° M) in DMSO (0 < CA/C, < 30).
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Figure 2.13 Spectral change in the UV-vis absorption of L2 (C_ = 3x10®° M) upon
addition of Pb* (Cc =1.2x10° M) in DMSO (0 < Ca/Cy. < 30).
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Figure 2.14 Fluorescence changes of L2 upon addition of various anions. Condition:
L3 (0.1 uM) in DMSO, excitation at 285 nm, TBAX (300 equivalents) in DMSO.
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Figure 2.15 'H-NMR spectra of L2 with 10 equivalents of TBAX in CDCls.

Table 2.4 Variation in absorbance of compound L2 in the absence or presence of

various anions® (A =293 nm).

Entry  Solution of ligand L2 with AIAS
1 free ligand L2 1.00
2 TBA'F 0.71
3 TBA'CI 1.03
4 TBA'Br 0.84
5 TBA'I" 0.86
6 TBA'NO; 1.03
7 TBA'CIO, 1.01
8 TBA'H,PO, 0.86
9 TBA'CH3;COO 0.72
10 TBA'PhCOO 0.44

n DMSO, at 25 °C, concentration of host = 0.03 mM and concentration of guests =
1.2 mM, added as their tetrabutylammonium salts. ®Aq and A are the absorbances of

the host solution in the absence or presence of guests, respectively.
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For anion sensor study, the fluorescence excess spectra (Figure 2.14) of the L2
> anions still have quenching effect from PET mechanism on monomer peak. The
excimer peaks were still intact indicating that allosteric effect-induced conformation
change does not favor the binding of anions. The *H-NMR spectra of 1>anions is also
a positive proof because only the signal of amide protons shifted (Figure 2.15) which

implies that anion was bound amide groups through hydrogen bond.

Table 2.5 Stability constants (log 5)? of complexes of L2 with anions in DMSO by
UV-vis titration method (T = 25 °C, | = 0.01 M BusNPFe).

Anion log g (M)
F 4.21(0.09)°, 9.71(0.01)°
cr 2.37(0.05)"
Br’ < 1.50
r <1.50
NO3 2.03(0.01)°
Clos 2.20(0.01)°
HoPO4 <1.50
CH;COO 2.43(0.02)°, 9.29(0.03)°
PhCOO 2.83(0.01)°, 9.43(0.03)°

% Mean values of n >2 independent determinations, with standard deviation ¢,.; on the

mean in parentheses. ® 1:1 complex (AL). ¢ 2:1 complex (A,L).

To get insight into its selectivity of anion binding, UV-vis spectroscopy was
employed to study the interaction of compounds L2 with anionic guests. The
complexation abilities of ligand L2 with “anions were ‘investigated by using
spectrophotometric titration in DMSO at 25°C. The spectrum was recorded from 260-
360 nm. Upon the addition of anions, there was change in the absorption spectra of
L2 (Table 2.4). The stability constants (Table 2.5) were calculated from spectrometric
data using program SIRKO which can be concluded that L2 prefers to complex F

over other anions tested by forming a 1:1 complex.
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d) Complexation studies of ligand L3 with various anions by using
'H-NMR and UV-vis spectroscopies

The ability of L3 to coordinate anions was investigated by ‘H-NMR
spectroscopy. The solutions of L3 in CDCl; were reacted with 10 equivalents of
tetrabutylammonium halides (NBu,"X). All of the resulting *H-NMR spectra (see
Figure 2.16 and Table 2.6) displayed peaks shifts of OCH,CO, NCH,Ar, and
NCH,CH, toward downfield. This implies the formation of endo complexes while
keeping the Csy symmetry of the free ligand. Moreover, the signals of aromatic
protons of benzyl moieties are also displaced in the same manner, which may be due
to a conformational reorganization.

The complexation abilities of ligand L3 with zinc and anions of various sizes,
geometries, and basicity such as chloride, nitrate, benzoate, dihydrogen phosphate,
etc. were investigated by using UV-vis spectrophotometric titration in DMSO at 25°C
(see Figure 2.17). When necessary, BusNPFg was employed to keep the ionic strength
at 0.01 M.

Table 2.6 Relative affinities of the halide salts toward host L3 and *H-NMR chemical
Induced downfield shifts (CIS) observed through their endo-complexation in CDCls.

CIS (ppm)’
Entry tetrabutylammonium halide a e c b
1 TBA+F -0.066 -0.066 -0.066 -0.063
2 TBA+CI -0.025 -0.036 -0.036 -0.030
3 TBA+Br -0.060 -0.058 -0.056 -0.053
4 TBA+I -0.069 -0.066 -0.064 -0.063

'CIS defined as A6 = & (complexed halide) - & (free host). a, e, c, b refer to the relative

position of the protons to charge when host encapsulation halide anion.



63

e d
TN\ b
NH [J.\'/[“
'>=() -0
f 0 ()C
gy i “ e \;{TQ
! h d . Cl
. ; +
__ast _ _[.'II‘_ 3 X i — lL. it I\;_:\. __‘_J-._. ==
[ I
‘ & Al I
b) Fc L3 A T |
T i T
v v :I| h ll
J | ’4;: ||
c) CreL3js) R I UL
ol W 'F_ o, o ; _II*
v L | l
' |
4 |
dyBreusigl L8 = TN UL
[ v v n -i
' ' |
ejreLs o ff FACCOERINTD UL
E—r e m— . r 3

Figure 2.16 *H-NMR spectra (400 MHz, CDCls) (a) Ns-azacalix[3]-cryptand (L3),
(b) L3oF, (c) L3oCI', (d) L3oBr, and (e) L3>I" complexes obtained upon addition
of NBus X (10 equivalents) into a CDCls solution of L3. v: signals of L35X; :
signals of NBu4®. Residual solvents and partially protonated water are labeled as “S”
and “W” respectively.

Typically, the solution of ion of interest was added directly and successively
into the cuvette containing ligand L3 and the spectral variation was recorded after
each addition. The final guest-to-host ratios were varied case by case to obtain the
optimal condition for complexation. In all cases, hypochromic shifts were observed
upon addition of NBus X into solutions of L3. The stoichiometries and stability
constants of the complexes were refined by the SIRKO program and are summarized
in Table 2.7.
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Figure 2.17 Spectral changes in the UV absorption of (a) L3 (C. = 6x10° M) upon
addition of NBus"Br™ (Ca = 8x10™ M) in DMSO (0 < CA/C_ < 10.3), and (b) L3.Zn**
(CL = 3.429%10™° M) upon addition of NBu,"'Br' (Ca = 8x10™* M) in DMSO (0 <
CalCL < 18).

It can be seen that L3 prefers to complex with halide anions over CH;COO,
PhCOO’, NOg3, PFgs, and ClO4 by forming 1:1 complexes. Anion selectivity of L3
was obtained (as percentage of various free halide anion (% FA)) (see Table 2.7 and
Figure 2.18) by calculations using the Haltafall program [9]. For the halide ions, it
may be concluded that L3 prefers-to bind CI" > Br' > I > F". This trend implies that
the cavity size of receptor L3 is suitable for complexation with CI". Though the NO3’
ion (1.79 A) has a similar size compared with the CI" ion (1.81 A), the stability
constant of the NO3™ complex is inferior to that of CI". This can be explained by the
ease of orientation of the anion inside the rigid cavity of receptor L3 to form

hydrogen bonds with amide groups.
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Table 2.7 Stability constants (log 5)? of N;-azacalix[3]-cryptand (L3) complexes with
anion in DMSO by UV-vis titration method (T = 25 °C, | = 0.01 M BusNPF).

anions log g (M™) % FA®
= 2.78 (0.01)° 40.80
cr 4.55 (0.03)° 1.38
Br 3.97 (0.01)° 4.97
I 2.72 (0.01)° 43.87
NO5 1,77 (0.01)° 89.87
ClO4 <1.50
CH3COO" 2.92 (0.01)%,6.06(0.01)" 0.03
PhCOO" 2.36 (0.06)°,6.26(0.01)" 0.04

®Mean values of n > 3 independent determinations, with standard deviation o,.; on the

mean in parentheses. "Percentage of various free halide anion at C,, Ca = 10° M. °1:1
complex (AL). %2:1 complex (A,L).
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Figure 2.18 Percentage of free anions by each ligand studied as a function of ligand

L3 concentration (C. = 1 x 10 M).
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For CH3COO™ and PhCOO" anions, two species of complexes (1:1 and 2:1
(anion:ligand)) were obtained leading to the lower percentages of free halide anion (%
FA). This implies that the complexation may occur in an exo fashion. As it was
reported that the azacalix[3]arene can bind soft cations such as transition metals
[15,16] which can enhance anion binding by electrostatic force, we decided to study
the effects of Zn** on anion complexation of L3. In the presence of Zn*,
hypochromic shifts increased in cases of F, Br, and I complexes while they
decreased in the case of CI, leading to incremental stability constants of halide
complexation except for CI" (Table 2.8). This can be rationalized in the following
manner: upon addition of Zn®*, one can assume that the Zn** binds to the
azacalix[3]arene part of L3 to give rise to a L3+Zn"" complex which is positively
charged and thus increases the stability constants of L3Zn?*/X by electrostatic
interactions [87]. In the case of CI, the electronic interaction between Zn**and CI°
may reduce the hydrogen bond interaction between L3 and CI’, which leads to a

decrease of the stability constant.

Table 2.8 Stability constants (log £°)* of L8+Zn*" complexes with anion in DMSO by
UV-vis titration method (T =25 °C, | =0.01 M BusNPF).

anions log p” (M) % FAP
F 3.41 (0.08)° 15.31
Cl- 3.58 (0.07)° 11.09
Br- 4.33 (0.03)° 2.26

I 2.92 (0.05)" 33.94

#Mean values of n > 3 independent determinations, with standard deviation o1 on the
mean in parentheses. "Percentage of various free halide anion at C.,Ca = 10° M. 1:1

complex or AL.
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2.2 Ultrathin films of azacalixarene-carbazole conjugated polymer networks (CPN)

for specific cation sensing

2.2.1 Introduction

ion-ion

p-doping i
CI- CI"""""? Yy CI-
cation-n
cation-dipoles~s
Receptors L
—'—’»
TBACI/H,0
o CI_I\III!i\l'I"I'Cl' -
<t 1 b
‘ = azacalix[3]arene ® = 7n* Co*
' = polycarbazole 0 = Ni#*, Cu?*, Cd®, Hg*

The basic recognition element of a chemical sensor is essentially a molecular or
macromolecular structure designed to recognize a specific analyte. The binding or
complexation constant, Kass, Of the analyte is dependent on the strength of non-covalent
interaction and accessibility to this structure. A high surface area is also a factor as it
affects the diffusion kinetics of the analyte to the binding site. In the presence of a
conducting (m-conjugated) polymer, a polymeric chemosensor system can be made
electrochemically active, electrically conducting, and fluorescent, depending on the
structure of the polymer, mode of electric field application, and wavelength excitation.
The presence of a conducting polymer can make a polymeric chemosensor be able to
conduct the electricity and show fluorescence spectrum as well as be active
electrochemically. Thus, it is unnecessary for the receptor-analyte unit of the polymeric
chemosensor to have an inherently high Kasso. Only partial occupancy of the recognition
sites may be required for signal transduction since the conjugated polymer also

contributes to signal amplification and improved sensitivity [103].

A number of well-investigated w-conjugated polymers such as polythiophenes,
polypyrroles, polyanilines, etc. have been used successfully for sensor and device

applications [104]. As a class of semi-conducting polymers, polycarbazole possesses
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good electroactivity and useful thermal, electrical, and photophysical properties which
have led to its use in redox catalysis, electrochromic displays, electroluminescent devices,
and sensors [105]. For example, polycarbazole has been used to develop copper(ll) ion
selective microelectrochemical transistors [106a] and L-dopa selective sensors [106b]
due to its negligible sensor response hysteresis and greater chemical and thermal stability
compared to other conducting polymers [106].

2.2.2 Objectives of this research

To prepare a new class of chemical recognition elements for sensors, we have
synthesized hexahomotriazacalix[3]arene-carbazole as a precursor for the formation of
conjugated polymer networks (CPNs) as shown in Figure 2.19. To the best of our
knowledge, there has been no report on the use of azacalix[3]arene in partial-cone
conformation combined with polycarbazoles in a chemical sensor material system. Using
electropolymerization, these precursors can be deposited as ultrathin films on Au and
indium tin oxide (ITO) electrode substrates. This electrochemical process results in the
formation of a conjugated polymer network (CPN) due to the inherent inter-molecular
and intra-molecular reactivity of pendant carbazole units [107]. The films were
characterized by UV-vis spectroscopy, fluorescence spectroscopy, and atomic force
microscopy (AFM). The electrochemical and sensing properties were investigated in
conjunction with various electrochemically hyphenated optical and acoustic techniques,
e.g., electrochemical quartz crystal microbalance (EC-QCM), electrochemical surface
plasmon spectroscopy (EC-SPR) and open-circuit potentiometry. It is expected that the
partial-cone conformation of azacalix[3]arene allows a gain in the kinetic binding
property, with its selectivity remaining intact with electropolymerization, leading to a

high specificity for cations.
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Figure 2.19 Electrochemical polymerization (cross-linking) of p-chloro-N-

benzylhexahomotriazacalix[3]-tri(buthyl carbazole) or monomer LA4.

2.2.3 Experimental section
2.2.3.1 Synthesis of sensor based on azacalix[3]arene
a) General procedure
al) Materials

Unless otherwise specified, the solvent and all materials were reagent grades
purchased form Fluka, BHD, Aldrich, Carlo Erba, Merck or J.T. Baker and were used
without further purification. Commercial grade solvents such as acetone,
dichloromethane, hexane, methanol and ethylacetate were purified by distillation before
used. Acetonitrile and dichloromethane for set up the reaction were dried over calcium
hydride and freshly distilled under nitrogen atmosphere prior to-use. Tetrahydrofuran was
dried and distilled under nitrogen from sodium benzophenone ketyl immediately before

use.

Column chromatographies were carried out on silica gel (Kieselgel 60, 0.063-
0.200 nm, Merck). Thin layer chromatography (TLC) was performed on silica gel plates
(Kieselgel 60, Fzs4, Imm, Merck). Compound on TLC plates were detected by the UV-
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light. All  manipulations were carried out under nitrogen atmosphere.
Tetrabutylammonium chloride (TBACI, purum, Fluka) used as supporting electrolyte.
Metal salts, used without further purification, were as following: LiClO4, NaClO, and
KCIO4 CoCl;, (GR ACS grade, Merck), NiCl,, and CuCl, (RPE grade, Carlo Erba), ZnCl,
(purum, Fluka), CdCl,, and HgCl, (GR ACS grade, Merck).

a2) Instrumentations

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400 MHz
spectrometer and a General Electric QE-300 spectrometer at 300 MHz in deuterated
solvent. Chemical shifts (5) are reported in parts per million and the residual solvent peak

was used as an internal standard.

Absorption spectra were measured by a Varian Cary 50 and HP-8453 UV-vis
spectrometer. UV-vis titration spectra were measured by a Perkin Elmer Lambda 25

spectrophotometer at 25 °C.

Fluorescence spectra were recorded by Perkin Elmer SL50B fluorescence and a

PerkinElmer LS 45 spectrophotometer.

FT-IR spectra were obtained using a FTS 7000 Spectrometer (Digilab now Varian
Inc.) equipped with a liquid Nj,-cooled MCT detector and a Nicolet Impact 410. KBr
pellets were prepared by first mixing the sample solutions with KBr, removing solvents

under vacuum and then pressing the KBr using a 10-ton hydraulic press.

MALDI-TOF mass spectra were recorded on a Biflex Bruker Mass spectrometer
with 2-Cyano-4-hydroxycinnamic acid (CCA).or 2,5-Dihydroxy-benzoic acid (DHB) as

matrix.

Elemental analysis was carried out on CHNS/O analyzer (Perkin Elmer PE2400

series I1).
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The cyclic voltammetry (CV) experiments were carried out on a Princeton
Applied Research Parstat 2263 with a modified ITO substrate as the working electrode
coupled with a Pt plate counter and Ag/AgCI reference electrode. Cyclic voltammetry
was utilized to prepare the cross-linked films from a 0.1 wt % of the precursor polymer
solution of 0.1 M TBAPFs/CH,Cl,.

The QCM apparatus, probe, and crystals are available from Maxtek Inc. The data
acquisition was done using a RQCM (Research Quartz Crystal Microbalance, Maxtek,
Inc.) system equipped with a built-in phase lock oscillator and the RQCM Data-Log
Software. This was coupled with the Amel potentiostat to generate EC-QCM results. A 5
MHz AT-cut CBzC11SH (2.8) modified on Au-coated quartz crystal with an effective
area of 1.327 cm? was used as a working electrode. Platinum as a counter electrode and
AgQ/AQCI as a reference were used to measure in situ polymerization during cyclic
voltammetry. To initiate the experiment, an inert probe was firstly immersed in

methylene chloride until a stable frequency was obtained.

Surface plasmon resonance spectroscopy spectroscopy (SPR) on Au-coated glass
(~45 nm) was performed using a commercially available instrument (Multiskop) with a
Kretschmann configuration and attenuated total reflection (ATR) conditions. The
reflectance was monitored with a p-polarized He-Ne laser (632.8 nm) as a function of

angle of incidence.

Electrochemical surface plasmon resonance  spectroscopy (EC-SPR)
measurements were performed using a SPR setup combined with a three-electrode
electrochemical cell in a Kretschmann configuration for the excitation of surface
plasmons. The details of this setup are described in the sensing part. Surface plasmons
were excited by reflecting p-polarized laser light off the Au-coated base of the prism. The
excitation source employed was a He-Ne laser: A= 632.8 nm. Kinetic measurements were
performed to monitor the formation of the film. Reflectivity-angular measurements were

also performed by scanning an incident angle range before and after in situ
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polymerization. For these experiments, the gold film thickness (~45 nm) was chosen for

optimum excitation of the surface plasmons. The electrode surface area was 0.785 cm?.

Atomic force microscopy (AFM) imaging was examined in ambient conditions
with a PicoSPM Il (PicoPlus System, Molecular Imaging [now Agilent Technologies
Tempe, AZ.] in the Tapping mode (AAC mode)).

b) Synthesis

b1l) Synthesis of p-Chloro-N-benzylhexahomotri-azacalix[3]-
tri(buthyl carbazole) (L4)

9-(4-bromobutyl)-9H-carbazole (2.5)

|lt\|l Br/\/\/ Br O

A N
- BI’\/\/\
TBAB, 50% NaOH O

2.5

To a solution of 59.10 g (237.70 mmol) of 1,4-dibromobutane, 1.00 g of
tetrabuthylammonium bromide, 5.16 g (30.86 mmol) of carbazole, 50 mL of aqueous
50% sodium hydroxide, and 50 mL benzene was added and stirred at 40 °C for 6 hours
The organic layer was separated, and the agueous layer was extracted three times with
chloroform (3 x 30 mL). The combined organic layer was washed three times with water
(3 x 40 mL) and dried over anhydrous Na;SOg4. The organic solvent was distilled over a
water bath, the unreacted 1,4-dibromobutane was removed by vacuum distillation, and
the residue was recrystallized from ethanol to give a white needle-like solid. Yield: 5.80 g
(62%).
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Characterization data for 2.5
IR (neat)/cm'l: v 3045, 2939, 2925, 2855, 1620, 1593

'H-NMR (300 MHz, CDCls): & (ppm) 8.06 (d, 2H, ArH), 7.11~7.47 (m, 6H, ArH), 4.29
(t, 2H, NCHy), 3.32 (t, 2H, CH,CH,Br), 1.98 (m, 4H, ArCH,CH,)

p-Chloro-N-benzylhexahomotriazacalix[3]-tri(buthyl carbazole) (L4)
N
-H .
O’\/I\TKQ\N u\/[‘?éo _
O YT b e u e
CI NaH,THF/DMF ANz
Cl cl 10% Y
2.2 {

N
\

2

7

zzZ

Q

/

_

4

\

L

To a solution of 2.2 (0.50 g, 0.64 mmol), NaH (0.11 g, 4.42 mmol) in THF (20
mL) and DMF (5 mL) was added a solution of 9-(4-bromobutyl)-9H-carbazole (0.68 g,
2.25 mmol) in THF (10 mL). After stirring for 2 days at 80 °C, the reaction mixture was
evaporated, extracted with CH,Cl,, and washed with saturated NaHCO3. The organic
layer was dried over anhydrous Na,SO, filtered, and evaporated. Column
chromatography on silica gel (hexane/EtOAc = 9:1, v/v) afford L4 (0.09 g, 0.06 mmol) in
10 % yields as deep white oil.
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Characterization data for L4

IR (neat)/cm™: 2977, 2937, 2880, 1470, 1386, 1320, 1243, 1168, 1107, 1059, 1035, 929,
879, 817, 738

'H-NMR (300 MHz, CDCls): & (ppm) 8.12 (br m, 6H, ArH), 7.52 (br m, 12H, ArH),
7.31 (m, 15H, ArH), 7.04 (s, 4H, ArH), 7.01 (s, 2H, ArH), 4.13 (t, J = 7.2 Hz, 2H,
OCH.CHy), 3.74 (t, J = 7.2 Hz, 4H, OCH,CH,), 3.78-3.00 (br m, 24H, NCH,Ar and
CH.CH2N), 1.76-1.18 (br m, 12H, , CH,CH; CH,)

BC-NMR (75 MHz, CDCls): 8 (ppm) 157.5, 155.5, 141.0, 140.9, 139.6, 139.7, 135.0,
134.0, 133.6, 131.4, 129.9, 129.5, 129.4, 129.1, 128.9, 127.9, 127.7, 126.2, 123.4, 121.0,
120.94, 119.5, 119.4, 119.3, 109.3, 109.2, 75.0, 74.7, 63.4, 62.8, 60.4, 53.2, 52.2, 51.4,
43.5,43.3,30.3, 28.2, 28.2, 26.4, 26.2

MALDI-TOF: m/z Calcd for [CosHg;ClsNeO3]": m/z 1443.08

Found: [C93H87C|3N603+ H]+: m/z 1443.08

b2) Synthesis of 11-(9H-carbazol-9-yl)-undecane-1-thiol (2.8)

9-(Undec-10-enyl)-9H-carbazole (2.6)
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B
2.6

To a stirred solution of 6.00 g (36.00 mmol) of carbazole in 15 mL
dimethylformamide (DMF), NaH 1.83 g (39.60 mmol) was added in portions and after
complete addition the mixture was heated to 60 °C for 2 hours. After the mixture was
cooled, a solution of 11-bromoundec-1-ene 9.40 g (40.00 mmol) in 5 mL DMF was
added dropwise to the reaction mixture and was allowed to stir for 48 hours at room
temperature. The reaction mixture was then poured in water and was extracted using
methylene chloride and dried over anhydrous Na,SO,. After evaporating the solvent, the
crude product was purified by column chromatography using hexane as an eluent giving
2.6, 9.5 g in 83% yields.

Characterization data for 2.6

'H-NMR (300 MHz, CDCly): & (ppm). 8.14 (d, 2H, ArH), 7.53-7.42 (m, 4H, ArH),
7.27(t, 2H, ArH), 5.80 (m, 1H, CHsCH=CH,), 4.95 (m, 2H, CH,CH=CH,), 4.29 (t, 2H,
NCH,CH;), 2.02 (p, 2H, CH,CH,CH), 1.86 (p, 2H, CH,CH,CHj), 1.35-1.22 (m, 12H,
CH,CH,CHy)

BC-NMR (75 MHz, CDCls): & (ppm) 140.6, 139.3, 125.7, 123.1, 120.3, 118.9, 114.3,
109.9, 43.4, 34.2, 29.8, 29.7, 29.4, 29.3, 29.2, 27.7
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11-(9H-Carbazol-9-yl)undecyl Ethanethioate (2.7)

AIBN/THF, 60°C

Y

Thioacetic acid

N

To a solution of 2.6, 1.91 g (6.00 mmol) in dry tetrahydrofuran (THF; 20 mL)
containing thioacetic acid 0.63 g (8.32 mmol) and 2,2’-azobis(2-methylpropionitrile)
(AIBN) 56.00 mg (0.17 mmol) was refluxed at 60 °C for 12 hours under nitrogen. After
cooling the reaction flask, 20.00 mg of AIBN and 0.30 g thioacetic acid was added and
refluxed for another 4 hours. Concentration of the reaction mixture followed by flash

column chromatography (4:1 hexane/CH,Cl,) gave 2.7, 2.10 g in 87% vyields.
Characterization data for 2.7

'H-NMR (300 MHz, CDCls): & (ppm) 8:14(d; 2H, ArH), 7.53-7.42 (m, 4H, ArH),
7.27(t, 2H, ArH), 4.29(t, 2H, NCH,CH,), 2.70(t, 2H, CH,CH,CO), 2.35 (s, 3H, COCH3),
1.92-1.88: (mM; 2H, CHoCH>CH),1:74-1.69-(m, 2H, CH,CH,CH;), 1.38-1.26 (m, 14H,
CH,CH,CH,)

BC-NMR (75 MHz, CDCls): § (ppm) 196, 140.6, 125.7, 123.1, 120.3118.6, 108.9, 43.0,
39.1, 35.1, 32.1, 30.5, 29.4, 29.3, 29.1, 28.9, 27.3
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11-(9H-carbazol-9-yl)-undecane-1-thiol (2.8)

>:O HS

S

To a solution 2.7, 1.00 g (2.52 mmol) was dissolved in 10 mL methanol, and
CH,CI, was added dropwise to make the suspension clear. To this solution 1 mL of 50
wt% NaOH was added under nitrogen and was further allowed to stir overnight. The
reaction mixture was neutralized by adding acetic acid. The neutralized solution was then
poured into 25 mL water and the organic phase was extracted using methylene chloride.
The organic phase was then washed with brine and dried over anhydrous Na,SO,4. After
filtering and concentrating under vacuum, the crude product was further washed with

hexane to give the pure product as 0.78 g (88%) of slightly yellowish oil.
Characterization data for 2.8

'H-NMR (300-MHz, CDClg): & (ppm) 8.14 (d; 2H, ArH), 7.53-7.42 (m, 4H, ArH), 7.27
(t, 2H, ArH), 4.29 (t, 2H, NCH,CH,), 2.68 (t, 2H; CH,CH,SH), 1.92-1.88 (m, 2H,
CH,CH,CHy), 1.74-1.69 (m, 2H, CH,CH,CH;), 1.38-1.26 (m, 15H, CH,CH,CH, and
SH)
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BBC-NMR (75 MHz, CDCl3): & (ppm) 140.6, 125.7, 123.1, 120.3118.6, 108.9, 43.0, 39.1,
35.1, 32.1, 29.3, 29.1, 29.0, 28.9, 28.4, 27.3

b3)  Synthesis of 9-(4-(9H-carbazol-9-yl)butyl)-9H-carbazole (2.9)

9-(4-(9H-carbazol-9-yl)butyl)-9H-carbazole (2.9)

H
N Q O
Br/\/\/ Br
) N
% N\/\/\
KOH,Acetone O O
2.9

To a solution of carbazole (5.00 g, 30.00 mmol), KOH (1.68 g, 30.00 mmol) in
acetone (20 mL) was added dropwise into a solution of dibromobutane (2.60 g, 12.00
mmol) in acetone (5 mL). After stir for 24 hours at room temperature, the reaction
mixture was evaporated and then extracted with CH,Cl,, and finally washed with EtOH
and THF. The filter was dried in vacuum to afford 9 (3.26 g, 8.39 mmol) in 70 % yields

as a white solid.
Characterization data for 2.9

'H-NMR (300 MHz, CDCls): 5. (ppm) 8.10 (d, 4H, ArH), 7.44 (br m, 8H, ArH), 7.23 (m,
4H, ArH), 4.24 (t, = 7.2, 4H, NCH,CH}), 1.98 (p, 4H, CH,CH, CH,)
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2.2.3.2 Electrochemical synthesis of cross-linked polymers (P-L4)

The precursor polymers were synthesized using the cyclic voltammetry (CV)
technique. In a three-electrode cell, 0.10 M tetra-butylammonium hexafluorophosphate
(TBAPFs) was used as a supporting electrolyte along with 0.10 wt % polymer dissolved
in anhydrous methylene chloride in separate cells. The electropolymerization of each
precursor polymer was performed by sweeping the voltage at a scan rate of 50 mV/s from
0to 1.0, 1.3, 1.5 V against Ag/AgCl as a reference electrode and platinum as a counter
electrode. The ITO, gold-coated slides and CBzC11SH coated gold substrates were used

both as a working electrode and as a substrate.

2.2.3.3 Sensitivity and selectivity studies of P-L4 by using potentiometry

Polymerized on ITO substrates by sweeping the voltage at scan rate 50 mV/s from
0-1.3 V, hexahomotriazacalix[3]arene-carbazole was studied as a sensor using 0.01 M
TBACI as electrolyte. Using Teflon cell, TBACI of 0.01 M was injected, until potential
signal was kept constant. To study sensitivity and selectivity of the polymer, different

concentrations of cations was held constant for 1000 sec.

The change in potential (AE), [(AE) = Observed potential (Eo) — Initial potential

(Ei)] was recorded simultaneously as a function of time.

2.2.3.4 Sensitivity. and selectivity studies of P-L4 by using EC-QCM and
QCM

EC-QCM was used to polymerize L4 on 2.8 coated gold substrates. The
electropolymerization was performed by sweeping the voltage at the scan rate of 50 mV/s
from 0 to 1.0 V. The sensitivity and selectivity were monitored in agueous solution. From
Figure 2.20, we injected water into the sample cell and kept this cell constant at room

temperature for 1000 sec. After that, such cell was dried in vacuum oven for 10 mins, and



80

each delta frequency shown in Figure 2.20 was measured in air by QCM each time for 20
mins as the function of cations’ concentration being as follows 10° , 10®°, 10* and 107
M.

100+
lair  air

air

air

-100 ar air

-200-
-300-
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Figure 2.20 Sensor diagram studied by using QCM.

2.2.3.5 Sensitivity and selectivity studies of P-L4 by using EC-SPR and SPR

EC-SPR was used to polymerize L4 on 2.8 coated gold substrates. The
electropolymerization was performed by sweeping the voltage at the scan rate of 50 mV/s
from 0 to 1.0 V. The sensitivity and selectivity were monitored in aqueous solution.
Figure 2.21 shows the sensor set up by SPR and EC-SPR. We injected water into the
sample cell and kept this cell constant at room temperature for 1000 sec. After that, the
sensing experiment was performed by injecting different concentrations of cations (10° ,

10°, 10 and 10 M) at regular intervals by starting at the lowest concentration.
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Figure 2.21 Sensor setup for in situ EC-SPR/SPR measurement.

2.2.4 Results and discussion
2.2.4.1 Synthesis of macrocyclic receptor monomer (L4)

The synthesis —of —monomer L4 was completed by reacting N-
benzylhexahomotriaza-p-chlorocalix[3]arene with 3.5 equivalents of 9-(4-bromobutyl)-
9H-carbazole and 3.5 equivalents of NaH as base in THF/DMF solution for 2 days.
Column chromatography (silica gel, 90/10 hexane/ethyl acetate) was used to afford
monomer L4 in 10% yields. The carbazole functionalized hexahomotriazacalix[3]arene
monomer was then characterized by FT-IR, 'H-NMR, *C-NMR and MALDI-TOF MS

as summarized in the experimental section.

It was found that hexahomotriazacalix[3]-tricarbazole (L4) was fixed as a partial
cone conformation as evidenced by the presence of 2 triplet —CH-g5caix aromatic at 7.04
ppm (J=7.2 Hz) and 7.01 ppm (J=7.2 Hz) and multiplet peaks of -NCH,Ar- at 3.78-3.00
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ppm in the 'H-NMR spectrum. The *C-NMR spectrum also gave evidence of the
changes, consistent with the previous study from a cone conformation spectrum [95], i.e.
-OCH,CH,- showed two peaks (75.0, 74.7 ppm) and the —C- of the aromatic azacalix
split into three peaks (135.0, 134.0 and 133.5 ppm).

2.2.4.2 Electropolymerization of L4

Electropolymerization by cyclic voltammetry (CV) is a widely used method for
preparing polycarbazole (PCBz) films [108,109]. To test the ability to form network
ultra-thin films, monomer L4 was electropolymerized and deposited on three working
electrodes: plain gold-coated glass substrate, CBzC11SH (thiol-undec-9H-carbazole, 2.8)
self-assembled monolayer (SAM) coated gold substrate, and ITO substrate. All the CV
trace diagrams of monomer L4 deposited onto the different substrates are also shown in
Figure 2.22. Deposition on bare gold-coated slide was first attempted. The current
increase was low and the CV was not well-behaved. When the 2.8 SAMs coated gold
substrate was used (Figure 2.22a), the monomer was shown to be electropolymerized

anodically at 1.0 V.

After several cycles, the oxidation and reduction peaks are observed at 0.85 V and
0.77 V, respectively. The current was low on the first cycle but increased in the second
and slightly changed with further cycles. Thus, compared to the bare-Au electrode, more
material was deposited on this 2.8 coated gold substrate based on a higher current
increase at 0.85 V. On the other hand, the best films were obtained when ITO was used as
the electrode-substrate. ‘with. applied - potential - window -from 0 to 1300 mV
(electropolymerization was initially attempted with applied potential up to 1500 mV,
Figure 2.22d). The linear increase in the oxidation current and high cyclic reversibility is
indicative of a uniform film growth. The anodic current trace splits into two peaks with
further cycles. At the first cycle, the broad anodic peak is centered at 0.90 V and the
reduction peak is at 0.75 V. When the eighth cycle was reached, two consecutive anodic

peaks centered at 0.85 V and 0.96 V became more pronounced. The two anodic current
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peaks can be assigned to the doping of anions into the polymerized carbazole from the
electrolyte solution and oxidation of carbazole, leading to a radical cation species [107].
This is reasonable because only one reduction peak is observed, which decreases from
0.75 V to 0.71 V. Thus, the reduction from the previously oxidized but uncrosslinked
species may be the source of this peak. Dedoping may also be involved in this reduction

process but is not favored considering polycarbazole is a p-type semiconductor polymer.
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Figure 2.22 Cyclic voltammograms of the electrochemical cross-linking/deposition of L4
at a scan rate of 50 mV/s, 8 cycles: (a) deposited material on 2.8 coated gold substrates(0-
1.0 V), (b) on ITO substrates (0-1.3 V), (c) on gold-coated slides (0-1.0 V), and (d) on
ITO substrates (0-1.5 V).



84

2.2.4.3 Morphological studies

The morphology before and after electropolymerization on the ITO, gold-coated
slides, and 2.8 SAM coated gold substrates were characterized by AFM (Figure 2.23,
Figure 2.24). L4 was electropolymerized for 8 cycles at a range of 0 to 1000 mV at a scan
rate 50 mV/s in 0.1 M TBAPFg/anhydrous CH,ClI; as electrolyte (WE, gold-coated slide;
CE, Pt wire; RE, Ag/AgCI wire). In the case of direct deposition on unfunctionalized
gold substrate, the morphology appeared to be more similar to bare gold, indicating very
small quantity was deposited. When 2.8 SAM coated gold was used, the morphologies
are relatively rough (Figure 2.23c). It implied that the deposition of the precursor material
was achieved better on 2.8 coated gold substrates but were not as uniform as expected.
The nucleation of 2.8 SAM may play a very important role during the polymerization,
according to a previous report on polythiophene electrodeposition [110]. For the ITO
substrates, a highly uniform morphology was observed with applied potentials from 0 to
1.3 V (Figure 2.24b). However in the case of higher applied potential (up to 1.5 V), the
polymer films tended to give a rougher and patchy film (but complete coverage) as

shown in Figure 2.24c.
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Figure 2.23 AFM.images; the topological or height images-(left) and three-dimentional
topographic images (right): (@) bare gold, (b) poly hexahomotriazacalix[3]arene-
carbazole (PL4) electropolymerized at 50 mV/s (0 to 1.0), 8 cycles in TBAPFg/CH,CI,
electrolyte (WE, gold-coated slides; CE; Pt wire; RE, Ag/AgCl wire), and (c) after
electropolymerization of PL4 at 50 mV/s (0 to 1.0), 8 cycles in TBAPF¢/CH,CI,
electrolyte (WE, 2.8 coated gold substrates; CE, Pt wire; RE, Ag/AgCl wire).
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Figure 2.24 AFM images, the topological or height images (left) and three-dimentional
topographic imagse (right): (a) bare ITO, (b) after electropolymerization of L4 at 50
mV/s (0 to 1.3), 8 cycles in TBAPFs/CH,CI; electrolyte (WE, ITO; CE, Pt wire; RE,
Ag/AgCl wire), and (c) after electropolymerization of L4 at 50 mV/s (0 to 1.5), 8 cycles
in TBAPF¢/CH,CI; electrolyte (WE, ITO; CE, Pt wire; RE, Ag/AgCl wire).
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2.2.4.4 Spectroelectrochemical studies

Spectroelectrochemical measurements were performed using a previously
described set-up [111]. The spectroelectrochemical measurement of PL4 was performed
to investigate the cross-linking polymerization process in-situ and the presence of

polaronic states associated with the formation of a more conjugated polymer.
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Figure 2.25 (a) Spectroelectrochemical analysis performed in 0.1 M TBAPF¢/CH,CI, of
L4, growth of the 445 and 950 nm peaks during electrodeposition of PL4, spectra taken
in situ at 0 V during each CV cycle, and (b) Fluorescence spectra before and after

electropolymerization of L4 which are taken at the excitation wavelength A = 320 nm.

The in-situ UV-vis absorption spectra of L4 were measured simultaneously with
electropolymerization in a:0.10 M. TBAPFg/ CH,Cl, solution as electrolyte (WE, ITO;
CE, Pt wire; RE, Ag/AgCl) at a scan rate of 50 mV/s . Figure 2.25a shows the extended
appearance of the m-rn* transition at 307 nm and a shoulder at 445 nm, which are
attributed to polycarbazole [112]. The broad peak centered at 950 nm can be assigned to
the polaronic and bipolaronic bands originating from the formation of the conjugated
polycarbazole species and their complexed ion redox couple with hexafluorophosphate
ions. From the spectra, the peaks at 445 and 950 nm were tracked and showed a linear

increase with increasing CV cycles indicating an even deposition of the polymer. In
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addition to the electronic absorption properties, the fluorescence emission properties of
polycarbazole further confirmed the crosslinking reaction [112]. It was found that the
azacalix[3]arene-carbazole precursor shows a different fluorescence spectra before and
after crosslinking. The fluorescence peak of the carbazole units present on L4 was
observed at 370 nm (Figure 2.25b) (film). After electropolymerization, this peak is
quenched in the case of the solid state PPC-CBz film, where a new peak arises at 390 nm
attributed to the formation of polycarbazole. This was also observed previously as in the
case of CBz functionalized polybenzyl ether dendrimers in solution and solid-state

carbazole containing polystyrenic CPN films [112].

2.2.4.5 Selectivity and sensitivity studies by using potentiometric

measurements

The selectivity and sensitivity studies were first investigated by open-circuit
potentiometry (an electrochemical cell potential set at zero current). The changes in
potential (AE) were recorded simultaneously as a function of time at constant zero-
current voltage. The experiment also tracks the redox state of the polymer since it can be
influenced by either introducing an electric charge or adding a reagent (analyte) which
interferes with the redox equilibrium. An increase in negative value of AE from the zero
potential indicates an increase in conductivity. The selectivity studies by potentiometry
were first performed using the electrochemically cross-linked PL4 film on ITO against
100 mM of the various cations (TBACI 10 mM is present as supporting electrolyte). As
shown in Figure 2.26a, the highest selectivity (biggest change in AE) was observed from
Zn** compared with other cations. A priori, this situation may be due to the exact size and
fit of the Zn? cation on the azacalix[3]arene, steric effect from the polymerback bone
and hard soft acid and base principle (HSAB) [15,16]. The presence of the nitrogen atoms
considered as a soft atom in azacalix[3]arenes allows them to bind soft cations (such as
transition metals) [23,95]. Moreover, our previous work [95] have been shown that the

azacalix[3]arene template can be specified sensor for Zn®" in organic solution.
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Figure 2.26 Potentiometric profiles of PL4 on ITO in 10 mM TBACI aqueous solution:
(a) various cation analytes, and (b) various concentrations of Zn?*. Plotted data are within

5% deviation from several measurements.

However, by design, the hexahomotriazacalix[3]-tri(buthylcarbazole) was made
to be specific for the Zn?* cations compared to the other transition metals. In this case, the
conductivity of the cross-linked polymer may increase with binding of the Zn?* cations to
the azacalix[3]arene pocket. This seemed to be readily achieved at 10° M where the other
cations have little effect on the potential change since they did not have an exact fit on

the azacalix[3]arene and thus showed little deviation from the zero point potential.

In general for the Zn?* cations, after the lowest concentration (10° M), the AE did
not decrease much over time (Figure 2.26b). For the other concentrations, the potential
decreases in the first 100 seconds, followed by a gradual increase until it reaches a steady
state. This is generally observed for all the other cations at higher concentrations (10™ —
10 M). (see Figure 2.27). This indicates that the decrease of potential at 10° M of the
cations over time is primarily due to the first cations being encapsulated in the cavity of
azacalix[3]arene through cation-dipole interaction [95]. With increasing concentrations,

the limited amount of the cavities does not allow further encapsulation and therefore
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cations are free to complex with other species in the polymer backbone, i.e. driven by the
interaction between the cations with doped anions (CI" and PFg) and with extended =-
conjugated polymer on the backbone. Thus, the potentiometric changes can be attributed
from the increasing interference of the Zn?* on charged species in the polymer such as
polarons and bipolarons along with their neutralizing counterions which are independent

species.

Clearly, on the basis of the potentiometric measurements in the presence of 10
M cations, the Zn** showed the best performance in terms of selectivity and sensitivity
compared to the other cations. However, there is a need to further explain this
phenomenon of the AE change beyond the HSAB principle and the presence of other
independent ionic species in the polymer. The basic promise is that the other ions when
not bound to the azacalix[3]arene cavity via a cation-dipole interaction are primarily
involved with ion-pairing on the doped conjugated polymer and cation-n interaction

between cations and n-extended conjugated polymer.

To begin with, the observed behavior can be correlated with the effect of charge-
carrier properties on a conjugated polymer, i.e., hole transport and electron transfer
properties of the polycarbazole to the cations. There are two explanations for the potential
changes after the addition of different cations along with different concentrations: 1) one
can first consider the contribution of electron transfer from the lone pair of nitrogen on
the azacalix[3]arene moiety to the conjugated polymer backbone. This was confirmed by
studying the complexation of protons with the azacalix[3]arene (see Figure 2.27a). As
shown in Scheme 2.3a, protonation  of nitrogen (ammonium formation) gives less
efficiency for electron transfer to the polycarbazole. As a consequence, fewer holes can
be generated and thus_less conductivity enhancement. or. a smaller. potential decrease
would be expected, which is indeed the case; 2) the other consideration is based on the
hole-transport throughout the whole polymer network in a three dimensional manner.

Since the Zn** are complexed in the azacalix[3]arene cavities by ion-dipole interaction,
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the holes not only move along the polymer backbones but also hop through the cations to

improve the hole transport pathways in-between chains [114a].
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Figure 2.27 Potentiometric profiles of PL4 on ITO in aqueous solution in different
concentration of cations at 0 V: (a) H', (b) Co*, (c) Ni**, (d) Cu**, (e) Cd*, and (f)

Hg?".
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Scheme 2.3 The two explanations for the potential changes after the addition of cations
(a) cations can be protected electron transfer to the conjugated polymer backbone, and (b)
cations complexation can be a hole to improve the hole transport pathways in-between

chains.

The other effect to consider is the competition with the free ions (overall ionic
strength) and the ions bound on the doped polymer. With increasing concentration of the
cations, the ion-ion and cations-r interactions increase and begin to reside proximal to the
polymer backbones, pairing with the anions (CI" and PF¢’) on the doped sequences of the
polymer. Thus they tend to decrease the doping level of the polymer films by removing
the anions paired to the polymer backbone and the stabilization of n-extended conjugated
polymer by reducing electron cloud on the polymer backbone. Consequently, the net
potential ‘shift is attributed from the competition of these two effects. The flux of the
cations into the polymer films may proceed in two steps: at first they diffuse into the
polymer and selectively bind with the azacalix[3]arene cavities, which enhances the

conductivity. If all the cavities have been filled up, the cations would slowly disperse to
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the sequences occupied by the dopants, which interrupts the polymeric conjugation and

decreases the hole mobility.
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Figure 2.28 (a) Cyclic voltammograms electrochemical cross-linking/deposition of 2.9

polymerization at a scan rate of 50 mV/s, 8 cycle deposited material on ITO substrates.,

(b) The UV-Vis absorption spectrum of 2.9 films before and after addition of Zn* cations

10 M on ITO ‘substrates, and (c) Potentiometric profiles of 2.9 on ITO in agueous

solution in different concentration of Zn?* at 0 V.
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In principle the conductivity of conjugated polymers can be fine tuned by
changing charge transport pathways. Previous studies [114] correlated that the three-
dimensional connectivity for bipolaron migration was caused by the close contacts
between planar m-extended polymers which efficiently promote an interstrand charge
hopping and consequently facilitates charge delocalization. On the other hand, the
minimization of cross-communication of the conjugated polymer backbones can
remarkably change the conductivity profile by reducing the dimensionality of charge
transporting pathways [115]. As a control experiment, 9-(4-(9H-carbazol)-9H-carbazole

(2.9) was used. The data showed only a little increase of AE in the Figure 2.28.

2.2.4.6 Selectivity and sensitivity studies by using spectroelectrochemical

measurements

Spectroelectrochemical studies were also performed to support the order of cation
sensitivity and selectivity. As expected, the addition of 10° M cations into the cell
containing the films resulted in different changes in the absorption spectra. The blue shift
(= 45 nm) from 455 nm to 405 nm and 950 nm to 910 nm upon the addition of Ni**, Cu®",
Cd** and Hg®* suggests that conjugation of the polycarbazole is indeed decreased,
consistent with the above discussion in the potentiometric measurements. However, little
change in the absorption spectra of PL4 was observed upon the addition of Zn®** and Co**
and can be attributed primarily to an allosteric effect. This suggests that the Zn** and
Co*" ions are primarily bound in the cavity of azacalix[3]arene by cation-dipole
interaction. This was also confirmed by the addition of protons. As can be seen from
Figure 2.29, there is a slight blue shift with protons-primarily bound on the nitrogen of
azacalix[3]arene, but the interference is much weaker than the metal ions, maintaining the
polymeric conjugation to a large extent. From the Co®" spectrum, this'may imply that
Co?" jon may compete with Zn?* for the azacalix[3]arene specificity. However, the blue

shift (~10 nm) from 450 to 440 nm occurred upon the addition of Zn?* in the control
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experiment (Figure 2.28b). From this data, the blue shift can be explained by cation-n

interactions between the cations and the conjugated polymers.
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Figure 2.29 The UV-vis absorption spectrum of PL4 films upon the addition of different

cations with the concentration 103 M on ITO substrates.

2.2.4.7 Selectivity and sensitivity studies by using electrochemistry and

quartz crystal microbalance method (EC-QCM)

Additionally, we combined electrochemistry and quartz crystal microbalance
method (EC-QCM) to confirm the sensitivity and selectivity of PL4. This method is very
informative for probing mass-transport processes into thin films [111]. The mass
deposition per cycle was measured during electropolymerization and showed a general
decrease in frequency with each cycle over time, indicating a continuous deposition on
the substrate (Figure 2.30a). After the deposition of PL.4 on the EQCM probe, aqueous
solutions of the cations were added. In general, the Butterworth-van Dyke (BD) equation
provides a method for relating the electrical properties of the quartz resonator to the

mechanical properties of the deposited film [116]. The relationship between AR and Af

under liquid loading was derived from BD equation [117]. The increase in AR is
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correlated with an increase in the viscoelasticity of the layer adjacent to the crystal

surface while a small change in AR is indicative of a more rigid adsorbed layer.
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Figure 2.30 Electrochemical-quartz crystal microbalance-studies: (a) AF, frequency
change and AR, resistance change during the CV cycling., (b) Changes in the viscoelastic
behavior in the polymers., and (c) AF, frequency change as a function-of different cations

concentration.

From Figures 2.30a and 2.30b, the resistance increased with each cycle indicating

increasing rigidity (viscoelastic behavior) of the films with more layers deposited. In
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general, with oxidation and reduction, the change in resistance indicates the transport of
the ions in and out of the cross-linked film. After cross-linking, the addition of Zn®*
caused a rapid increase of the mass of the deposited polymer (Figure 2.30c). This was the
highest for the Zn?* as compared to the other ions. Analysis of the mass-concentration
relationship, according to the Langmuir equation (/' = 1 + 1/KCym, where T =
Am/Ammax, Cw is the metal ion concentration and K the complexation constant) was made

[118]. The binding ability of PL4 towards cations thus varies as follows: Zn** (K = 1.1 x
10° M) > Cu®* = Co2+ (K = 9.0 x 10° M™) > Ni** = Hg?" (K = 3.3 x 10° M) > Cd** (K
=2.5x10° M™).

2.2.4.8 Selectivity and sensitivity studies by using electrochemistry and

surface plasmon spectroscopy method (EC-SPR)

SPR spectroscopy was combined with an electrochemistry setup to study the
efficiency of transport and sensitivity of Zn*" ions with PL4 films. As shown in the EC-
SPR measurements (Figure 2.31), the reflectivity increases with increasing CV cycles,
indicating the continuous deposition of the film onto the 2.8 SAM coated gold substrates.
The subsequent doping and dedoping of the films with oxidation and reduction cycles are
shown in the reversible reflectivity change which consists of either a change in dielectric
constant or thickness [119]. The sensing experiment was conducted by injecting different
concentrations of Zn*"into SPR cell embedded with the as-deposited polymer film on Au
working electrode. From the SPR-sensorogram (Figure 2.31b), a sudden change was
observed on the refiectivity upon injecting 10° and 10° M Zn** and a peak saturation
was observed upon injection of 10 M and higher concentrations. The concentrations at
this level are not expected to give a measurable change in reflectivity [120]. This
indicated that the association of Zn** with the film primarily induced the dielectric
constant change assuming the thickness was constant. It is also interesting to note that the
highest change was observed with 10 and 10° M Zn?* concentrations, indicating that at

these concentrations, the azacalix[3]arene units are fully bounded and that excess ions do
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not participate in a significant dielectric constant change to the film, similar to the results

with open-circuit potentiometry. This confirms that the allosteric effect is mostly

observed only at lower concentrations of the Zn** cation and that at higher

concentrations, the excess ion does not participate in binding to the azacalix[3]arenes.
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Figure 2.31 EC-SPR and SPR studies of PL4 on 2.8 coated gold substrates: (a) kinetic

measurement during deposited film, (b) Kinetic sensorogram at different concentrations

of Zn?*, and (c) angular sensorogram at different concentrations of Zn*".



CHAPTER I11

ELECTROCHEMICALLY REACTIVE DENDRIMERS

3.1 Lord of the nano-rings: self-assembly and electropolymerization of PAMAM-

carbazole dendron surfmer complexes

3.1.1 Introduction

Supramolecular nanostructures derived from self-organizing molecules and
macromolecules are of high interest for achieving new functions and properties in the
fields of material science and chemical biology [121]. Dendrimeric self-assembly
[67,122] especially in the case of polyamidoamine (PAMAM) dendrimers, have attracted
increasing attention in recent years because of their unique structure, interesting
properties, and ready availability. Their potential applications in medicine, catalysis, gene
therapy, and nanoreactor systems have been explored in the last decade or so [123].

These dendrimers are composed of a central core (ethylenediamine core, in this study)
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with amidoamine branching units that extend outward in a symmetric fashion and consist
of n generations (layers). It is a monodispersed, highly branched macromolecule with
primary amine functional groups on the surface and amido units at the branch points in
the interior. Recently, a number of studies have focused on the interaction and
aggregation behavior between PAMAM dendrimers and surfactants in aqueous solution
such as SDS [124], poly(ethylene glycol) [125], and dodecanoic acid [126]. However, up
to now, there has been no attempt to use PAMAM-surfactant complexes as templates for
direct polymerization.

Template polymerization is a useful method to obtain multicomponent materials
[127]. A polymer can be used as a template to associate monomers by non-covalent
interactions such as hydrogen bonding, electrostatic forces, dipole forces, and other
interactions, followed by polymerization of the monomers on the contours of the template
[128]. Thus a template acts as a structure-directing agent guiding the topology of the
polymerization process. In direct templating, a change of dimensions or phase transitions
occurs, and the templated material becomes a 1:1 copy of a template. Template
polymerization of polyelectrolyte-surfactant monomer (surfmer) complexes is a primary
example and has been previously reviewed [129,130,131]. They were successfully
demonstrated in the polymerization of a variety of lipid assemblies with preservation of
the mesostructures. However, y-irradiation have been shown to degrade the monomer in
the initiation step of a polymerization reaction within smectic liquid-crystalline layers
[132]. Recently, Faul et al. [129] have been able to preserve the lamellar phase structure
of polyelectrolyte-surfmer - surfactant (di(undeccenyl)phosphate and o-w-diene)

complexes through a dithiol polyaddition strategy.

Electroactive groups such as pyrrole [133a,133b] and thiophene [133c,133d]
containing surfactants has the potential -for producing new hybrid and electro-optical
materials. Because of the electroactive moieties, they are not only polymerizable but also
potentially electrically conductive when polymerized. Nanowire structures of pyrrole and

thiophene have been realized which could serve as new conducting fibers. On the other
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hand, carbazole polymers have been of recent interest due to their interesting
electrochemical homopolymerization and copolymerization behavior [112]. They exhibit
interesting electrochromic properties as well [134]. The ability of polycarbazole to form
two distinct oxidation states further leads to multichromic effects [107]. Furthermore,

polycarbazole is well-known as a hole transport material [135].

3.1.2 Objectives of this research

Decomplexation Weak complexation Strong complexation

.l :l The complexation can realignenent

fu mialles slructure
during slectropolymerizaticn

Figure 3.1 PAMAM dendrimer generation 4 with carboxylic acid terminal dendrons
containing peripheral electroactive carbazole groups-of different generations (GoCOOH,
G1COOH and G,COOH) and possibility to from nano-ring structures.

In this part, we report a detailed and quantitative study on the supramolecular
complexation of amine functionalized PAMAM dendrimer generation 4 with carboxylic

acid terminal dendrons containing peripheral electroactive carbazole groups of different
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generations (GoCOOH, G;COOH and G,COOH) (Figure 3.1). The focus is on a detailed
understanding and mechanism of complex formation and  subsequent
electropolymerization properties with the different generation of the dendron surfmers. In
the process, we observed the formation of interesting nano-ring structures that preceded
the electropolymerization process. The rest of the work involved understanding the nature
of this nanostructure formation. We believe that this is only one of a few rare reports in
which template polymerization was applied with a dendrimer-surfmer complex via

electropolymerization.

3.1.3 Experimental section

3.1.3.1 Synthesis of carbazole dendrons to complex with dendrimer

a) General procedure

al) Materials

Unless otherwise specified, the solvents and all materials were reagent grades
purchased form Fluka, BHD, Aldrich, Carlo Erba, Merck or J.T. Baker and were used
without further purification. Commercial grade solvents such as acetone,
dichloromethane, hexane, methanol and ethylacetate were purified by distillation before
used. Acetonitrile and dichloromethane for set up the reaction were dried over calcium
hydride and freshly distilled under nitrogen atmosphere prior to use. Tetrahydrofuran was
dried and distilled under nitrogen from sodium benzophenone ketyl immediately before
use. Column chromatographies were carried out on silica gel (Kieselgel 60, 0.063-0.200
nm, Merck). Thin layer chromatography (TLC) were performed on silica gel plates
(Kieselgel 60, Fs4, Imm, Merck). Compound on TLC plates were detected by the UV-

light. All manipulations were carried out under nitrogen atmosphere.
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a2) Instrumentations

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400 MHz
spectrometer and a General Electric QE-300 spectrometer at 300 MHz in deuterated
solvent. Chemical shifts () are reported in parts per million and the residual solvent peak
was used as an internal standard.

Absorption spectra were measured by a Varian Cary 50 and HP-8453 UV-vis
spectrometer. UV-vis titration spectra were measured by a Perkin Elmer Lambda 25
spectrophotometer at 25 ‘C.

Fluorescence spectra were recorded by Perkin Elmer SL50B fluorescence and a
PerkinElmer LS 45 spectrophotometer.

FT-IR spectra were obtained using a FTS 7000 Spectrometer (Digilab now Varian
Inc.) equipped with a liquid Nz-cooled MCT detector and a Nicolet Impact 410. KBr
pellets were prepared by first mixing the sample solutions with KBr, removing solvents
under vacuum and then pressing the KBr using a 10-ton hydraulic press.

MALDI-TOF mass spectra were recorded on a Biflex Bruker Mass spectrometer
with 2-Cyano-4-hydroxycinnamic acid (CCA) or 2,5-Dihydroxy-benzoic acid (DHB) as
matrix.

Water contact angle measurements (Model CAM-Micro, Tantec Inc.) were taken
before and after complexation to ensure modification on PAMAM by monitoring the
change in hydrophilicity of the surface for the glass substrates.

Elemental analysis was carried out on CHNS/O analyzer (Perkin Elmer PE2400
series I1).

The cyclic voltammetry (CV) experiments were carried out on a Princeton
Applied Research Parstat 2263 with a modified ITO substrate as the working electrode
coupled with a Pt plate counter and Ag/AgCl reference electrode. Cyclic voltammetry
was utilized to prepare the cross-linked films from very concentration of the precursor
polymer solution of 0.1 M TBAPFg/CH,Cl,.
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Atomic force microscopy (AFM) imaging was examined in ambient conditions
with a PicoSPM Il (PicoPlus System, Molecular Imaging [now Agilent Technologies
Tempe, AZ.] in the Tapping mode (AAC mode)).

b) Synthesis
b1) Synthesis of carbazole dendrons (GoCOOH, 3.2)

Methyl 4-[4-(9H-Carbazol-9-yl)butoxy]benzoate (G,COOC,Hs, 3.1)

N
(o e’ Br\/\/\ O O, O~

5 =
K,CO3,18-crown-6

OH THF

(@)

A mixture of 9-(4-bromobutyl)-9H-carbazole (9.03 g, 29.87 mmol), methyl 4-
hydroxybenzoate (5.00 g, 32.86 mmol), anhydrous potassium carbonate (12.39 g, 89.63
mmol), and 18-crown-6 (3.95 g, 14.94 mmol) in anhydrous THF (150 mL) was refluxed
with vigorous stirring under nitrogen for 72 hours. After cooling to room temperature, the
mixture was concentrated to dryness under reduced pressure. The residue was partitioned
between CH,CI, and H,0O and the aqueous layer was extracted with CH,Cl, (3x50 mL).
The combined organic layers were dried with anhydrous Na,SO, and the solvents
evaporated. The product was purified by column chromatography on silica gel eluting
with CH,Cl,/hexane (3:7) to give 3.1 as a white solid (8.60 g, 70 % vyield).
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Characterization data for 3.1

'H-NMR (300 MHz, CDCl): § (ppm) 8.23 (d, J = 7.8 Hz, 2H, ArH), 8.08 (d, J = 8.7
Hz, 2H, ArH), 7.50-7.58 (m, 4H, ArH), 7.38 (t, J = 1.2Hz, 2H, ArH), 6.94 (d, J = 6.6 Hz,
2H, ArH), 4.47 (t, J = 6.6 Hz, 2H, NCH,CHy), 4.02 (t, J = 6.6 Hz, 2H, OCH,CH}), ), 4.00
(s, 3H, OCHs3), 2.12 (m, 2H, NCH,CH,CHy), 1.93 (m, 2H, OCH,CH,CH,)

4-[4-(9H-Carbazol-9-yl)butoxy]benzoic Acid (GoCOOH, 3.2)

OO O~_OH
KOH
THF,MeOH
o) @]
0
3.1 3.2

A mixture of compound 3.1 (3.73 g, 10.00 mmol) and KOH (5.61 g, 100.00
mmol) in tetrahydrofuran/methanol (55 mL/110 mL) was refluxed with vigorous stirring
for overnight. After cooling to room temperature, the mixture was concentrated to
dryness under reduced pressure. The residue was acidified to pH 2-3 with HCI, then the
precipitate was filtered and washed with ether to give 3.2 as a white solid (3.32 g, 92 %

yield).
Characterization data for 3.2

'H-NMR (300 MHz, CDCls): & (ppm) 8.20 (d, J = 7.5 Hz, 2H, ArH), 8.12 (d, J = 8.4
Hz, 2H, ArH), 7.59-7.49 (m, 4H, ArH), 7.33 (t, J = 7.8 Hz, 2H, ArH), 6.96 (d, J = 8.7 Hz,



106

2H, ArH), 4.51 (t, J = 6.6 Hz, 2H, NCH,CH>), 4.08 (t, J = 5.4 Hz, 2H, OCH,CH), ), 2.20
(m, 2H, NCH,CH,CH), 1.96 (m, 2H, OCH,CH,CH>)

b2) Synthesis of carbazole dendrons (G;COOH, 3.4)

Methyl 3,5-Bis[4-(9H-carbazol-9-yl)butoxy]benzoate (G;COOCHs3, 3.3)

N
(o) O\ ff O, O\
Br

/I
Oi
N

3.3

HO OH
THF

A mixture of N-(4-bromobutyl)-9H-carbazole (15.22 g, 50.37 mmol), methyl 3,5-
dihydroxybenzoate (3.94 g, 23.40 mmol), anhydrous potassium carbonate (21.00 g,
159.94 mmol), and 18-crown-6 (0.45 g, 2.8 mmol) in anhydrous acetone (500 mL) was
refluxed with vigorous stirring under nitrogen for. 72 hours. After cooling to room
temperature, the mixture was concentrated to dryness under reduced pressure. The
residue was then partitioned between CH,CIl, (500 mL) and H,O. (400 mL). The
combined organic layers were dried with anhydrous Na,SO,. After removal the solvent,
the residue was recrystallized from ethyl acetate to give 3.3 as a white solid in 70 %

yield.
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Characterization data for 3.3

'H-NMR (300 MHz, CDCls): & (ppm) 8.19 (d, J = 7.8 Hz, 4H, ArHcg,), 7.57-7.49 (m,
8H, ArHcg,), 7.35-7.29 (m, 4H, ArHcg,), 6.71 (s, 2H, ArH), 4.49 (t, J = 7.2 Hz, 4H,
NCH,CH,), 4.04 (t, J = 5.4 Hz, 4H, OCH,CH,), ), 2.27 (s, 3H, OCH3), 2.21 (m, 4H,
NCH,CH,CH,), 1.95 (m, 4H, OCH,CH,CH,)

3,5-Bis[4-(9H-carbazol-9-yl)butoxy]benzoic Acid, G;COOH, 3.4

KOH

S

TN

A mixture of compound 3.3 (3.00 g, 4.91 mmol) and KOH (2.76 g, 49.12 mmol)
in tetrahydrofuran/methanol (30 mL/60 mL) was refluxed with vigorous stirring for
overnight. After cooling to room temperature, the mixture was concentrated to dryness
under reduced pressure. The residue was acidified to pH 2-3 with HCI, and then the
precipitate was filtered and washed with ether to afford 3.4 as a white solid (2.76 g, 94 %
yield).

Characterization data for 3.4

IH-NMR (300 MHz, CDCly): & (ppm) 8.09 (d, J = 7.8 Hz, 4H, ArH), 7.84-7.39 (m, 8H,
ArH), 7.24-7.17 (m, 4H, ArH), 7.16 (s, 2H, ArH), 6.57 (s, 1H, ArH), 4.40 (t, J = 6.3 Hz,
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4H, NCH,CH,), 3.94 (t, J = 6.0 Hz, 4H, OCH,CH,), 2.08 (m, 4H, NCH,CH,CH,), 1.84
(M, 4H, OCH,CH,CH,)

b3) Synthesis of carbazole dendrons (G,COOH, 3.7)

3,5-bis(4-(9H-carbazol-9-yl)butoxy)phenyl)methanol (G;COH, 3.5)

OH

eSS
) Ly

38 3.5

A solution of compound 3.3 (9.50 g, 15.50 mmol) in 400 ml of THF was slowly
added dropwise into a suspension of LAH 1.0 g (23.30 mmol) in 300 ml of THF cooled
to 0 °C with an ice bath. The suspension was stirred at room temperature for 4 hours. The
reaction was quenched by addition of water, and THF was removed under reduced
pressure. The crude residue was neutralized by HCI and extracted with CH,Cl,. The
combined organic layers were dried with “anhydrous Na;SO, and solvents were
evaporated off. The product was purified by column chromatography on silica gel eluting
with CH,Cl,/hexane/ethyl acetate: 20/4/1 to give 3.5as a white solid (8.13 g, 90 % vyield).
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Characterization data for 3.5

'H-NMR (300 MHz, CDCly): & (ppm) 8.10 (d, J = 7.5 Hz, 4H, ArH), 7.53-7.42 (m, 8H,
ArH), 7.25-7.22 (m, 4H, ArH), 6.45 (d, 2H, J = 2.1 Hz, ArH), 6.28 (t, 1H, J = 2.1 Hz,
ArH), 4.59 (s, 2H, ArCH,OH), 4.39 (t, J = 6.9 Hz, 4H, NCH,CH,), 3.91 (t, J = 6.2 Hz,
4H, OCH,CHy), 2.12-2.02 (m, 4H, NCH,CH,CHy), 1.87-1.78 (m, 4H, OCH,CH,CH,)

Methyl-3,5-bis(3’,5’-bis(4-(9H-carbazol-9-yl)butoxy)benzyloxy)benzoate (G,COOCHs3,
3.6)

B )\
o N“{? ;b
o0 GO 2 N
S, 0 o

A mixture of methyl 3,5-dihydroxybenzoate (0.86 g, 5.15 mmol), compound 3.5
(6.00 g, 10.30 mmol) ) and PPh; (2.70 g, 10.30 mmol) in 50 mL THF was cooled to 5 °C
with an ice bath. A solution of DIAD (2.08 g, 10.30 mmol) in 3 mL THF was added
dropwise under nitrogen. The solution was stirred for 1.5 hours. The product was purified
on silica gel by using 4:1 CH,Cl,: hexane as eluent to afford 3.6 as a white solid in 84 %

yield.
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Characterization data for 3.6

'H-NMR (300 MHz, CDCl3): & (ppm) 8.09 (d, J = 7.5 Hz, 8H, ArH), 7.48-7.39 (m, 16H,
ArH), 7.27-7.21 (m, 8H, ArH), 7.19 (d, 2H, J = 2.1 Hz, ArH), 6.76 (t, 1H, J = 2.1 Hz,
ArH), 6.50 (d, 4H, J = 2.1 Hz, ArH), 6.31 (t, 2H, J = 2.1 Hz, ArH), 4.94 (s, 4H,
ArCH,0Ar), 4.37 (t, J = 7.5 Hz, 8H, NCH,CH,), 3.91-3.87 (m, 11H, OCH,CH, and
COOCHs), 2.08-2.03 (m, 8H, NCH,CH,CH,), 1.85-1.78 (m, 8H, OCH,CH,CH,)

3,5-bis(3’,5’-bis(4-(9H-carbazol-9-yl)butoxy)benzyloxy)benzoic acid (G,COOH, 3.7)

¢

o \, N,

A mixture of compound 3.6 (2.00 g, 1.56 mmol) and KOH (0.87 g, 15.41 mmol)
in tetrahydrofuran/methanol (30 mL/60 mL) was refluxed with vigorous stirring for
overnight. After cooling to room temperature, the mixture was concentrated to dryness
under reduced pressure. The residue was acidified to pH 2-3 with HCI, and then the
precipitate was filtered and washed with ether to give 3.7 as a white solid (1.51 g, 75 %
yield).
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Characterization data for 3.7

'H-NMR (300 MHz, CDCl3): & (ppm) 8.07 (d, J = 7.8 Hz, 8H, ArH), 7.45-7.37 (m, 16H,
ArH), 7.30-7.17 (m, 10H, ArHand ArH ), 6.79 (s, 1H, ArH), 6.48 (s, 4H, ArH), 6.30 (s,
2H, ArH), 4.93 (s, 4H, ArCH,0Ar), 4.35 (t, J = 7.2 Hz, 8H, NCH,CH,), 3.87 (t, J = 6.0
Hz, 8H, OCH,CHy), 2.04 (m, 8H, NCH,CH,CH,), 1.80 (m, 8H, OCH,CH,CH))

3.1.3.2 Electrochemical synthesis of cross-linked dendron complexations

The precursor dendron complexes were electropolymerized using the cyclic
voltammetry (CV) technique. In a three-electrode cell, 0.10 M tetra-butylammonium
hexafluorophosphate (TBAPFg), using a supporting electrolyte, and 10°, 10° M of
PAMAM-G,COOH and PAMAM-G;COOH were dissolved in 2 mL of chloroform. The
electropolymerization of the spherical supramolecular assemblied complexes were
performed by sweeping the voltage at a scan rate of 50 mV/s from 0 to 1.0, 1.3, 1.5V
against Ag/AgCl as a reference electrode and platinum as a counter electrode. The ITO

slides were used as a working electrode and also as a substrate.
3.1.3.3 Complex preparation

The amine-terminated, ethylene diamine core, generation 4 poly(amidoamine)
dendrimer (G4[EDA] PAMAM-NH,, >99% purity) was purchased from Sigma-Aldrich
and used without further purification. It has 64 primary amines on the surface and 180
tertiary amines at branch points within the core. The anionic carabzole (CBz) dendrons
(GoCOOH, G;COQOH and G,COOH) were prepared according to the modified procedure
that has been recently reported by our group [136].

Complex' preparation: Zero-, first- and second-generation anionic dendronized
polymers were selected to form ionic supramolecular complexes as illustrated in Scheme
1. The entire set of complexations between dendron surfactants and PAMAM was carried

out at stoichiometric ratio of carboxylic on dendrons and primary amine on the surface. A
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suspension of CBz dendrons (6.4 umol) was prepared in MeOH (0.82 mL). It was then
stirred at 25 °C, after which PAMAM G, solution (0.1 pmol in 0.18 mL of MeOH) was
added dropwise. After 24 hours, a clear solution was obtained. *H-NMR spectroscopy
was then used to monitor the complexation behavior of the CBz dendron and PAMAM
for every 2 hours. until complexation was complete. All samples were kept under

nitrogen so as to avoid any contamination by atmospheric carbon dioxide.

3.1.4 Results and discussion

3.1.4.1 Formation of the spherical assemblies of the GyCOOH,
G;COOH and G,COOH with G,-PAMAM

The formation of the spherical assemblies of the GoCOOH and G;COOH with G-
PAMAM was then monitored by *H-NMR spectroscopy in CDCls. In the absence of
PAMAM, the *H-NMR spectra chemical shifts of G;COOH were very clear, sharp, and
assignable as shown in Figure 3.2 and G,COOH in Figure 3.3. When PAMAM was
titrated into the GoCOOH and G;COOH solutions, all signals shifted upfield and the
resonance for the spectrum broadened after stirring for 24 hours, representing the
translational movement and compact aggregation of the dendrons to the PAMAM surface
[137].
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Figure 3.2 'H-NMR spectra (300 MHz, 298 K) in CDCl; of 2 mM solutions (based on
the concentration of PAMAM): (a) G;COOQOH, and (b) complex of PAMAM-G;COOQOH.

The chemical shift of the PAMAM . dendrimer was-also-detected at 6 = 2.0-3.5
ppm. However, despite several attempts, complexation of G;COOH with PAMAM was
not observed, which may be the result of steric effects (Figure 3.4) and lack of solubility
in the G,COOH. The UV-vis spectra before and after complexation of GoCOOH and
G1COOH with PAMAM in CHCI; are shown in Figures 3.5a and 3.6a. Absorption peaks
are observed at 265, 295, 330 and 345 nm, which are typically assigned to the =-n* and
n-r* transitions of carbazole [107,138]. In the case of the PAMAM+G;COOH, it can be
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dissolved in polar (MeOH) and non-polar (CHCI3) solvents. In MeOH, the peaks are ~ 5
nm blue-shifted when compared with those of CHCI; solution. On the other hand, Go,
could solubilize very well in CHCI; but was insoluble in MeOH. This eventually
influenced the Go-PAMAM to have stronger aggregation characteristics compared to the
G;-PAMAM in MeOH.

(@)

(b)

10 8 6 4 2 0 PPM

Figure 3.3 'H-NMR spectra (300 MHz, 298 K, DMSO) of a 2 mM solution (based on the
concentration of PAMAM) of (a) GoCOOH, and (b) complex of PAMAM+GoCOOH.

(@) (b)

Figure 3.4 Optimized structures of G,COOH built from the Gaussian 98 B3LYP/STO-

3G output using the “Molekel” software (a) side view, and (b) top view.



115

In all cases, hypsochromic shifts were observed upon addition of PAMAM into
solutions of G;COOH. As shown in Figure 3.5b and Figure 3.6b, fluorescence studies
revealed a decrease in fluorescence emission of up to 70% upon addition of PAMAM.
The quenching phenomena is attributed to a photo-induced electron transfer (PET)
mechanism, that is, electron transfer from the lone pair of nitrogen of the amino group to

the carbazole group and self-quenching due to aggregation of the carbazole groups.

20 MeOH 0
—— PAMAM_MeOH 800 100 CHC
——G1COOH_CHCI, i
154 G1COOH_MeOH >
] —— PAMAM+G1_CHCI, 600+ 2 %
g ' PAMAM+GL_ MeOH 3 =
8 1.0 . 204
— = .
s § 400 Nl ‘ ‘ :
g 1 = 350 400 450 500 55(
< Wavelength,nm
051 / 200-
] —— G1COOH
—% / ——— G1COOH+PAMAM
0.0 0- T T T T
250 300 350 400 450 500 55(
Wavelength, nm Wavelength, nm
@) (b)

Figure 3.5 (a) UV-vis absorption spectra of G;COOH solutions in MeOH and CHClI;
before and after complexation with PAMAM, and (b) fluorescence emission spectra of

G1COOH before and after complexation with PAMAM, Aex =293 nm, , Aem = 360 Nm.

It should be noted that the equilibrium between complexation and decomplexation
has an influence on the percentage of quenching. ‘Accordingly, up to 30 % of the
quenching with Go- PAMAM is attributed to the formation of complex species, consistent

with their aggregation properties.
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Figure 3.6 (a) UV-vis absorption spectra of GoCOOH before and after complexation with
PAMAM, and (b) fluorescence emission spectra of GoCOOH before and after
complexation with PAMAM, Aex = 293 nm, Aem = 360 nm.
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Figure 3.7 FT-IR spectra of (a) PAMAM, G;COOH and G;COOH-PAMAM complex.,
and (b) GoCOOH and G,COOH-PAMAM complex. Resolution is at 4 cm™ for each

spectrum.



117

To further confirm that the PAMAM actually formed complexes with GoCOOH
and G;COOH, FT-IR spectra have been recorded after the 24 hours addition of PAMAM
solution to GoCOOH and G;COOH (at 25 °C, clear solutions were obtained). IR spectra
of PAMAM, G;COOH, and the G;COOH-PAMAM complex are shown in Figure 3.7.
The carboxylic acid vibrations for G;COOH were found to be at 1690 cm™ (C=0 stretch,
dimer) and at 1373 cm™ (C-O stretch, dimer) and changed to a broad diffuse band
between 1500 and 1760 cm™* in the spectrum of G;COOH-PAMAM complex resulting
from the ionic ammonium carboxylate structures. The same results were observed on the
studies of PAMAM-G,COOH, where the carboxylic dimer peaks at 1758 and 1303 cm™
changed to broad diffuse bands of ionic carboxylate structures between 1500 and 1600
cm™. According to these results, it can be concluded that 1:1 stoichiometric complexes
were formed similar to previously reported fluorinated [139a] and nonfluorinated [139Db]

polyethyleneimine complexes.

Contact angle measurements were also carried out to investigate the
complexation. In this case, the complexation should reduce the hydrophilicity of the
PAMAM and the dendrons (Figure 3.8). The dilute solutions of the PAMAM and the
complexes were spin-coated on a pre-cleaned and plasma treated Si-wafer flat substrate.
The films prepared from the complexes of GoCOOH and G;COOH and the PAMAM
solutions, resulted in a change of the static water contact angle (WCA) (0° to 55.7°, G1,
and 0° to 80.3° GO0). This confirmed the complexation of PAMAM with dendrons based
on a change in the hydrophilic-lipophilic balance (HLB) compared to the completely
wetted PAMAM-Si-wafer substrate, with a WCA of 0°. The large increase in WCA is
due to the hydrophobicity of the carbazole groups forming. the outer shell of the
dendrimers. From these results, it can also be inferred that the GoCOOH is strongly
aggregated on the peripheral of dendrimer and is fully-complexed compared to G;COOH,
as confirmed by the larger WCA increase on the former.

The formation of the individual PAMAM-G;COOH dendrimer-surfmer

complexes was directly observed by atomic force microscopy (AFM) as shown in Figure
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3.9. Very dilute solutions of 1uM of the PAMAM-G;COOH complexes in MeOH and
CHCI; were spin-casted onto a mica substrate. Isolated nanoparticle dendrimer

complexes were observed at concentration 10° M on the surface.

(@) (b) (©)

Figure 3.8 WCA measurement for: (a) PAMAM (0°), (b) complex PAMAM-G;COOH
(55.7°), and (c) complex PAMAM-G,COOQOH (80.3°).

The particle diameter of PAMAM is ~ 4.0£0.5 nm, and PAMAM-G;COOH
complexes in MeOH and CHCI; are ~ 7.0+0.5 and 16.5+1.0 nm, respectively. The
difference in sizes of the complexes was verified by molecular modeling (Gaussian 98
with B3LYP/STO-3G basic set) [140], Figure 3.10. From optimization of the structures,
two different conformers were found to have the same minimum energy. The sizeable
increase with complexation is dependent on the polarity of solvent. It can be noted that
conformer a will be present in MeOH to avoid the polar solvent-and conformer b will be
present in CHCIs, a more nonpolar solvent. Moreover, by decreasing the generation of
dendron to GoCOOH, a smaller increase of the diameter was found (diameter ~ 4.3+0.5
nm), as demonstrated in Figure 3.11. It is clear that GoCOOH has a stronger aggregation

after complexation.



119

(a) (b) (c)
Figure 3.9 AFM images complex on a mica substrate of (a) PAMAM G, (b) PAMAM-
G1COOH complex in CHCIs, and (c) PAMAM-G;COOH complex in MeOH.

3.32 nm 1.23 nm
1.56 nm
e ——
0.76 nm
(@) (b)

Figure 3.10 Optimized structures built from the Gaussian 98 B3LYP/STO-3G output file
using the “Molekel” software [140].
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(@) (b)
Figure 3.11 AFM images on a mica substrate of (a) PAMAM G, and (b)
PAMAM+G,COOH complex in MeOH.

3.1.4.3 Electrochemical studies of dendron surfmer complexes

The precursor complexes (PAMAM-G,COOH and PAMAM-G;COOH) were
electropolymerized and deposited on ITO substrates. The cyclic voltammetry (CV)
curves are shown in Figures 3.12, and 3.13. The potentials were cycled from 0 to 1.0, 1.3,
1.5 V at a scan rate of 50 mV/s against Ag/AgCI reference electrode and platinum
counter electrode. The cyclic voltammograms of the dendron complexes shows unusually
sharper reversible redox peaks compared to those of the conventional voltammograms of
polycarbazole [141]. This obviously suggests that there is an optimal conformational
freedom required to allow extended conjugation. during cross-linking for these
dendrimers. This could also possibly lead to both 3,6 and 2,7 type cross-linkings in the
dendrimers. The presence of a small reduction peak between 0.9 and 1.1 V is indication
of some 2,7 cross-linking [142a], but the majority of cross-linking still occurs via the 3,6-
position [142b] as indicated by strong reduction peaks observed between 0.5 and 0.7 V.
At a concentration of 10° M PAMAM-G;COOH, no redox peaks were observed on the
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anodic scan up to a potential of 1.1 V. (Figure 3.14). Nevertheless, we have recently
investigated the linear increase in oxidation onset potentials in each cycle in applied
potential windows of up to 1.3 and 1.5 V (as shown in Figure 3.12). This means that the
formation of a conjugated polymer was observed at a higher potential but it decomposed
when the potential went over to 1.5 V limit. Both 10® and 10° M of PAMAM-G;COOH
showed characteristic peaks for the formation of polycarbazole units. A small difference
of the oxidation onsets was recorded in there anodic scans as shown in Figure 3.12 and as

summarized Table 3.1.

However, shape and peak positions are obviously unique for different
concentrations and potential windows of the dendron complexes. At higher concentration
(10®° M), the oxidation process observed in the first cycle (Ep, ~ 0.87 V) was attributed to
dimerization of carbazole, and then shifted toward higher potentials in subsequent scans

(Epa = 1.15 V) due to a higher oxidation potential of the dimmer.

We believe that the aggregation and globular formation during complexation
affects the availability of the electroactive groups. Different CV features were also
demonstrated with PAMAM-GoCOOH (Figure 3.13). For all cases, the oxidation peaks
were higher in intensity in the first cycle, which indicates that almost all of the materials
were deposited initially on the ITO substrate. In the second cycle, a sudden decrease of
oxidation peak intensities was observed which indicate a weaker complexation between
PAMAM and Gy,COOH and a more polymerized GoCOOH that could lead to film

degradation.
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Figure 3.12 Cyclic voltammograms of the electrochemical cross-linking/deposition of
PAMAM-G;COOH complex at a scan rate of 50 mV/s, 10 cycles: (a) concentration of
10® M, potential window from 0-1.3 V, (b) concentration of 10° M, potential window
from 0-1.5 V, (c) concentration of 10 M, potential window from 0-1.3 V, and (d)

concentration of 10" M, potential window from 0-1.5 V.
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Table 3.1 Anodic and cathodic currents/potentials of precursor polymers and their

corresponding onsets of oxidation potential.

PAMAM-D, | Conditions Onsets | Epa(V) | lpa (A) | Epc (V) | o (1/A)

G,COOH |[10°,1300mV | 0.63 0.87 6.63 0.66 9.20
10°,1500mV | 0.61 0.91 453 0.67 5.55
10°,1300mV | 0.73 0.93 6.18 0.65 2.61
10,1500 mV |  0.66 1.13 238 0.41 24.9

GiCOOH [10°1300mV | 0.56 0.97 8.89 0.84 3.12
10°,1500mV. | 0.56 0.99 9.20 0.85 3.88
10°,1300mV | 0.67 1.02 21.8 0.84 11.0
10°,1500mV | 0.62 0.89 11.2 0.85 7.05

However, there was a peak shift toward higher oxidation potential after three
cycles that can be attributed to aggregation. The CV results also suggest that raising the
generation of the dendron surfmer increases the amount of longer conjugated segments
formed along the cross-linked species. From Table 3.1, it is obvious that PAMAM-
G1COOH shows a higher AE (Epa - Epc) value than that of PAMAM-GoCOOH which
indicates a more heterogeneous and slow electron-transfer rate for these complexes [138].
This heterogeneous electron transfer is also likely a consequence of a thicker film
deposited during each CV cycle and is also an indication of a higher degree of cross-

linking.
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Figure 3.13 Cyclic voltammograms of the electrochemical cross-linking/deposition of
PAMAM-G,COOH complexes at a scan rate of 50 mV/s, 10 cycles: (a) concentration of
10° M, potential window from 0-1.3 V, (b) concentration of 10° M, potential window
from 0-1.5 V, (c) concentration of 10° M, potential window from 0-1.3 V, and (d)

concentration of 10°° M, patential window from 0-1.5 V.



125

0.000005+ Electropolymerize PAMAM-G1

1 6
0.000004 4 10°Mon ITO0.0-1.1V

0.000003+

0.000002 4

i (A)

0.000001

0.000000- fr'

-0.000001

00 02 ' OT4 / OI.6 : 018 ' 1I.0 ' 1?2
E (V vs. Ag/AgCl)

Figure 3.14 Cyclic voltammograms of the electrochemical cross-linking/deposition of
PAMAM-G;COOH complexes at a scan rate of 50 mV/s, 10 cycles: concentration10® M,

potential window from 0-1.1 V.

3.1.4.4 Spectro-electrochemical studies of dendron surfmer complexes

The cross-linked films were further characterized by electrochemical UV-vis
spectroscopy. The extent of increasing = orbital overlap between neighboring repeating
units on conjugated polymers can directly affect the observed energy of the m-m*
transition which appears as the absorption maxima in the electronic spectra. This could be
due to the possibility of either inter/intramolecular cross-linking dominating the w-n*

transition.

The values of the absorption maxima for the different generations are closely
linked to their degree of polymerization. The extended appearance of the r-n* transition
at 380-403 nm, which is attributed to polycarbazole is shown in Figure 3.15 [138,139].
The peak between 700-1000 nm can be assigned to the polaronic band originated from
the formation of conjugated polycarbazole species and their complex ion redox couple
with hexafluorophosphate ions. From the spectrum, the peaks at high concentration and

high applied potential shows extraordinary increases of the peak intensity at 380-403 nm
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(polycarbazole) and appearance of the peak at the 600-900 nm (bipolaron formation)
region confirms the highly crosslinked and conjugated nature of the materials deposited

on the ITO substrate.
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Figure 3.15 Absorption spectra analysis performed in 0.1 M TBAPF¢/CHCI; on ITO
substrate in the present of different concentrations and potential windows. (a) PAMAM-
G;COOH, and (b) PAMAM-G,COOH.

3.1.4.5 Morphological studies

The morphology and molecular orientation of the dendron complexes after
electropolymerization on ITO substrates have been studied using AFM measurements. In
the case of PAMAM-G;COOH at low concentration (10° M) and applied potential of 0-
1.3 V, the AFM image (Figure 3.16b), a unique nanostructure was observed. A ring-like
structure with diameters in the range of 100-150 nm and a height and width of ~15 nm
was detected. Interestingly, the height is equivalent to the full diameter of a PAMAM-

G1COOH nanoparticle diameter.
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The nano-ring diameter could also closely resemble a donut shape particle that
may likely contain a PAMAM-core with the G;COOH shell (Figure 3.1). This kind of
feature was found repeatedly with solute evaporation [143] and is presumably related to
the overall hydrophobic-hydrophilic balance property [144]. To investigate the
mechanisms that drives the morphological change from nanospheres (before
electropolymerization) to ring-like (donut) nanostructures, two experiments were
performed to determine when the nano ring structures are formed as illustrated in Scheme
3.1

The micellization phenomenon of G;COOH was first investigated. If the critical
micelle concentration (CMC) is equal to and/or less than the concentration of G;COOH
that was used to make PAMAM-G;COOH complexes, the nano-ring can be generated
between the equilibrium of the G-COOH micellization and the weak-complexation
equilibrium with the PAMAM. However, if the CMC is lower than the concentration of
G1COOH used, thus the equilibrium between decomplexation and weak-complexation
with PAMAM is preferred. \We have studied the solubilization of the dye Nile Red as a
function of the concentration of G;COOH in order to determine the CMC [145]. Shown
in Figure 3.17a is the UV-vis spectra before and after micelle formation while Figure
3.17b represented the fluorescence spectra at Ae=570 and Ae=655 nm of different
solutions of GiCOOH. The dendron solution was stirred for 2 hours in the presence of
Nile red and then filtered to remove unsolubilized dye. The CMC of this system was
found to be 70.0 4M. From the experiment, a 6.4 mM concentration of G;COOH was
used for dendron complexation, and-a concentration-of 6.4x10™° M was used for the CV.
This means that the nanoring structures could have only formed at the equilibrium
between the decomplexation and weak-complexation stage as presented in Figure 3.1
since -there is not enough unimers to form free G;COOH micelles based on these

concentrations.
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Figure 3.16:AFM images of PAMAM-G;COOH complex after electropolymerization on
ITO at a scan rate of 50 m\//s, 10 cycles: (a) concentration of 10° M, potential window
from 0-1.3 V, (b) concentration of 10° M, potential window from 0-1.5 V, (c)
concentration of 10° M, potential window from 0-1.3 V, and (d) concentration of 10° M,

potential window from 0-1.5 V.
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Figure 3.17 (a) Absorption spectra of Nile red in a solution of 70 M G;COOQOH, and (b)
Emission intensity of different saturated solutions of Nile red at 640 nm (A=570 nm)
versus concentration of G;COOH in 0.1 M TBAPFs.

To confirm that nano-ring structures could not have developed in the absence of
PAMAM, we also studied the electropolymerization of G;COOH alone. The CV curves
in Figure 3.18 exhibited the oxidation and reduction peaks of cross-linked polycarbazole.
The linear current increase and AE change indicated that G;COOH can also be effectively
deposited on ITO with even greater efficiency than the PAMAM-G;COOH. The in-situ
spectroelectrochemical studies also showed the typical n-7* and polaronic bands of
polycabazole [18,20]. However, no ring-like nanostructures were observed on the

morphology from the AFM-images (Figure 3.19).

To further understand the components of the deposited film on the ITO, XPS
spectroscopy was used to determine the composition-of the deposited film based on C/N
ratio. Shown in Figure 3.20 is the high-resolution XPS spectrum of PAMAM-G;COOH
cross-linked polymer on ITO for C and N atoms. In all quantitative analyses, the

theoretical value is assumed on the basis of 100% electrografting.
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Figure 3.18 Cyclic voltammograms of the electrochemical cross-linking/deposition of
G;COOH at a scan rate of 50 mV/s, 10 cycles: (a) concentration of 10° M, potential
window from 0-1.3 V, (b) concentration of 10 M, potential window from 0-1.5 V, (c)
concentration of 10> M, potential window from 0-1.3 V, and (d) concentration of 10” M,

potential window from 0-1.5 V.

For the 10° M of PAMAM-G;COOH electrodeposited with a reductive potential
of up to 1.5V, an experimental value of C/N = 7.95'was obtained which is higher than
the theoretical value of PAMAM-G;COOH at C/N = 7.07. This higher value indicates the
incorporation of a slightly larger amount of the surfmer compared to the PAMAM. Thus

during the electrodeposition of the dendrimer-complex, it is possible that the PAMAM
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was decomplexed into the solution subphase during the nano-ring formation near the
weak-complexation equilibrium. Furthermore, since the surfmers are not likely to form
micelles at the 10 M concentration used, the ring formation resulted in expulsion of the
PAMAM and at the same time the electropolymerization of the dendron surfmer units.
This explains the higher experimental C/N ratio observed from XPS and is supported by
AFM, CMC, and even fluorescence data (carbazole aggregation). The rings then are
formed largely due to the formation of a higher ordered core-shell ring (donut) composed
of a higher content G;COOH shell with the PAMAM remaining as an interior template-
support during the electrochemical CV procedure.

To confirm the uniqueness of the dendron complexation phenomenon, we
covalently bonded the GiCOOH to PAMAM to form a carbazole amide functionalized
dendrimer (PC) (synthesis procedure as shown in part 3.2). The synthesis, purification
and characterization of this derivative are reported in the supporting information. The
electopolymerization was done with the same parameters as with the PAMAM-G;COOH

complexes.

At the low potential application (1.3 V), a good trend of increasing oxidation
potential onset was observed with increasing of cycles but the CV curves shifted to
higher anodic potential (Eya) and the reduction peaks shifted to lower cathodic potential
(Epc) compared to the non-covalent PAMAM-dendron complexes as shown in Figure
3.22. Degradation was observed after applying a higher potential (1.5 V) which may
come from the lack of availability of more mobile electroactive monomers. Moroever, the
UV-vis spectra . revealed the formation of less conjugated polycarbazole species
(predominantly. dimerization) as shown in Figure 3.21 in which the n-n* transition at
380-403 nm_is weaker. From the morphology (Figure 3.23) as imaged by AFM, the
cross-linked PC film did not show nano.ring formation at all but a rough and patchy film

that was macroscopically more non-uniform.
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(c) (d)

Figure 3.19 AFM images of G;COOH-after electropolymerization on ITO at a scan rate
of 50'mV//s, 10 cycles: (a) concentration of 10° M, potential window from 0-1.3 V, (b)
concentration of 10° M, potential window from 0-1.5 V. (c) concentration of 10 M,
potential window from 0-1.3 V, and (d) concentration of 10 M, potential window from

0-1.5V.
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Figure 3.20 High-resolution XPS spectra of the cross-linked polymer: (a) C 1s, and (b) N
1s.
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Figure 3.21 Spectroelectrochemical analysis performed in 0.1 M TBAPFg/CHCI3; on ITO

substrate in the present of different concentrations and potential windows of PC.
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Figure 3.22 Cyclic-voltammograms of -the electrochemical cross-linking/deposition of
(3,5-Bis(4-(9H-carbazol-9-yl)butoxy)-benzoyl-Functionalized Dendrimer PAMAM (PC)
at a scan rate of 50 mV/s, 10 cycles: (a) concentration of 10° M, potential window from
0-1.3 V, (b) concentration of 10° M, potential window from 0-1.5 V, (¢) concentration of

10° M, potential window from 0-1.3 V, and (d) concentration of 10° M, potential

window from 0-1.5 V.
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Figure 3.23 AFM topography images of PC after electropolymerization on ITO at a scan
rate of 50 mV/s, 10 cycles: (a) concentration of 10° M, potential window from 0-1.3 V,

and (b) concentration of 10 M, potential window from 0-1.3 V.
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3.2 Redox nanoreactor dendrimer boxes: in-situ hybrid gold nanoparticles via

terthiophene and carbazole-PAMAM dendrimer oxidation

3.2.1 Introduction

Dendrimer-encapsulated nanoparticles (DENSs), the nanocomposite materials are
synthesized by complexing metal ions within dendrimers and then reducing the
composites to yield zerovalent DENs. DENSs are of great interest because they combine
the desirable physical and chemical properties of the encapsulated nanoparticles with the
tunable solubility and surface reactivity of the dendrimer template. Dendrimers are
particularly well-suited for hosting metal nanoparticles for the following reasons [146]:
1) the dendrimer templates themselves are of fairly uniform composition and structure,
and therefore they yield well-defined nanoparticle replicas; 2) the nanoparticles are
stabilized by encapsulation within the dendrimer, and therefore they do not agglomerate;
3) the encapsulated nanoparticles are confined primarily by steric effects, and therefore a
substantial fraction of their surface is unpassivated and available to participate in catalytic
reactions; 4) the dendrimer branches can be used as selective gates to control access of

small molecules (substrates) to the encapsulated (catalytic) nanoparticles; 5) the terminal
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groups on the dendrimer periphery can be tailored to control solubility of the hybrid
nanocomposite and used as handles for facilitating linking to surfaces and other polymers.

Especially, PAMAM dendrimers can bind a defined number of transition metal
cations, create an ideal environment for trapping guest species [146,148], which can be a
template and stabilize metal oxide or metal nanoparticles [149]. Furthermore, the
nanoparticle size, composition, and structure can be controlled by taking advantage of the
dendrimer structure and the means by which the metal ions are introduced into the
dendrimer. In a part few decades, several methods for making gold nanoparticles by
using chemical reduction of hydrogen tetrachloroaurate (111) and gold (111) chloride have
been developed. The most popular one used for a long time was the citrate reduction of
HAuUCI, in water, which was introduced by Turkevitch in 1951 [150]. Biphasic synthesis
were performed to produce organic soluble gold colloids (<5 nm). Recently, the
electroactive groups such as pyrrole [151], aniline [152], thiophene [153], EDOT [156],
or others which can be oxidized to prepare gold nanoparticles and at the same time they
can be polymerized to conducting polymers are currently investigated.

In particular, thiophene and carbazole copolymers have been of recent interest due
to their interesting electrochemical copolymerization behavior [112] and electrochromic
properties [134]. It has been shown that electropolymerization of terthiophene leads to
the formation of highly electrochromic and conducting polythiophenes [154]. On the
other hand, polycarbazole is well-known as a hole transport material [107]. Furthermore,
electrochemically polymerized carbazoles show interesting chromic properties because of
the conjugation breaks that are present due to the inclusion of a 3,6-linkage. These broken
conjugation lengths generate radical cations, which are separated from one another and
do not combine. Therefore, the ability of polycarbazole to form two distinct oxidation

states further leads to multichromic effects [134].
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3.2.2 Objectives of this research

In this work, we report the synthesis of PAMAM dendrimers functionalized with
terthiophene (PT) and carbazole (PC) dendrons on their periphery. The formation of
DENs consisting of gold nanoparticles protected with PAMAM (inner shelf) and -
conjugated polymer (outer shelf) will be described. UV-vis spectroscopy was used to
monitor the formation of these hybrid nanoparticles. FT-IR was used to study the
stabilization effect of gold nanoparticles with functionalized PAMAM dendrimer PC and
PT. Finally, we have investigated the energy transfer between the nanoparticles and

thiophene, carbazole-dendron on the periphery.

3.2.3 Experimental section

3.2.3.1 Synthesis of carbazole and terthiophene dendrons to modify
dendrimer

a) General procedure
al) Materials

Unless otherwise specified, the solvents and all materials were reagent grades
purchased form Fluka, BHD, Aldrich, Carlo Erba, Merck or J.T. Baker and were used
without further purification. Commercial grade solvents such as acetone,
dichloromethane, hexane, methanol and ethylacetate were purified by distillation before
use. Acetonitrile-and dichloromethane for set up. the reaction were dried over calcium
hydride and freshly distilled under nitrogen atmosphere prior to use. Tetrahydrofuran was
dried and distilled under nitrogen from sodium benzophenone ketyl immediately before
use.

Column chromatographies were carried out on silica gel (Kieselgel 60, 0.063-

0.200 nm, Merck). Thin layer chromatography (TLC) was performed on silica gel plates
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(Kieselgel 60, Fas4, 1mm, Merck). Compound on TLC plates were detected by the UV-

light. All manipulations were carried out under nitrogen atmosphere.

a2) Instrumentations

Nuclear magnetic resonance (NMR) spectra were recorded on a General Electric
QE-300 spectrometer at 300 MHz in deuterated solvent. Chemical shifts (6) are reported
in parts per million and the residual solvent peak was used as an internal standard.

Absorption spectra were measured by a HP-8453 UV-vis spectrometer.
Fluorescence spectra were recorded by a PerkinElmer LS 45 spectrophotometer.

FT-IR spectra were obtained using a FTS 7000 Spectrometer (Digilab now Varian
Inc.) equipped with a liquid N,-cooled MCT detector. KBr pellets were prepared by first
mixing the sample solutions with KBr, removing solvents under vacuum and then
pressing the KBr using a 10-ton hydraulic press.

MALDI-TOF mass spectra were recorded on a Biflex Bruker Mass spectrometer
with 2-Cyano-4-hydroxycinnamic acid (CCA) or 2,5-Dihydroxy-benzoic acid (DHB) as
matrix.

Elemental analysis was carried out on CHNS/O analyzer (Perkin Elmer PE2400
series 11).

Atomic force microscopy (AFM) imaging was examined in ambient conditions
with a PicoSPM Il (PicoPlus System, Molecular Imaging [now Agilent Technologies)
Tempe, AZ.] in the Tapping mode (AAC mode).

Morphology studied by SEM was performed using a JSM 6330F (JEOL)
instrument operating at 15 kV.

X-ray photoelectron spectroscopy (XPS) was carried out on a Physical Electronics
5700 instrument with photoelectrons generated by the non-monochromatic Al Ko
irradiation (1486.6 eV). Photoelectrons were collected at a takeoff angle of 45° using a

hemispherical analyzer operated in the fixed retard ratio mode with an energy resolution
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setting of 11.75 eV. The binding energy scale was calibrated prior to analysis using the
Cu 2p32 and Ag 3dsy, lines. Charge neutralization was ensured through cobombardment
of the irradiated area with an electron beam and the use of the nonmonochromated Al Ka.

source.
b) Synthesis

b1) Synthesis of (3,5-bis(4-(9H-carbazol-9-yl)butoxy)-benzoyl-
functionalized dendrimer (PC, 3.13)

Perfluorophenyl-3,5-bis(4-(9H-carbazol-9-yl)butoxy)benzoate (G;COOPP, 3.8)
F
F F
OH
o L
O OH Oy O
F F
E) oA
0 0 DCC,DMAP 0

e WA

A mixture of compound 3.4 (0.20 g, 0.34 mmol) and pentafluorphenol (0.08 g,
0.42 mmol) were allowed to react in 20 mL of dry THF in the presence of
dicyclohexylcarbodiimide (DCC) (0.10 g, 0.:50 mmol) and p-(dimethylamino)pyridine
(DMAP) (0.06 g, 0.49 mmol) for 2 days. After separation of dicyclohexylurea by
filtration, the solvent was-removed by rotary. evaporation.-The-resulting residue was
purified by column chromatography on silica' gel (CH,Cl,/n-hexane (1:1)). The
compound 3.8 was obtained as an orange crystal (0.15 g, 68% yield).
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Characterization data for 3.8

'H-NMR (300 MHz, CDCls): & (ppm) 8.10 (d, J = 7.5 Hz, 4H, ArHcg,), 7.50-7.40 (m,
8H, ArHcg,), 7.24-7.20 (m, 4H, ArHcs,), 6.63 (s, 1H, ArH), 6.62 (s, 1H, ArH), 6.61 (s,
1H, ArH), 4.38 (t, J = 6.6 Hz, 4H, NCH,CH,), 3.94 (t, J = 6.0 Hz, 4H, OCH,CH,), 2.08
(m, 4H, NCH,CH,CHy), 1.85 (m, 4H, OCH,CH,CH,)

(3,5-Bis(4-(9H-carbazol-9-yl)butoxy)-benzoyl-Functionalized Dendrimer (PC, 3.13)

B

QJ) 3.8 klﬂ

THF/DMF

nNH2

PC, 3.13 : R = Carbazole

PAMAM-(NH2)s4 (1840 mg, 1.30 pumol) with-64 primary amine groups was
dissolved in a mixture of 10 mL of dried THF and 10 mL of dried DMF. To this solution
was slowly added with a solution of 3.8 (74.00 mg, 97.5 pmol).in a dropwise fashion.
After the addition was completed, the reaction mixture was refluxed for 2 days, yielding
an orange solution. The solvent was removed by rotary evaporation. The obtained crude
product was washed with diethyl ether twice and recrystallized from CH,Cl,/MeOH to
afford pure 3.13 as a yellow solid (42.00 mg, 85% vyield).



142
Characterization data for 3.13

'H-NMR (300 MHz, CDCly): & (ppm) 8.10 (br s, 184H, ArH), 7.34-7.15 (m, 552H,
ArH), 6.75 (br s, 138H, ArH), 6.30 (br s, 46H, ArCONHCH,), 4.10 (br s, 184H,
NCH,CH,), 3.57 (br s, 184H, OCH,CH,), 3.49-2.11 (m, 1138H, CH,CH,NHCO,
NCH,CH,N and CH,NH,), 1.78 (br s, 184H, NCH,CH,CH,), 1.55 (br s, 184H,
OCH,CH,CH))

UV-vis (Toluene): Amax = 332 and 345 nm

b2)  Synthesis of 2-(2,5-di(thiophen-2-yl)thiophen-3-yl) acetoyl-
functionalized dendrimer (PC, 3.14)

Ethyl-2,5-Dibromothiophene-3-acetate (3TOET, 3.9)

o/ o~
(@] 0]
Br
I\ ey I\
S CHCly Br S Br
3.9

A solution of 3.94 mL (77.00 mmol) of bromine was added to a solution of 5.94 g
of ethyl thiophene-3-acetate in 100 mL of chloroform. The solution was stirred for 4
hours, then quenched with-a 10% aqueous sodium hydroxide solution and washed with
distilled water, dried with MgSQ,, and evaporated. The resulting residue was distilled,
200 °C under reduced pressures, yielding of 3.9, (10.90 g, 95% yield).

Characterization data for 3.9

'H-NMR (300 MHz, CDCls): & (ppm) 6 6.8 (s, IH, ArH), 4.06 (g, J = 7.15 Hz, 2H,
OCH,CHs), 3.46 (s, 2H, ArCH,CO), 1.18 (t, J = 7.14 Hz, 4H, OCH,CHs3)
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Ethyl-2-(2,5-di(thiophen-2-yl)thiophen-3-yl)acetate (3TOET, 3.10)

O\ CI\ _PPhs
SnBus, c-’ PPh3

/

3.9

A solution of 3.9 (3.20 g, 10.00 mmol) and 2-(tributylstannyl) thiophene (7.45 g,
2000 mmol) were added to a THF solution of dichlorobis-
(triphenylphosphine)palladium (0.46 g, 0.4 mmol). The mixture was heated at 80 °C for
24 hours. The solvent was removed under vacuum, and the residue was dissolved in
CHCl,, washed with water, and dried with MgSO,. The crude product was purified by
chromatography on silica gel with toluene as eluent. A total of 3.10, 1.68 g of ethyl 2-
(2,5-di(thiophen-2-yl)thiophen-3-yl)acetate was obtained (50%).

Characterization data for 3.10

'H-NMR (300 MHz, CDCls): & (ppm) 6.8-7.2 (m, 7H, ArH), 4.06 (g, J = 7.15 Hz, 2H,
OCH,CHg), 3.46 (s, 2H, ArCH,CO), 1.18 (t, J = 7.14 Hz, 3H, OCH,CHj3)

MALDI-TOF: m/z Calcd for [C16H140283]+Z m/z-334.02

Found: [CisH140,S3 +H]": ' m/z 335.21
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2-(2,5-di(thiophen-2-yl)thiophen-3-ylacetic acid (3TOH, 3.10)

o—/
o}
NaOH
X [ ) z >
\ S / MeOH
S S
3.10

A solution of 3.10 (3.40 g, 10.00 mmol) was dissolved in methanol and added to a
20% aqueous sodium hydroxide solution (300 mL). The mixture was refluxed for 4 hours.
After concentration the agueous solution was washed with ether, acidified with
concentrated HC1 to pH 1 and extracted by ether. The ether solution was washed up to
pH 7, evaporation of ether yielded 3.11, 2.80 g (90%) of 2-(2,5-di(thiophen-2-
yDthiophen-3-yl)acetic acid.

Characterization data for 3.11
'"H-NMR (300 MHz, CDCls): & (ppm) 6.8-7.2 (m, 7H, ArH), 3.46 (s, 2H, ArCH,CO

MALDI-TOF: m/z Caled for [C14H1002S3]": m/z 305.98

Found: [C14H100,S3 + H]": m/z 306.71.
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Perfluorophenyl-2-(2,5-di(thiophen-2-yl)thiophen-3-yhacetate (3TCOOPP, 3.12)

Y

DCC,DMAP
THF,RT

Compound 3.12 was prepared by the same procedure of 3.8 by using compound
3.11 (020 g, 0.65 mmol), pentafluorophenol (0.15 ¢, 0.82 mmol),
dicyclohexylcarbodiimide (DCC) (0.20 g, 0.98 mmol) and p-(dimethylamino)pyridine
(DMAP) (0.12 g, 0.98 mmal) in 20 mL of anhydrous THF . After purification by column
chromatography on silica gel (CH2Cl,/n-hexane (1:1)), compound 3.12 was obtained as

an orange crystal (0.03 g, 10% yield).
Characterization data for 3.12

'H-NMR (300 MHz, CDCly): & (ppm) 7.49-7.10 (m, 7H, ArH), 4.17 (s, 2H,
ArCH,COOA)

MALDI-TOF: m/z Calcd for [CooHgF50,S3]™: m/z 471.97

Found: [CongF50283 + H]+Z m/z 473.02
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2-(2,5-di(thiophen-2-yl)thiophen-3-yl) acetoyl-Functionalized Dendrimer (PC, 3.14)

THF/DMF

PT, 3.14: R =Terthiophene

Dendrimer 14 was synthesized by using the same methodology as dendrimers
3.13 with PAMAM-(NH2)s4 (12.20 mg, 0.0009 mmol) with 64 primary amine groups and
perfluorophenyl-2-(2,5-di(thiophen-2-yl)thiophen-3-yl)acetate (3.4) (30.00 mg, 0.0635
mmol) in a mixture of 10 mL of dried THF and 10 mL of dried DMF. Dendrimer 3.14
was obtained as a yellow solid (21.00 mg, 83% yield).

Characterization data for 3.14

IH-NMR (300 MHz, CDCLy): 5 (ppm) 8.23 (br s, 44H, CH,CONHCH,), 7.54-7.15 (m,
308H, ArHs), 3.75 (br s, 88H, ArCH,CONH), 3.43-2.39 (m, 1160H, CH,CH,NHCO,
NCHQCHzN and CHZNHZ)

UV-vis (Toluene): Amax = 344 nm
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3.2.4 Results and discussion
3.2.4.1 Synthesis of derivative of PAMAM dendrimers

The starting materials, ethyl 2-(2,5-di(thiophen-2-yl)thiophen-3-yl)acetate and
methyl-3,5-bis[4-(9H-carbazol-9-yl)butoxy]benzoate, were prepared according to the

procedures reported in literature [165,166].

s e
RN

OH 3.8
4 F
R F
7\
F
\J s QF
S S
3.11 F o
o
]\
N z
S
\ d 5 /
3.12

THF/DMF

PT, 3.14 : R = Terthiophene

PC, 3.13: R = Carbazole

Scheme 3.1 Electroactive groups (terthiophene, T and carbazole, C) of modified
PAMAM dendrimer were used in this study.
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Hydrolyzation of both compounds was performed by using KOH in THF/MeOH,
followed by reaction with an excess of pentafluorophenol in the present of DCC/DMAP
in THF. The active ester perfluorophenyl-3,5-bis(4-(9H-carbazol-9-yl)butoxy)benzoate
(3.3) and perfluorophenyl-2-(2,5-di(thiophen-2-yl)thiophen-3-yl)acetate (3.4) were
obtained in 68% and 10%, respectively. Amidation reactions of 3.3 and 3.4 with
PAMAM were accomplished in THF/DMF to obtain PC (85%) and PT (83%) (as shown
in Scheme 3.1).

3.2.4.2 Preparation of Au DENs

The attempt to prepare Au-NPs encapsulated in PT and PC dendrimers were
initiated by adding an aliquot of 55 puL and 110 pL of AuCls (1 x 10 M) in MeOH into a
solution containing PT and PC (1 x 10° M) in toluene, respectively. These pale yellow
solutions were vigorously stirred for 30 mins to incorporate AuCls into the dendrimer
templates. The reduction to zero valent Au-NPs simultaneous with the oxidative chemical
polymerization of carbazole or terthiophene in the periphery of the dendrimers is
expected, i.e., PT =>PPT and PC =PPC.

In a typical procedure, PT was reacted with 55 equivalents of the gold precursor.
Upon adding the AuCls solution-into the PT solution, the color of the solution changed
immediately from pale yellow to blue. After 30 mins, a dark blue solution was observed.
The blue color is probably due to electron transfer from the terthiophene to Au** (metal
to ligand charge transfer or MLCT). It has been reported that polyelectrolyte complex
(PEC) with water-soluble terthiophene derivative also changed in color successively after
addition of Au®* [155]. A similar procedure was also employed for the PC. From the
initial .experiment, using 55 equivalents of gold, no color change can be observed.
Therefare, a larger ratio of AuCl; to PC was employed. When 110 equivalents of gold
precursor was used, the color change from pale yellow to deep yellow and the color was

found to be stable in the media even after several weeks. The fact that a higher ratio of
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AuCl; to PC was needed may be due to the higher oxidation onset potential (monomer)
(0.8-1.0 mV) for the carbazole compared to terthiophene at about 0.22 V [107,113].

3.2.4.3 Formation of DENs by UV-vis, FT-IR and fluorescent spectrometry
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Figure 3.24 UV-vis absorption spectra of PAMAM dendrimers functionalized with
terthiophene (PT) and carbazole (PC) dendrons 10° M before and after adding with
AuUCls in toluene. (a) PT at different time (0-30 mins), and (b) PC after adding AuCl; 30
mins. Dendrimer PT and PC show their characteristic absorption bands at 345, 333 and

346 nm, respectively.

The formation of DENs can be tracked by monitoring the change in UV-vis
absorbance at various time intervals. The main absorption band observed at 320 nm is
attributed to the terthiophene unit. The UV-vis optical spectra of 1 x 10° M of PT in
toluene after addition of 55 pL of AuCls at 0, 1, 5, 15 and 30 mins is shown in Figure
3.24a. The observed peaks at 320 nm and at 850 to 1000 nm corresponds to the -n* and

polaron-rt, m-%t, and polaron-n* transitions, respectively. The peak shift from 345 nm to
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320 nm is due to the presence of MLCT transitions. This peak gradually decreases with
time. After vigorous stirring for 30 mins, the absorption band of polythiophene and the

surface plasmons of Au nanoparticles appeared at 410-550 nm.

However, it may be difficult to totally distinguish the Au-NP surface plasmon
band by this technique due to the overlap between the Au-NP and polythiophene peaks
[156]. Nevertheless, one interesting evidence is the coincident decrease of the MLCT
region at 345 nm for Au* to thiophene, increase at the 500 nm for Au-NP, and decrease
in polaron band with time (Figure 3.24a). The latter indicates convincing evidence of Au°
formation since the electron charge (polaron, radical cation) will tend to reside on the Au®
surface rather than on the conjugated polythiophene species when present. The UV-vis
spectrum for PC (1 x 10° M) to PPC conversion is shown in Figure 3.24b. The
absorbances at 333 and 346 nm which are characteristic of the carbazole group were
observed [107,113]. After mixing the PC solution with 110 equivalents of AuCl; for 30
mins, a peak at 315 nm increased and a slight hypsochromic shift is observed [157]. On
the other hand, the n—r* transition of carbazole was red shifted and an absorption tail
extending into the visible range centered at 385 nm on the PPC is observed. This
indicated the formation of higher m-conjugated species. However, this spectrum
seemingly lacked the characteristic plasmon band at the 500 nm region. In general, the
simultaneous oxidative polymerization of PT and PC and AuNPs formation were

performed until no further change was observed.

The steady state fluorescence emission spectra of solutions of PT, PPT-AuNPs,
PC and PPC-AuNPs are shown -in Figure 3.25. Without AuNPs, the terthiophene
modified PAMAM dendrimer, 'PT, ‘exhibited a “strong characteristic emission of
terthiophene with the emission maximum at 433 nm and one shoulder around 415 nm
upon excitation at:345 nm (in Figure 3.25a) while the carbazole modified PAMAM
dendrimer, PC, showed a characteristic emission at 356 and 365 nm upon excitation at
333 nm (in Figure 3.25b) [107]. The emission of PT was quenched dramatically in the
PPT-AuNPs hybrid and also slightly shifted when the PC was used as a substrate due to a
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highly efficient energy transfer between PPT, PPC to AuNPs [158] and self-quenching
with formation of conjugated polymer species [113]. These were confirmed by the
observation of a new peak at 545, 510 nm in PT and PC, respectively. This is due to the
AuNPs quenching for the PT but most likely represents a Au™ - MLCT quenching effect
for the PC dendrimer because of the absence of the plasmon band from the UV-vis
absorption spectrum.
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Figure 3.25 Steady-state fluorescent spectra of PAMAM dendrimers functionalized with
terthiophene (PT) and carbazole (PC) dendrons 10° M before and after treated with
AuCl; in toluene by using excitation wavelengths at 345 and 333 nm, respectively. ET

mechanism was proved by quenching phenomena and new peaks of AuNPs.

The preparation of the hybrid nanoparticles was also monitored by FT-IR spectra
(Figure 3.26). The characteristic peaks were observed at 1636.'and 1690 cm™
corresponding to the two amide bands of PAMAM. The =C-H in-plane and out-of-plane
vibrations of the substituted terthiophene ring is assigned to 1,240 and 825 cm™,
respectively. These two bands disappeared for the DEMNs which formed upon the

oxidation of terthiophene by o-o’ coupling to form polythiophene with Au** to Au®
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conversion. The PAMAM characteristic peaks were also observed for the PC and in
addition, 1230, 1325, 1450, and 1533 cm™ peaks representing the carbazole aromatic (C-
H), (C-N)ing and carbazole (C=C);ng Vibrations [107b]. We also observed the
disappearance of the =C-H in-plane and out-of-plane vibrations of PC at 1325 and 847
cm, respectively with complexation. In general, both the loading of metal ions and the

presence of nanoparticles shifted the amide vibration to longer cm™.
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Figure 3.26 FT-IR spectra of films (drop-cast on ITO substrate, from top to bottom) of
PAMAM dendrimers functionalized with 10° M of PC (a) and PT (b) dendrons before

and after treated with AuCls in toluene.

3.2.4.4 Characterization of DENs by XPS, and AFM

The formation of the hybrid materials was also examined by XPS. A solution of
the Au-NP-PT dendrimer complex was solution cast on planar Si wafer. The Au°® spectra
based on Au 4f 7, and Au 4f 5, doublet appeared at 84.4 and 88.1 eV, respectively

(Figure 3.27a). These features were in agreement with results reported for self-assembled
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alkanedithiol [159], alkanethiols on AuNPs and/or bulk gold substrates [160] as well as
for bulk gold [161]. However, it was hard to detect Au NPs from the AuCl; and PC
procedure in toluene. This can imply that the conjugated polycarbazole modified
dendrimer was not able to fully convert a majority of the Au™ precursor to Au-NPs. The
redox coupling was observed only with carbazole species and the MLCT was primarily
with Au*® species. No distinct plasmon band was observed with the UV-vis spectra
supports this fact. Thus compared to the PC, the PT was a more effective oxidant to form
Au-NPs DEMNSs in the inner shelf and simultaneously forming the conjugated
polythiophene PPT in the outer shelf [162].
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Figure 3.27 High-resolution XPS of the informative elements for the structure
determination of (a) PPT-AuNPs and (b) PPC-AuNPs.

The particle morphology and distribution of the dendrimers before and after
treatment with AuCl; have also been studied using AFM measurements (Figures 3.28 and

3.29). A droplet of a 1 x 10° M of toluene solution was placed on mica and the solution
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was allowed to evaporate in spin-coating technique. Shown in Figure 3.28b is the AFM
image of a large ordered two-dimensional array of PPT-Au NPs on a mica substrate. The
image demonstrates the near homogenous distribution of the particles which tends to

form very large aggregates at higher concentrations and on hydrophobic substrates.

(b)
Figure 3.28 AFM image (2 x 2 uM) of PT (a) and PPT-AuNPs (b) on mica substrate.

hﬁﬁiﬁ )

Figure 3.29 AFM image (2 x 2 uM) of PC (a) and PPC-AuNPs (b) on mica substrate.

(b)
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Detailed cross-sectional measurements performed on a large number of isolated
features revealed an average height of 2.4 + 1.0 nm for the PT alone and after the
formation of the hybrid Au-NP within the PT, a more uniform and twice higher average

height (height of ~5.2 + 0.2 nm) of particles were observed (Figure 3.28Db).
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Figure 3.30 Cyclic voltammograms of the electrochemical cross-linking/deposition of
PC at a scan rate of 50-mV/s, 10 cycles: (a) concentration of 10° M; potential window
from 0-1.3 V, (b) concentration of 10° M, potential window from 0-15 V, (c)
concentration of 10" M, potential window from 0-1.3 V, and (d) concentration of 10° M,

potential window from 0-1.5 V.
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For the PC, the entire substrate surface (of the large and small nanoparticles) was
roughly covered with the dendrimer molecules. It is believed that the use of toluene as a
solvent is the reason for aggregation between the dendrimer molecules on the hydrophilic
substrate to form larger aggregates [163]. However, no individual DENs were observed
as demonstrated in Figure 3.29. Thus, these results reveal evidence on the mechanism for
a favorable in-situ formation of Au-NPs within PT. At first, metal ions were complexed
with terthiophene by ion-dipole interaction and, then, oxidative polymerization of
terthiophene occurred concurrent with Au-NPs formation. Surprisingly, when we
investigated the PC dendrimers alone, we observed nano ring structures with different
sizes on mica substrate (Figure 3.29a). These structures are comparable to the results
obtained by Nolte and co-workers [164] on the formation of ring liked structures of
porphyrin molecules when solutions of porphyrins were allowed to evaporate fast.
However, our results indicate a poor ability to mediate Au-NP reduction, although the PC
to PPC oxidation (formation of more conjugated species) was observed electrochemically
by cyclic voltammetry experiments (Figure 3.30). In the future, it should be possible to

test this concept with different PAMAM generations.
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Figure 3.31 Spectroelectrochemical analysis performed in 0.1 M TBAPF¢/CHCl3 on ITO

substrate in the present of different concentrations and potential windows of PC.



CHAPTER IV

CONCLUSIONS

4.1 Synthesis and binding properties of ditopic receptors based on
hexahomotriazacalix[3]arene

4.1.1 Ditopic receptors based on hexahomotriazacalix[3]arene

b/ S e
Cl / 3 Y

Figure 4.1 The derivative receptors based on hexahomotriazacalix[3]arene.

We have been successful to synthesize a novel Cs,-symmetrical N;-
hexahomotriazacalix[3]cryptand (L2), N-benzylhexahomotriaza-p-chlorocalix[3]-
trinaphthylamide (L3) and a new function of azacalix[3]arene template [L1] have
been discovered as well. The reason why these three azacalix[3]arenes have drawn
our attention was that they reflected all abilities of azacalix[3]arenes. First, L1
showed ability to bind anions through hydrogen bonds which were dependent on the
basicity of anions. As the color change from colorless to deep yellow after traced with
fluoride, we can use this-one to be a colorimetric sensor. The change of color has been
derived from the deprotonate mechanism which confirmed by *H NMR, UV-vis and
fluorescent spectroscopy. Second, L2 and L3 have first shown their potentials. Their
conformations were proved by 'H NMR spectroscopy and X-ray single-crystal
structure determination. Complexation studies showed that L2 was a selective
receptor for CI” ion. L2 turned out to bind Br in the presence of Zn®**, which was
called the allosteric effect. Monitored by fluorescence, UV-vis and *H-NMR

spectrometric titration, partial-cone ligand L3 binds strongly Cd?*, Pb®* and F using
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nitrogens of azacalix[3]arene framework, amide groups and hydrogen bonds,

respectively.

4.1.2 Ultrathin films of azacalixarene-carbazole conjugated polymer networks

(CPN) for specific cation sensing

ion-ion
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Figure 4.2 Molecular device based on hexahomotriazacalix[3]arene.

We have successfully developed a new class of chemosensor recognition
elements based on conjugated polymer network ultra-thin films from electrochemical
crosslinking of hexahomotriazacalix|[3]arene-carbazole. We also demonstrated its
selectivity and sensitivity towards Zn®* by using potentiometry, QCM and SPR
combined with electrochemistry. The results showed that cation interaction to the film
might increase charge carrier transport properties on a conjugated polymer through
azacalix[3]arene bound cations. It also reduces the doping states by interfering ions
through ion-ion interaction and disturbs electron cloud on the n-extended conjugated
polymer through cation-r iinteraction. Specifically, these observed changes in the
electrical and spectroelectrochemical properties of the films are related to the cation-
dipole-interaction between Zn**-and azacalix[3]arene resulting in-a higher binding

constant an its subsequent specificity for chemical sensing.
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4.2 Electrochemically active dendrimers
4.2.1 Lord of the nano-rings: self-assembly and electropolymerization of

PAMAM-carbazole dendron surfmer complexes

Figure 4.3 Self-assembly of PAMAM-carbazole dendron surfmer complexes.

We have demonstrated the successful self-assembly and complexation
between dendrimer template (PAMAM G4) and dendron surfmers (GoCOOH,
G1COOH). An increasing steric hindrance of a dendron was a problem in
complexation as demonstrated in the case of G,COOH. Hypochromic shifts in the
UV-vis spectra and quenching of fluorescence indicated that GiCOOH was trapped
around the dendrimer. Ammonium and carboxylate species were investigated by
FTIR. The isolated sphere size was observed on the mica substrates. The stronger
complexation was found in PAMAM-G;COOH. The electrochemical cross-linking of
dendrimer complexes as thin films revealed unusual CV behavior depending upon the
generation. PAMAM-G;COOH showed a higher extent of inter- and intramolecular
cross-linking while PAMAM-G,COOH showed a higher degree of aggregation. More
interestingly nanoring structures were observed as the complex was deposited on ITO
indicating a type of supramolecularly-based template electropolymerization of a
dendrimer-surfmer complex. The CMC, AFM and XPS revealed a ring-like or donut
structure most likely composed of the PAMAM-core and dendron-carbazole shell.
This was formed at the equilibrium of decomplexation and weak complexation. In
principle, different generation of dendrons, different dendrimer topologies, and other
electroactive surfmer moieties can result in a wider applicability of this method, for
electro-optical applications, drug delivery, sensing, and other nanoscience and

materials directions.
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4.2.2 Redox nanoreactor dendrimer boxes: in-situ hybrid gold nanoparticles via

terthiophene and carbazole-PAMAM dendrimer oxidation

Figure 4.4 The possibility to form hybrid gold nanoparticles via terthiophene and

carbazole-PAMAM dendrimer oxidation.

n-conjugated dendrimer-protected gold nanoparticles in stable colloidal form
have been successfully prepared via simultaneous reduction of AuCl; with oxidation
of terthiophene (PT) and carbazole (PC) peripheral functionalized PAMAM
dendrimers. The hybrid dendrimer-metal materials were characterized using UV-vis,
fluorescence, and FT-IR spectroscopy. XPS and AFM analysis were also employed.
The differences in gold nanoparticle (AuNP) formation between the two PAMAM
derivatives were discussed. In case of PT dendrimer, AuNPs can be stabilized by
thiophene to construct PAMAM-AUNPs hybrid materials. For the PC dendrimer, the
redox reaction afforded PPC formation without necessarily forming AuUNPs as

demonstrated in Figure 4.4.

4.3 Suggestion for future works
From all obtained results and discussion, future works should be focused on;

4.3.1 X-ray crystal structures of compound and their complexes with various
anionic guests should be obtained in order to understand the structure of the
synthetic receptors and their coordination chemistry.

4.3.2 Computational optimization of compound and their complexes with various
anionic and cationic guests should be investigated to obtain complexation
energies and physical properties upon complexation.

4.3.3 The possibility of using compound as a molecular device should be explored

using many techniques such as membrane electrodes.
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Figure Al. 'H-NMR spectrum of N-benzylhexahomotriaza-p-chloro-calix[3]-tri(ethy!
acetate) (2.3a, cone) in CDClI; at 25 °C.
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Figure A2. *H-NMR spectrum of N-benzylhexahomotriaza-p-chloro-calix[3]-tri(ethyl
acetate) (2.3b, partial cone) in CDClI; at 25 °C.
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Figure A3. 'H-NMR spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (L2) in CDCl; at 25 °C. Solvent and water peaks are

labeled as “S” and “W?, respectively.
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Figure A4. *C-NMR spectrum of N-benzylhexahomo-triaza-p-chlorocalix[3]-
trinapthylamide (L2) in CDCl3 at 25 °C.
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Figure A5. COSY spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (L.2) in CDCI; at 25 °C.
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Figure A6. NOESY spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (L2) in CDClI; at 25 °C.
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Figure A7. gHSQC spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (L2) in CDCl; at 25 °C.
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Figure A8. gHMBC spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (L2) in CDCl3 at 25 °C.
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Figure A9. X-ray single crystal structure of N-benzylhexahomotriaza-p-
chlorocalix[3]-tri(ethyl acetate) (2.3a)

&
Figure A10. X-ray single crystal structure of N-benzylhexahomotriaza-p-

chlorocalix[3]-trinapthylamide (L2)
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Figure Al11. 'H-NMR spectrum of N-benzylhexahomotriaza-p-chloro-calix[3]-
tri(methyl acetate) (2.4a, cone) in CDCl; at 25 °C.
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Figure A12. 'H-NMR spectrum of N-benzylhexahomotriaza-p-chloro-calix[3]-
tri(methyl acetate) (2.4b, partial cone) in CDCl; at 25 °C.
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Figure A13. *H-NMR spectrum of N;-hexahomotriazacalix[3]-cryptand (L3) in
CDCl;z at 25 °C.
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Figure A14. *C-NMR spectrum of N;-hexahomotriazacalix[3]-cryptand (L3) in
CDCl3 at 25 °C.
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Figure A15. COSY spectrum of N7z-hexahomotriazacalix[3]-cryptand (L3) in CDCl3
at 25 °C.
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Figure A16. gHSQC spectrum of N7-hexahomotriazacalix[3]-cryptand (L3) in CDCl;
at 25 °C.
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Figure Al7. gHMBC spectrum of N7-hexahomotriazacalix[3]-cryptand (L3) in

CDCl; at 25 °C.

Figure A18. Crystal structure of N7-hexahomotriazacalix[3]-cryptand (L1)
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Figure A19. *H-NMR spectrum of Perfluorophenyl-3,5-bis(4-(9H-carbazol-9-
ylbutoxy)benzoate (3.8) in CDCl; at 25 °C.
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Figure A20. *H-NMR spectrum of (3,5-Bis(4-(9H-carbazol-9-yl)butoxy)-benzoy!-
Functionalized Dendrimer, PC (3.13) in CDCl; at 25 °C.
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Figure A21. *H-NMR spectrum of Perfluorophenyl-2-(2,5-di(thiophen-2-yl)thiophen-
3-yl)acetate (3.12) in CDClj; at 25 °C.
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Figure A22. "H-NMR spectrum of 2-(2,5-di(thiophen-2-yl)thiophen-3-yl) acetoyl-
Functionalized Dendrimer, PC (3.14) in CDCl; at 25 °C.
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