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Chapter 1

Introduction
1.1 Brief History of Cyclodextrins

Cyclodextrins were first described by a French scientist A. Villiers in 1891,
where he explained the isolation of crystalline substance obtained from bacterial
digestion of starch which appeared resistant towards acid hydrolysis and did not show
reducing properties like ordinary sugar'. Subsequently, Australian microbiologist F.
Schardinger laid the foundation of the cyclodextrin chemistry during 1903-1911. First
he gave the name “cellulosine” for “crystalline dextrin” and later changed the name
and identified two compounds as a-cyclodextrin and B-cyclodextrin®. In the
following years cyclodextrins were named as ‘Schardinger dextrins’ in his honor. In
the 1935, K. Freudenberg and Jacobi identified y-cyclodextrin and suggested that
larger cyclodextrins could also exist'. K. Freudenberg and co-workers showed that
cyclodextrins were cyclic oligosaccharides formed by glucose units and later F.
Cramer and co-workers described their ability to form inclusion complexes5’6. By the
early 1950s the basic physicochemical characteristics of cyclodextrins had been
discovered, including their ability to solubilize and stabilize drugs. The first
cyclodextrin-related patent was issued in 1953 to K. Freudenberg, F. Cramer and H.
Plieninger’. After that Americal scientist D. French described the cyclodextrins and

. . . 8-10
their inclusion complexes in a much better way™ .

However, pure cyclodextrins that were suitable for pharmaceutical
applications did not become available until about 25 years later and at the same time
the first cyclodextrin-containing pharmaceutical product was marketed in Japan. Later
cyclodextrin-containing products appeared on the European market and in 1997 also
in the US. New cyclodextrin-based technologies are constantly being developed and,
thus, 140 years after their discovery cyclodextrins are still regarded as novel with
unexplored potential. Later D. French and co-workers have reported that more than
eight glucose containing cyclodextrin also exist''. However, until the mid 1980s the
large-ring cyclodextrins were ignored because of difficulties in their purification and
preparation of reasonable yield and it was conceivable that they were identical with

side chain containing cyclodextrins'>">. P. R. Sundararajan and V. S. R. Rao



demonstrated by conformational energy map calculations that cyclodextrins with less
than six members cannot be formed for sterical reasons'®. F. V. Lichtenthaler and S.
Immel proposed the term cyclodextrins as a generic nomenclature for all
cyclooligosaccharides composed of glucose units depending upon the numbers of

. . .15
glucose unit presence in a ring °.

The field of cyclodextrins has made tremendous advances since the discovery
of the inclusion complexation properties. 44,877 papers and 9,213 patents on
cyclodextrins were published during 1961-2010 (www.cyclolab.hu) in various areas,
ranging from organic chemistry to pharmaceutical and analytical applications. The
field is not only very large but also highly diversified and is expanding rapidly. Figure

1.1 shows the cyclodextrins papers and patents in last 5 decades.
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Figure 1.1 Cyclodextrins papers and patents in Last 5 decades.
1.2 Structural Features of Cyclodextrins

Cyclodextrins (CDs) are water-soluble cyclic, non-reducing oligosaccharides
consisting of D-glucopyranose units linked trough a-1,4-glycosidic linkages. The
major and most common three cyclodextrins, a-cyclodextrin, B-cyclodextrin and y-
cyclodextrin consist of six, seven and eight D-glucopyranose units, respectively.

Pristine cyclodextrins are crystalline, non-hygroscopic, homogeneous substances,



which are torus (bucket) shaped macrocycles. In cyclodextrins, the glucose units
adopt a 4C1 chair confirmation and orient themselves so that the molecule forms a
toroidal truncated cone shaped structure. The cavity is lined by the hydrogen atoms
and the glycosidic oxygen bridges. The non-bonding electron pairs of the glycosidic
oxygen bridges are directed towards the inside of the cavity to produce a high electron
density and lend it some Lewis base character'®. Figure 1.2 shows the schematic

structures of native a-CD, B-CD and y-CD.

The C-2 hydroxyl group of one glycopyranose unit can form a hydrogen bond
with the C-3 hydroxyl group of the neighbouring glucopyranose unit'’. In the B-CD
molecule a complete secondary belt is formed by these hydrogen bonds, thus making
it a rigid structure. The hydrogen ring is incomplete in the a-CD molecule because

18,19,

one of the glycopyranose units is in a distorted position  ; therefore, instead of the

six possible hydrogen bonds, only four can be formed.
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Figure 1.2 Schematic structures of native a-, B- and y-cyclodextrins.

The y-CD molecule has a more flexible structure and so is the most soluble of
the three native CDs. The equilibrium constants for hydrogen-deuterium exchange in
the secondary hydroxyl groups of o-CD, B-CD and y-CD also indicate that the
strongest hydrogen bond system is formed in the B-CD molecule®®. Table 1.1
summarizes the important physical properties of the three major and most common

cylodextrins®'.



Table 1.1 Physical properties of the three major cyclodextrins

Cyclodextrin Type a-CD p-CD v-CD

Number of glucose units 6 7 8

Mw (Da) 972 1135 1297

Solubility in water (g/100 mL, 25°C)  14.5 1.85 23.2

[a]p at 25°C (°C) 150+0.5 162.5+0.5 177.4+£0.5

Cavity diameter (pm) 470 -530 600 - 650 750 - 830

Height of torus (pm) 790 = 10 790 = 10 790 = 10

Diameter of outer periphery (pm) 1460 £40 1540+40 1750 =40

Approximate volume of cavity (10° 174 262 427

pm’)

Approximate cavity volume in 1 mol 104 1257 256

of CD (mL)

Crystal form (from water) hexagonal monoclinic quadratic
plates parallelogram prisms

Surface tension (mN/m) 71 71 71

Melting range (°C) 255-260 255-265 240-245

Crystal water (wt. %) 10.2 13.2-14.5 8.13-17.7

Water molecules in cavity 6 11 17

Diffusion constant at 40°C 3.443 3.224 3.000

pK (by potentiometry) at 25°C 12.332 12.202 12.081

Partial Molar volumes in solution 611.4 703.8 801.2

(mL mol™)

Adiabatic compressibility in 7.2 0.4 -5.0

aqueous solution (10°‘mLmol 'bar™)

Cyclodextrins are not hygroscopic, but form stable hydrates. Deuterium
magnetic resonance spectra of powder and single crystal sample of a-CD, f-CD and
v-CD crystallized from deuterated water showed 6.6 molecules of water per molecule
of a-CD, 11 molecules of water per molecule of B-CD and 17 molecules of water per
molecule of y-CD. A quasielastic neutron scattering study on o-CD.6H,0, B-
CD.11H;0 and y-CD.17H,0 showed that 2, 6 and 8.8 water molecules are included in

4



the a-CD, B-CD and y-CD cavity, respectively with considerable positional disorder
and rest of the water molecules are hydrogen bonded outside with hydroxyl groups of
CDs; moreover, the hydroxyl group of B-CD shows extensive orientation disorder.
According to neutron diffraction studies, in crystalline y-CD molecule 8.8 water

molecules are located in the hydrophobic cavity.
1.3 Shape and Size of Cyclodextrins

Cyclodextrins have truncated cone or bucket shape structure as shown in
Figure 1.3. The native B-cyclodextrins have 14 secondary hydroxyl groups on the
wider rim and 7 primary hydroxyl groups on the narrow rim. Cyclodextrins have inner
non-polar hydrophobic cavity and polar hydrophilic exterior. The diameter of the
cavity is smaller on the primary face and wider on secondary face. This is because the
free rotation of the primary hydroxyl groups reduces the effective diameter of the
cavity. Because of their torus-like geometry, relatively hydrophobic surface of the
internal cavity and the hydrophilic character of external hydroxyl groups, these
molecules easily form inclusion complexes with a wide variety of guest molecules.
This complex-forming capacity is the reason for their widespread application in

various fields of chemistry.
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Figure 1.3 (a) 3D Molecular structure of B-CD, (b) Torus (Bucket) shape of CD and

(¢) Common structure of CDs.

According to the molecular graphics computations B-CD has perfect
symmetry, while a-CD and y-CD rings are slightly distorted. As the numbers of

glucose units increases the cavity dimensions of the cyclodextrins increases as shown

5



in Figure 1.4. The inner diameter of the cavity in unmodified cyclodextrins varies
from 5 to 10 A and depth is same in all cyclodextrins about 8 A. Depending upon the
cavity size of the cyclodextrins and guest molecules, cyclodextrin can form an
inclusion complex with different shape and size of molecules. As the CD cavity
diameter increases, the apolar cavity can accommodate an increasing number of water
molecules, and in aqueous medium these complexed water molecules will be

energetically lost during the course of formation of an inclusion complex™.

| 1370 pm | 1530 pm | | 1690 pm |
570 p 780 pm 950 pm
|<_> | —>| | ——|
" me
a-CD B-CD y-CD

Figure 1.4 Molecular dimensions of a-, f- and y-cyclodextrins.
1.4 Solubility of Cyclodextrins

Solubility is the major parameter for the applications of cyclodextrins. The
solubility of B-CD is only 1.85 g per 100 mL at ambient temperature™, while the
solubility of a-CD and y-CD are higher at 14.5 and 23.2 g per 100 mL, respectively.
The solubility of CDs depends strongly on the temperature24. At 50°C the solubility of
the all three CDs are about three times that at 20°C. The water-solubility of the
cyclodextrins and their derivatives varies in a rather surprising manner. The solubility
of methylated CD decreases with an increase of temperature, while the pristine
cyclodextrins are more soluble in water at higher temperature. The solubility of B-CD
increases when upto two thirds of the all hydroxyl groups are methylated and then
decreases when all hydroxyl groups are methylated. J. Szejtli*® explained the low
water-solubility displayed by B-CD by the fact that it has a rather rigid molecular
structure consisting of a seven fold axis of symmetry, making it more prone to
crystallization than a-CD or y-CD. The intermolecular interaction of f-CD molecules

in the solid state requires a high energy to break the molecular association, due to the



greatest overall molecular dipole, thereby imparting a lower solubility than the a- or
v-CD. Also, the interruption of B-CD crystalline nature can reduce the intermolecular

interaction and in turn increase its aqueous solubility.

The temperature dependence of the solubility of the three cyclodextrins in
water is described by equations (1.1-1.3), the parameters of the functions being

determined by a least-squares method from the data of Jozwiakowski and Connors™.

C=(112.71 + 0.45) ¢ C30S3DIAD ~(1/298.1)] (for a-CD) (1.1)
c=(18.3236 + 0.099) 141373 DI/ = (1:298.1)] (for B-CD) (1.2)
C=(219.4 +9.8) ¢ C1¥7320M/D = (1/298.D)] (for y-CD) (1.3)

Where, ¢ is the concentration of the CD in milligram per milliliter. T is the
temperature in kelvin. The temperature dependence of water-solubility of three most

common cyclodextrins are shown in Table 1.2.

Table 1.2 Solubility of cyclodextrins in water as a function of temperature

Solubility (mg/g water)

Temperature (°C)
a-CD  B-CD  y-CD

20 90 16.4 185
25 127 18.5 256
30 165 22.8 320
35 204 28.3 390
40 242 34.9 460
45 285 44.0 585
50 347 52.7 651

Relative to the solubilities of acyclic saccharides, the low solubilities of CDs
are a consequence of the relatively unfavorable enthalpies of solutions, partially offset
by the more favorable enthalpies of solution. The thermodynamic properties of a-CD
and y-CD are very similar, whereas the much lower solubility of B-CD is a

consequence of a less favorable (more positive) AH® and a less favorable (more



negative) AS°. Table 1.3 shows the thermodynamic parameters for CDs causing a

compensation of the favorable enthalpy by the unfavorable entropy of solution’.

Table 1.3 Thermodynamics parameters of three major cyclodextrins

CDs AH°kJmol! AS°JK'mol!
a-CD 32.1 57.8
B-CD 34.8 49.0
y-CD 32.4 61.5

In presence of organic solvents the solubility of CDs changes owing to the
formation of inclusion complex. The solubility of B-CD as a mobile-phase additive
was studied in methanol, ethanol, propanol, acetonitrile, THF and DMSO?. The
solubility decreased monotonically with increasing methanol concentration, but
increased to double its value in water with increasing acetonitrile concentration up to
30%?°. Figure 1.5 shows the solubility of B-cyclodextrin in presence of cosolvents
with water. In presence of relatively non-polar solvents the solubility of B-CD
increases rapidly with increasing the concentration of cosolvent in water up 50% after
that the solubility decrease quickly, whereas in case of polar solvent the solubility

remains constant up to 40% after that it increases rapidly.
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Figure 1.5 (a) Solubility of B-CD as a function of different cosolvent in water mixture

and (b) Solubility of B-CD as a function of DMSO in water-DMSO mixture.




1.5 Viscosity and Stability of Cyclodextrins

The viscosity of an aqueous cyclodextrin solution does not differ significantly
from that of water. Measured at 25.1°C, the viscosity of pure water is 8.93 x 10 Pa s,
whereas the viscosity of a 9.5 x 10* M a-CD solution is 8.99 x 10 Pa s, and that of
9.98 x 10° M B-CD solution is 9.4 x 10" Pa s°. Both the concentration and
temperature dependences of the viscosities of a-CD and y-CD solutions, and their
apparent molar volumes, are similar to those of linear saccharides, such as maltose
and maltotriose. This indicates that a-CD and y-CD are structural-forming solutes.
The concentration dependences of the activity coefficients of CDs differ significantly

from those of maltose and maltotriose due to dimerization’'.

The cyclodextrins are thermally stable (up to at least 200°C). They are very
stable in alkaline solutions (pH < 14) and moderately stable in acidic solutions (pH >
3). Cyclodextrins can be hydrolyzed in strong acidic condition. The rate of hydrolysis
depends on the concentration of acid and the temperature®. Cyclodextrins are stable
in presence of (enzymes) glucoamylases or y-amylase and B-amylase and can be

hydrolyzed by some a-amylase®.
1.6 Host-Guest Inclusion Complex of Cyclodextrins

The most important, unique and exceptional property of cyclodextrins is that
they can form inclusion complexes in solution as well as in crystalline solid form with
wide varieties of molecules depending upon the size of the host and guest

34-37

molecules™". This phenomenon is commonly known as host-guest inclusion

complexation as shown Figure 1.6.

=y >

4 —_—
<) D
Host Guest Host-Guest Inclusion Complex

Figure 1.6 Host-Guest Inclusion Complexation.



The word ‘inclusion complex’ was introduced by Schlenk in 1950°*. Inclusion
complexes are entities comprising two or more molecules; the ‘host’ includes a
‘guest’ molecule, totally or in part, by only physical forces, that is, without covalent
bonding. CDs are typical host molecules and may include a great variety of molecules
having the size of one or two benzene rings, or even larger compounds, which have a
side chain of comparable size, to form crystalline inclusion complexes. Complexation
occurs when there is a steric compatibility between the CD cavity and the guest
molecule and the affinity of the guest molecule for the CD cavity is higher than for
the other components present (i.e. solvent). It has been established that, besides steric
compatibility, hydrophobic interactions®”, van der Waals interactive forces™ and
hydrogen bonding41 independently or in combination play a considerable role in the
determination of the strength of inclusion complexes. Several techniques have been
used for the formation of cyclodextrin inclusion complex these include: mixed solvent
system, co-precipitation, slurry complexation, paste-complexation (kneading method),
damp mixing and heating, extrusion and dry mixing. The stoichiometry of inclusion
compounds is usually 1:1; however, complexes can be made of two or more guests
(especially with the large y-CD cavity) or with several CD molecules by the inclusion
of different parts of a large guest molecule. Many physicochemical methods have
been used for the study of the formation of inclusion complexes. Thus calorimetry*,
spectrophotometry® and various liquid chromatographic methods, such as reverse-
phase thin-layer and high-performance liquid chromatography®’, has been
successfully used for the assessment of the various aspects of host-guest interaction. It
has also been deduced that the remarkable flexibility of the cyclodextrin ring can be

responsible for the adaptation of molecules to a wide range of shapes.

The formation of a 1:1 inclusion complex of host and guest is an equilibrium
process between the dissociated and associated species in solution (Eq. 1.4), which is
characterized by the stability constant, K (Eq. 1.5). This is the simplest and more
frequent case, however, 2:1, 1:2 or 2:2 stoichiometries can also exist for CD host-

guest complexes.

10



K
Host + Guest © Inclusion Complex (1.4)

_ [Inclusion Complex]
[Host][Guest]

(1.5)

The nature of interaction has been studied during the host-guest complexation
as well as the structure of the CD complexes45. Molecular modeling, simulation, X-
ray crystallography, NMR spectroscopy, optical spectroscopy (UV-Vis, fluorescence,
circular dichroism) and thermal characterization methods have been used to determine

the molecular structure of inclusion complex.

The ‘driving force’ of complexation is not yet fully understood. The following

factors have been considered for the formation of an inclusion complex.

(i) Substitution of the energetically unflavored-apolar interactions between the
included water molecules and the CD cavity on one hand, and between water
molecules and the guest on the other by the more favoured apolar-apolar
interaction between the guest and the cavity, and polar-polar interaction between
bulk water and the released cavity-water molecules.

(i1) CD-ring strain release on complexation.

(iii) van der Walls interaction.

(iv) In the case of some guest, hydrogen bonding between host and guest.

1.7 Synthesis of Cyclodextrins

The synthesis of cyclodextrins involves treatment of ordinary starch with
easily available enzymes. In nature, the enzymatic digestion of starch by
cyclodextrins glycosyltransferase (CGTase) produces a mixture of cyclodextrin
comprised of six, seven and eight glucose units (a-, B-, and 7y-cyclodxextrin,
respectively). Commercially, cyclodextrins are produced from starch, but more
specific enzymes are used to selectively produce consistently pure o-, B- and y-
cyclodextrin®*®*’. The typical enzymatic synthesis of cyclodextrins is shown in Figure
1.7. Cyclodextrins are obtained in a large scale by enzymatic degradation of starch,

by making a use of a glycosyltransferase from Bacillus macerans®®. Commercially

11



cyclodextrins are prepared by two major processes (i) solvent and (ii) non solvent

process. These processes involve following main-steps:

1) Cultivation of the microorganism which produces the cyclodextrin
glycosyltransferase (CGTase) enzyme.

2) Separation of the enzyme from the fermentation tank, followed by concentraction
and purification.

3) Enzymatic conversation of prehydrolysed starch to a mixture of cyclic and acyclic
dextrins.

4) Separation of cyclodextrins from the conversion mixture with purification and

crystallization.
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Figure 1.7 Synthesis of cylodextrins from starch by enzymatic digestion.
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1.8 Chemical Modification of Cyclodextrins

In CDs every glucopyranose unit has three free OH groups, two of which (on
C-2 and C-3) are secondary and one (C-6) primary™. As each of these free hydroxyl
groups can be modified, by substituting the hydrogen atom or the hydroxyl group by a
wide variety of substituents, the majority of simple synthetic reactions results in a
number of positional isomers. Hydroxyl groups present at the 2-, 3-, and 6-positions

compete for the reagent and make selective modification extremely difficult™.

Cyclodextrins are modified for a variety of reason. For example, if a highly
water soluble cyclodextrin is desired, then a random conversion of hydroxyl groups to
sulfate groups can be done’'%. However, if a cyclodextrin with a high solubility in
organic solvents is desired then hydroxyl groups are converted to silyl ethers in a
random fashion>®. However, in both these cases, the final product is not homogeneous

and cannot be accurately characterized by elemental analysis.

Selective and efficient modification especially mono or disubstitutions is
complicated by the presence of similar functionalities®’. Among the three hydroxyl
groups in a glucopyranose unit, the primary hydroxyl groups on the C-6 has the
highest reactivity, especially when bulky substitution reagents are used, and the
secondary hydroxyl groups on C-3 has least reactivity. This has been attributed to the
hydrogen bonding between the protons of the hydroxyl group on C-3 and the oxygen
atom of the hydroxyl group on the C-2°>. The hydroxyl groups on the C-3 can only
react when all the primary and secondary hydroxyl groups are protected. The
functional groups used in the chemical modification of cyclodextrins are alkyl-,
amine-, hydroxylalkyl-, carboxyalkyl-, azide- etc®®. The most of the synthesized
cyclodextrin derivatives are complex mixture with different degree of substitution and
positional isomers. Most commonly NMR, FTIR and Mass spectrometric analysis has
been reported to be cheap, simple and rapid characterization techniques for the

determination of substitution®’.

1.9 Methods for Modification of Cyclodextrins

There are various chemical factors that are involved in the chemical
modification of cyclodextrinsss'éo. The primary factors are the nucleophilicity of the

hydroxyl groups and the ability of cyclodextrins to form complexes with the reagents
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used. All modifications of cyclodextrins take place at the hydroxyl groups and since
the hydroxyl groups are nucleophilic in nature, which initiate the reaction and directs
the regioselectivity and the extent of modification (mono, di, tri, etc.) of all
subsequent reactions and then an electrophile attack on these positions. As the
cyclodextrin moiety has three types of hydroxyl groups, those at the 6-position are the
most basic (and often most nucleophilic), those at the 2-position are the most acidic,

61,62

and those at the 3-position are the most inaccessible’ . General synthetic strategies

for the selective modification of cyclodextrin are shown in Figure 1.8.

Normal reactivity, weak base (e.g. pyridine)
and a non-complexing electrophile Reversed reactivity, strong base (deprotonate)

: and a non-complexing electrophile
?

11 Reaction via complex formation

? ‘ use a complexing electrophile
2-, 3- or 6-modified CD
iw or

Protect 6-position, weak base
any electrophlle

a mixture of three

Protect 2-position, any base
any electrophile

A

Figure 1.8 Overview of the methods for modification of cyclodextrins.

Under the normal conditions an electrophilic reagent attacks at the 6-positions.
However, more reactive reagent like trimethylsilyl chloride attacks the 6-positions
less selectively® (I in Figure 1.8). Less reactive reagents like ter-butyldimethylsilyl
chloride shown to react more selectively 6-position hydroxyl groups®. The most
acidic 2-position hydroxyl groups have been found to be first deprotonated® that
subsequently forms the oxyanion, which is more nucleophilic than the non-
deprotopnated 6-position hydroxyl groups (II in Figure 1.8). Proton transfer between
the 2- and 6-positions hydroxyl groups lead to mixture of 2- as well as 6-position

modified cyclodextrin derivatives.

14



The complex formation property of the cyclodextrin has been found to affect
the modification of the hydroxyl groups (III in Figure 1.8) thus if the electrophilic
reagents forms a complex with the cyclodextrin then the predominant product formed
is dictated by the orientation of the reagent within the complex. On the other hand, if
the complex is weak, then the product formation is directed by the reactive
nucleophilicities of the hydroxyl groups. Solvents also play an important role in the
orientation of the elctrophilic agent in the cyclodextrin cavity. Tosyl chloride reacts
with a-cyclodextrin in pyridine to give 6-tosylated product, where as it gives the 2-
tosylated product in an aqueous base®. The cavity size of the cyclodextrin also affects
the strength and orientation of the complex and so affects the product of the reaction.
Tosyl chloride reacts with a-cyclodextrin to give the 2-postional substituted product;

whereas p-cyclodextrin, gives the 6-positional substituted product®’.

The method of protection and deprotection of the hydroxyl group is to
overcome the complications arising due to the binding of reagent into the cavity of
cyclodextrin. Thus, if 2-position of cyclodextrin is first protected, then the incoming
electrophile selectively reacts with the 6-position hydroxyl group (IV in Figure 1.8).
Takeo et al carried out permethylation of the primary side of the cyclodextrin by first
protecting the secondary side by esterification®. The primary side is then reacted with
alkyl halides. Similarly, protection of the primary side leads to the electrophile
reacting with the hydroxyl group at the 2-position (V in Figure 1.8)°®. Among the
protecting groups ter-butyldimethylsilyl chloride (TBDMS) has been found to be easy
to attach and easy to remove®. Fujita et al first reported the 3-position substituted p-
cyclodextrin by the reaction of napthalenesulfonyl chloride with B-cyclodextrin’®’".
After that Tian et al demonstrated in the reaction of the electrophile N-methyl-4-
(chloromethyl)-2-nitroaniline with 6-protected B-cyclodextrin which directed the
electrophile to the 3-position instead of the expected 2-position’. In these reactions
the complex formation has occurred with the primary hydroxyl group protected CD
derivative due to the presence of a weak base after the orientation of reactive group
towards the less nucleophilic hydroxyl group at the 3-position than the 2-position.
Figure 1.9 shows the possible positional isomers of mono, di and tri-modified a-CD

and -CD.
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-ABD B-ABE B-ABF B-ACE

Figure 1.9 Possible positional isomers of mono, di and tri-modified a-CD and -CD.
1.10 Mono-, di- and tri-substituted Cyclodextrins

Many of the cyclodextrin derivatives reported in literature are the complex
mixture of compounds that contains number of positional isomers. The number of
possible positions for a substituent is given by the number of possible positions at a
glucose unit (2, 3 and 6) multiplied by the number of different glucose units A, B,
C....in the cyclodextrins. These are shown in Figure 1.9. Thus mono-, di-, tri- and
permodifications refers to modification at one, two, three or all hydroxyl groups at

one site that is either the 2-, 3- or 6-positions of cyclodextrins™.

The possible positional isomers of di and tri substituted a-cyclodextrin and -

cyclodextrin are shown in Figure 1.9. Disubstitution of a-CD and B-CD at one site
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(either 2- or 3- or -6) can give 3 positional isomers. However trisubstitution at one site
(either 2- or 3- or -6) can give 4 positional isomers for a-CD and 5 positional isomers

in the case of B-CD.

The most popular common method for the monomodification at 6-position of
cyclodextrin is by nucleophilic attack of a reagent containing appropriate group on
mono-6-tosyl cyclodextrin. The monotosylated cyclodextrin derivatives are
synthesized by reacting 1 equivalent of benzene or p-toluene-sulfonyl chloride with

7375 The monosubstituted 6-

cyclodextrin in pyridine or DMF containing a base
tosylcyclodextrins are important precursors for a variety of modified cyclodextrins. A
nucleophilic displacement of the tosyl group by suitable nuleophiles such as iodide,
azide, thioacetate, hydroxylamine, alkyl, or poly-(alkylamines) gives monoiodo-,

azido-, thio-, (hydroxylamino)-, or (alkylamino)-cyclodextrins’®*™.

Disubstituted cyclodextrins are obtained most easily by bridging the two
primary hydroxyl groups of cyclodextrin molecule with difunctional reagent. In this
method, disubstitued sulfonates of cyclodextrins are synthesized by reaction of
arenedisulfonyl chlorides with cyclodextrin to give AB, AC and AD isomers® ™.
Though disulfonyl chlorides give a mixture of regioisomers, they show distinct
regiospecificity based on their geometrical structures. Trans-stilbene and biphenyl
based capping reagents have been used to give AD isomers, benzophenone-based
reagents to give AC isomers and 1,3-benzenedisulfonyl chlorides gives the AB
isomers®***®. The other bulky sufonyl chloride also used for the selective modification

of cyclodextrins resulted in very low yield after HPLC purifications® ™

. Figure 1.10
gives a schematic representation of the mono-, di-, and tri-substituted cyclodextrin

using different strategies.

The synthesis and isolation of the trisustituted cyclodextrin is very difficult
because of the large number of possible positional isomers. Tosylation of cyclodextrin
leads to 6,6 6"-tri-O-tosyl-p-cyclodextrin with very low yield (2.6%)*°. In
contrast the tritylation of cyclodextrin in presence of enzyme gives 6,65 6"-trityl

derivative in a reasonable yield of 43%°'%.

17



H;

Figure 1.10 Specific introductions of mono-, di- and tri- substitutents to
cylclodextrins.

a) Ts/Pyridine, b) 3-nitrophenyltosylate/DMF/H,0 (pH 10), c) NsCI/MeCN/H,0 (pH
12), d) TritCl/Pyridine, e) 4,6-dimethoxy-benzene-1,3-sulfonyl chloride/Pyridine, f)
Benzophenone-disulfonyl chloride and g) Bis(9,10-dicyano-anthracene-2,6-sufonyl
chloride)/Pyridine.

1.11 Cyclodextrin Polymers

In recent years attention has been expanding from supramolecular chemistry
of cyclodextrins to supramolecular chemistry of cyclodextrin based polymers owing
to more sophisticated structures and advanced function have been achieved by the
formation of supramolecular cyclodextrin polymers”. Compounds consisting of a

number of covalent linked cyclodextrin rings are called cyclodextrin polymers. The
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cyclodextrin fixed into polymeric structures behave differently from their monomeric

.« e 094.97
derivatives .

Cyclodextrin polymers can be classified into the following types. These are shown
schematically in Figure 1.11.

(a) Linear polymers

(b) Cross-linked polymers

(c) CDs immobilized by covalent bond to macromolecular support

(d) CDs immobilized by physical bonding in/to macromolecular support

(e) Necklace Type CD polymers (Polyrotaxanes)

28 3 3
@ 2 9 9

AP 8

S
S dama-

Figure 1.11 Structural classifications of cyclodextrin polymers.
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(a) Linear polymers

Linear polymers containing CD residues on the side chain were synthesized by
two methods such as addition polymerization and condensation polymerization. In the
addition polymerization, the first step was the preparation of allyl group containing
monomer, for example, acryloyl and methacryloyl cyclodextrins were obtained by

9
%89 " The monomers were also

reacting acryloyl nitrophenol with cyclodextrin
copolymerized with other water-soluble monomers, such as acrylamide, acrylic acid
and vinyl pyrrolidone. Linear or cross-linked structures were obtained based on the
functionality of the comonomer. A typical synthesis of such polymers is shown in

Figure 1.12.

NO,
0°c itrile. pH-
H,C=CHCOC| ————3 H2c=CHcoz—® AM H2C=CHCOZ—@

m-nitrophenol

Acrylyl chloride MeO:.

m-nitrophenylacrylyl Carbonate Acryloyl B-C
Buffer, pH-10
H
20%NaoH | HN—fC -)?COOH

H
H, o°c H — _(_ 2_)_

—_ — —_ H,C=CHCO—HN Cc CO:

H C—CHCO—HN—(—C -)—COOH H C—CHCO—HN—(—C ,—CHO 2 2
2 5 m-nitrophenol 2 5 2 5

N-acryl-6-aminocaproic acid @ é

NO,

Polymer
AIBN

Figure 1.12 Synthetic scheme of linear pendent-cyclodextrin polymer.

In a patent assigned to addition polymerizable monomers were by modifying
monotosyl [B-cyclodextrin into monomethylol cyclodextrin and vinylamine -
cyclodextrin which could be polymerized to give linear cyclodextrin based polymers.
Similarly, Yoshinaga et al and Crini et al synthesized the functional B-cyclodextrin to

get B-cyclodextrin based polymersloo'ml.

In the condensation polymerization, cyclodextrin was coupled with the
presynthesized polymers by using the two different functionalities and coupling agent.
Cyclodextrin was attached with polyallyamine'®> and caboxy methylated chitosan'®®
using DMAO and EDC as coupling agents. A typical synthesis of such polymers is

shown in Figure 1.13.
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HO,

. —_—
DMAO *
n HO OH H,0
n
CM-Chitosan CD

CD-CM-Chitosan

Figure 1.13 Synthetic scheme of CD-CM-Chitosan polymer.

Covalent bonded cyclodextrin as pendent-chain polymers by condensation
polymerization using tosylated B-CD and polyallylamine as monomers has been also
reported' % In another variation of synthesizing polymers containing cyclodextrin
as pendent group, B-cyclodextrin was grafted on to poly(methyl vinyl ether)-co-
maleic anhydride where the monoalkoxide of B-cyclodextrin was prepared and then
attached to the maleic anhydride site of the copolymer thus giving a polymers with

pendent B-CD'”". This is schematically shown in Figure 1.14.

a1 .

* o/ VAR
+ | 0% | o [n

DMF, 20°c DMF, 200 ) |

CH; OLi o

ou (SX3)
CH
B-CD

3

mono-alkoxide

Figure 1.14 Synthesis of novel linear water-soluble polymer.

A class of linear polymers that contains $-CD as part of the backbone was
synthesized by Davis et al'®'®. The key step in preparing this type of backbone
containing polymer was the synthesis of difunctionalized 3-CD-containing monomers.
The synthesized difunctional monomers connect with therapeutic agents in a linear
structure. Figure 1.15 illustrates the strategy of preparing either cationic or anionic

polymers starting from difunctional B-CD-monomers.
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Figure 1.15 Synthesis of linear cationic cyclodextrin main-chain polymer.

Linear cyclodextrin containing polymers have also been obtained by non-
covalent interaction where the cyclodextrin units are not linked by any covalent bond.
6-deoxy-(6-t-butyl)-B-cyclodextrin based polymers were synthesized where the t-
butyl group of one is included into the cavity of the other monosubstituted
cyclodextins''’. Similarly, 2-hydroxypropyl B-cyclodextrin has been prepared where
the 2-hydroxypropyl B-cyclodextrin is included into the cyclodextrin nanocavity of
the next molecule and helically extended polymeric structure is formed by repetition

. . .11
of the intermolecular inclusion .

Masahiko et al''> synthesized the supramolecular polymeric structure by
preparing cinnamide functionality among on a-CD at 6-position or 3-position. The
cinnamide group was included into the nanocavity of cyclodextrin. This is depicted in

Figure 1.16.

1. Tosylchloride

2. NaNj CH,NH,
— DCC}

Cinnamic acid Polymer constructed by CD with cinnamide

CD 6-Amino-CD

Figure 1.16 Synthesis of supramolecular polymers constructed by cyclodextrins with

cinnamide.

Iwata et al'"® attach the B-cyclodextrin on copolymers of glycidyl methacrylate and

ethylene glycol methacrylate or via linking with the N, N’-carbonyldiimidazole.
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(b) Cross-linked polymers

Cross-linked polymers have been synthesized by reaction of cyclodextrins and
cross-linking agents containing bi- or polyfunctional groups. Effective crosslinking

agents that have been reported are: epichlorohydrin''*''

, diisocyanatesm,
polycarboxylic acids''®, anhydrides'”®, diepoxides'®® etc. These crosslinking
nucleophilic substitution reactions with crosslinking agent usually occur in the
alkaline medium. The water-solubility and molecular weight of the obtained polymers
generally depends on the concentration of the crosslinking agent, pH of the reaction
mixture and temperature of the reaction. Renard et al'*' have investigated the relation
between preparation conditions and water-solubility of the cyclodextrin polymers.
Usually, lower molar ratio of crosslinking agent gives water-soluble polymers
whereas higher molar ratio of crosslinking agent gives water-insoluble polymers.
Figure 1.17 shows the typical synthesis of cyclodextrin and epichlohydrin cross-
linked polymers.

EPH

N/ ¢ CH OH CH 0— CH,—C——CH
2T 2 O CH,—C— Lt
—

g 5 \/
(i + 1,0 (;%
H 10 @—CHz—OH
- THZ—CIH—C —OH (N

2
HO—CH,—CH—C —OH
2 OH

0
OH \
~ HZ

Cl g C CHZ—O—CHZ—CIH—C —O0—H,C
| v/\a OH
+(iv) Y i)

H, H,
CH,—CH—C —0—CH,—CH—C —OvVWN\
H, H, H, I | |

HO—CH,—CH—C —0—C ——CH—C —O0H OH ol

0
OH OH \:N

O

@

Figure 1.17 Synthesis of B-cyclodextrin-epichlorohydrin polymer.
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I

Thatiparti et a synthesized cyclodextrin and diisocyanate crosslinked

hydrogels by simple reaction of B-cyclodextrin with hexamethylene diisocyanate in

dry DMEF. This hydrogel was used for antibiotic delivery. Similarly, Bhaskar et al'*
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synthesized water-insoluble polyurethane using B-cyclodextrin and hexamethylene
diisocyante which was used as a column material for the extraction of aromatic
amines from water. Figure 1.18 depicted the synthesis of cross-linked cyclodextrin

and hexamethylene diisocyanate polymers.

HO OH
0
+ \C§ /\/\/\/N§
N C
X
OH

(@)

B-CD HMDI
DMF

VW
\o=O
/
Z§
prdas
/
R

Crosslinked CD-HMDI Polymer

Figure 1.18 Synthesis of B-cyclodextrin-hexamethylene diisocyanate polymer.
(¢) CDs immobilized by covalent bond to macromolecular support

These types of polymers can be achieved by immobilization of cyclodextrins
on polymer support by coupling agent. For example, B-cyclodextrin can be fixed on
copolymers of glycidyl methacrylate and ethylene glycol methacrylate via linking
with N,N’-carbonyldiimidazole'** resulting in a polymer with 30% cyclodextrin
content. Similarly, cyclodextrin has been immobilized on chlorinated silica gellzs,

polystyrene'?®, polyurethane'?’, polysiloxane'** etc.
(d) CDs immobilized by physical bonding in/to macromolecular support

Polymeric products with immobilized cyclodextrins bound physically to the
macromolecular support belong to this group as shown in Figure 1.19. In this type
‘empty’ cyclodextrins are incorporated into a polymer by simply blending with a

solution of the macromolecular support and subsequent evaporation of the solvent'?.
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+ U Mixing
—_—

CD

Polymer Physical immobilization of
CDs on Polymer

Figure 1.19 Physical immobilization of CDs on polymer by physical mixing.
(e) Necklace Type CD polymers (Polyrotaxanes)

The necklace type cyclodextrin polymers are mainly polyrotaxanes where
cyclodxtrin rings are strung on a polymers chain. Polyrotaxanes containing
cyclodextrin can be synthesized by first threading many cyclodextrins on a polymer
chain and then blocking the ends of the polymer chain with bulky groups'*’. Different
types of polyrotaxanes are obtained, when a polymer with reactive groups in the

B3 These polyrotaxanes cyclodextrins

main-chain is threaded by cyclodextrins
polymers have been shown to remarkable structures'>*'*®. Figure 1.20 shows the

synthesis of polyrotaxane.

Figure 1.20 Synthesis of Necklace Type CD polymers (Polyrotaxane).
1.12 Applications of Cyclodextrins and Cyclodextrin Polymers

Cyclodextrins are able to form host-guest complexes with wide range of
molecules given the unique nature imparted by their structure. As a result, these

molecules have found tremendous applications in a wide range of fields.
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The major and potential application of cyclodextrin has been in drug delivery.
Cyclodextrins act as drug delivery vehicle because of their ability to alter the physical,
chemical and biological properties of the guest molecules through formation of
inclusion complexesl37. Various types of cyclodextrin derivatives and cyclodextrin
polymers have been utilized for the effective drug delivery system'**. Among the
hydrophilic derivatives of cyclodextrin the hydroxylpropyl-CD'* and methylated-
CD'* have been widely used for the solubilization of hydrophobic drugs in aqueous
medium. Apart from the increasing the water-solubility of the natural cyclodextrin
increasing the degree of substitution (methylation) decreases the hydrophilic nature of
the parent cyclodextrin. This hydrophobic cyclodextrins have the ability to decrease
the water-solubility of the guest molecules, thus having potential to be used as
sustained-release drug carrier of water-soluble drugs and peptides'*'. The anionic
cyclodextrins can modify the release rate of a drug depending on the pH of the
medium and thus bind to the surface membrane of cells, for selective delivery of the
drug across biological barriers'*. The biocompatibility and multi-functional
characteristics of cyclodextrins have been used to deliver the drugs in various routes
of administration like oral, rectal, nasal, ocular, transdermal and dermal systemsm.
However, the low aqueous solubility and nephrotoxicity of specially B-cyclodextrin

limits its use especially in parenteral route of drug delivery144.

Recently in the novel drug carrier systems, the cyclodextrin based polymers
have been shown effective advances in drug delivery application owing to their
improved water-solubility, biocompatibility and higher inclusion ability as compared
to the parent cyclodextrins'*>'*®. A number of reports are available in literature where
cyclodextrin based polymers have been used for steroid'*’, anti-inflammatory'*®,
insulin'®’, and anti-cancer drug formulations'*’. Cyclodextrin polymers have a wide
range of potential applications, including the controlled release of a soluble substance
across membrane'”'. Several groups have reported the synthesis of cyclodextrin based

polymers using different techniques and their use for the drug delivery application'**
156

The most common used approach to study inclusion complexation of guest

molecules is the phase solubility (Figure 1.21) method described by Higuchi and

15

Connors'’, which examines the effect of a solubilizer, i.e. CD on the guest being
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solubilized, i.e. drug. The phase solubility diagrams are categorized into A and B
types; A type curves indicate the soluble inclusion complexes while B type suggest
the formation of soluble inclusion complexes with poor solubility. A Bg type response
denotes complexes of limited solubility and a By curve indicates insoluble complexes.
A-type curves are subdivided in to Ap (linear increase of drug solubility as a function
of CD concentration), Ap (positive deviating isotherms), and Ax (negative deviating
isotherms) subtypes. B- CD often gives rise to B-type curves due to the poor water-
solubility whereas the chemically modified CDs like HP-B-CD, SEB-B-CD and 3-CD
polymers usually produce soluble complexes and thus give A-type curves. Sy, S¢ and
S. indicate the intrinsic solubility, total molar solubility and decrease solubility of the

guest, respectively.

In case of a 1:1 inclusion complex, depending on phase solubility diagram the

equilibrium binding or association constant K, was determined by using following

equation.
K = Slope 16
S, (1 — slope) (16)
A
St P A

Concentration Guest (M)

Concentration of CD (M)

Figure 1.21 Theoretical phase-solubility diagram.
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The practical analytical applications of cyclodextrins and cyclodextrin based
polymers shows the advantages of stationary phases in GC when they are used for the
separation of structurally related compounds and positional and material
isomers'*'*. The inclusion complex formation, as a new principal of molecular
interaction used in GC, has shown the advantages resulting from the high selectivity.
The main achievement was the introduction of CDs and their derivatives as chiral
stationary phase in capillary GC'®. However, there is limitation of use to volatile
compounds and substances that can be vaporized without decomposition. The great
choice and variety of CDs derivatives allows separation of almost any kind of chiral
compounds from apolar to highly polar compoundsl61'163. The field of applications
ranges from stereochemical analysis of natural compounds including essential oils,

. 164,165
flavors and fragrances, pheromones, drugs, agrochemicals, etc ™~ ".

Apart from these applications cyclodextrin and cyclodextrin based polymers
have applications in modern textiles'®’, agrochemicals'®’, food'®®, cell biology'®’,

1
3 etc.

environmental remedation'”’, catalysis'"", pesticides'’?, cosmetics and toiletries
Figure 1.22 shows the trends of cyclodextrins science and technology in last 5

decades in different field of chemistry.

Trends of CDs Science & Technology

~ Chemistry of
~ CD complexes
i o,

Figure 1.22 Trends of cyclodextrins science and technology.
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1.13 Aim of the Thesis

Although three most common cyclodextrins (a-CD, -CD and y-CD consisting
six, seven and eight D-glucopyranose units, respectively) is available commercially.
Among these three cyclodextrins, -cyclodextrin is cheapest and most widely used in
material and pharmaceutical science as its cavity size is compatible with wide variety
of molecules. The presence of similar functionality and comparatively low aqueous
solubility of the B-CD as compared to other cyclodextrins limits its applications and
also the cytotoxicity of B-CD alters the permeability properties of the cell membranes.
Thus, aim of the thesis is to enhance the reactivity and aqueous solubility of parent 3-
cyclodextrin by selective functionalization of primary hydroxyl groups of B-
cyclodextrin for the polymerization reaction and simultaneously use these enhanced
reactivity and solubility of B-CD to enhance the aqueous solubility of two carbon
allotropes (fullerenes and carbon nanotubes), fluorescence properties of pyrene and

aqueous solubility of hydrophobic antiepileptic drug carbamazepine.

Carbon allotrope such as fullerenes and carbon nanotubes, which has a m-
electron system, shows interesting magnetic, superconductivity, electrical and
biochemical properties. It is not surprising that carbon allotropes and their derivatives
have attracted a lot of attention in recent years and have been successfully applied to
materials science and biological technology. However, the biomedical applications of
carbon allotropes and their derivatives are limited, owing to their low solubility in
water and other frequently used solvents. In recent research several approaches have
been explored for the preparation of water-soluble fullerenes and carbon nanotubes.
Cyclodextrins has been frequently used for the solubilization of carbon allotropes as it
has unique molecular recognition and self-assembling behavior in aqueous solution.
In literature, investigation on molecular recognition between cyclodextrins and carbon
allotropes has been centered only on non-covalent supramolecular inclusion

complexes and well documented.

However, a competitive guest molecule in a biological media can displace
encapsulated guest molecule from the cyclodextrin cavity. Therefore, our secondary
aim of the thesis is to covalently functionalize two carbon allotropes (fullerenes and
carbon allotropes) by selectively modified f-cyclodextrin derivatives for the aqueous

solubilization.
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Based on the above intensions aim of the thesis divided as below.

First aim of the thesis is to improve water-solubility of cheapest -cyclodextrin and
toxicity as compared parent -CD, a-CD and y-CD. To achieve this aim, the objective
is to prepare PB-cyclodextrin based highly water-soluble derivatives (monomers) and
prepare linear B-cyclodextrin polymers consisting -cyclodextri as a part of the main-

chain of polymers.

Utilize the selectively modified CDs derivatives to prepare linear main-chain B-CD

based polymers by using short linker between two CDs.

Utilize these modified B-CD based derivatives and linear main-chain polymers to
improve water-solubility of hydrophobic poorly water-soluble drug carbamazepine,
enhance fluorescence properties of pyrene and aqueous solubilization of completely

water-insoluble carbon allotropes Fullerenes and carbon nanotubes.
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Chapter 2

Synthesis of Difunctionalized p-Cyclodextrin Monomers
2.1 Introduction

The cyclodextrin molecule has six, seven and eight primary hydroxyl groups
for a-, B- and y-cyclodextrin on narrow rim. Apart from this there are twelve, fourteen
and sixteen secondary hydroxyl groups for a-, B- and y-cyclodextrin, respectively on
wider rim'. Thus, theoretically it is possible for these primary and secondary hydroxyl
groups to react under suitable condition. The primary hydroxyl groups are more
reactive than the secondary hydroxyl groups. However, under a given reaction
condition all the primary hydroxyl groups are equally reactive. Thus, all the six
primary hydroxyl groups in case of a-CD, seven primary hydroxyl groups of B-CD
and eight primary hydroxyl groups of y-CD are equally reactive. Therefore, to
synthesize a mono functionalized cyclodextrin is extremely difficult and tricky.
Consequently to make selective difunctionalized cyclodextrin is a challenging task

. . . . 2
and purification is tedious process™.

To use cyclodextrin molecule as a monomer for the polymer formation, its
functionality should be two i.e. it should be difunctionalized. Therefore, pristine
cyclodextrin molecules cannot be used as it is for the polymerization reaction. Thus,
here we tried tosylation reaction of cyclodextrin with bulky biphenyl 4,4’-disulfonyl
chloride as the disulfonating agent for the synthesis of selective difunctional f-
cyclodextrrin®. The structural dimension of this molecule is shown in Figure 2.1. The
distance between the two terminal chlorine atoms in this molecule is 12.3 A and
therefore it can form a bridge where the two hydroxyl groups are separated by
comparable distance. The disubstituted biphenyl 4,4’-disulfonylbridged-3-
cyclodextrin can formed after the structural distortion and the orientation of the
reactive chlorine groups towards the AD and AE hydroxyl groups at the 6-position of
the B-cyclodextrin. This is schematically shown in Figure 2.1. Though biphenyl forms
inclusion complex with B-cyclodextrin, the sulfonyl chloride groups attached to the
biphenyl molecule prevents it from doing so. Thus, the biphenyl always will form a

bridge between the hydroxyl groups of the same cyclodextrin molecule.
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One of the key steps of the present synthesis is the reaction of B-cyclodextrin
with bulky biphenyl 4,4’-disulfonyl chloride to form a bisulfonate ester on the smaller
primary rim of B-cyclodextrin. This bisulfonate ester was further reacted with
potassium iodide to give 6*,6°-diiodo 6" 6°-dideoxy B-cyclodextrin. The obtained
6,6"-diiodo 6*,6"-dideoxy B-cyclodextrin further react with sodium azide to give
6,6"-diazido 6",6"-dideoxy B-cyclodextrin followed by reduction to form 6" 6°-
diamino 6”,6°-dideoxy p-cyclodextrin. The schematic of the reaction is shown in
Scheme 2.1.

10.6 A°

@ Chlorine
Sulphur
@ Oxygen

@ Hydrogen

. Carbon

123 A°

Biphenyl-4,4'-disulfonyl chloride

Figure 2.1 Structural dimension of the B-cyclodextrin and biphenyl-4,4’-disulfonyl

chloride.
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2.2 Experimental
2.2.1 Materials

B-Cyclodextrin was obtained from Signet Chemical Corporation, Mumbai as a gift
sample and dried overnight under a vacuum oven at 60°C, then used without further
purification. Biphenyl-4,4’-disulfonyl chloride (recrystallized from -chloroform),
potassium iodide, sodium azide and triphenylphosphine were purchased from Sigma-
Aldrich. N,N’-dimethylformamide (DMF), pyridine, and tetrachloroethylene were
purchased from Merck (Germany) and dried over molecular sieves for 1 day then
distilled under reduced pressure before use. All other chemicals were procured locally
and used without further purifications. Double distilled water was used during the all

experiments.
2.2.2 Measurements

The FTIR spectra of the compounds were recorded on a Shimadzu 8400S Fourier
Transform Infrared Spectrometer by KBr pellet method at 10 resolution and 30 scans
at room temperature. AR grade KBr was used for the preparation of the pellet. The
UV-Visible absorbance spectra were recorded on a Shimadzu UV-Vis-2450,
spectrophotometer. 'H and *C NMR spectra were recorded on a Bruker spectrometer
operating at 400 MHz at room temperature where tetra-methylsilane (TMS) was used
as internal standard. The chemical shifts are given in 6 ppm from TMS signal. TLC
was carried out on silica gel plates (Merck 60-F254). CDs derivatives were detected
with UV light and with anisaldehyde reagent. The CDs amino derivatives were
detected by ninhydrin test. For the structural drawing and molecular modeling studies,

the software Chem Office 2004 (Chem 3D Ultra 8.0version) was used.
2.2.3 Synthesis of 6A,6D-biphenyl bridged B-Cyclodextrin (2)

A 500 mL three neck round bottom flask equipped with a magnetic stir bar, a Schlenk
adapter and a rubber septum was charged with 11.35 g (0.01 mole) of dry B-
cyclodextrin (1) and 150 mL of anhydrous pyridine. The resulting solution was stirred
at 50°C under nitrogen atmosphere, while 3.51 g (0.01 mole) of biphenyl-4,4'-

disulfonyl chloride dissolved in 100 mL pyridine was cautiously added drop wise in 1
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h. After that the reaction mixture was allowed to stir at 50°C for an additional 3 h in
the same conditions. The solvent was removed under vacuum on a rotary evaporator
at 40°C and the residue obtained was subjected to reversed-phase column
chromatography using a gradient elution of 0-40% acetonitrile in water. After,
removing the bulk of the acetonitrile on a rotary evaporator, the resulting aqueous
suspension was lyophilized to dryness. This afforded 6.15 g (40%) of 6*,6°-biphenyl

bridged B-cyclodextrin as a colorless solid.
2.2.4 Synthesis of 6*,6"-diiodo 6*,6”-dideoxy p-Cyclodextrin (3)

A 100 mL three neck round bottom flask equipped with a magnetic stirbar, a Schlenk
adapter and a rubber septum was charged with 5.42 g (3.52 mmole) of 6*,6°-biphenyl
bridged B-cyclodextrin (2), 17.53 g (0.106 mole) of dry, powdered potassium iodide
and 15 mL of anhydrous N,N’-dimethylformamide (DMF). The resulting suspension
was stirred at 80°C under nitrogen atmosphere for 2 h. After cooling to room
temperature, the solids were separated by centrifugation and the supernatant was
decanted. The solid precipitate was washed with a second portion of anhydrous DMF
and the supernatants were combined and concentrated in vacuum. The residue was
then dissolved in 14 mL of water and cooled in an ice bath before 0.75 mL (7.3
mmole) of tetrachloroethylene was added with rapid stirring. The precipitated
inclusion complex was filtered and washed with a small portion of acetone after it was
dried under vacuum. This gave 4.69 g (90% yield) of 6" 6°-diiodo 6*,6°-dideoxy p-
cyclodextrin as a slightly yellow solid.

2.2.5 Synthesis of 6*,6"-diazido 6*,6"-dideoxy p-Cyclodextrin (4)

A 100 mL three neck round bottom flask equipped with a magnetic stir bar coated
with Teflon, a Schlenk adapter and a septum was charged with 3.90 g (2.88 mmole) of
B-cyclodextrin diiodide (3), 1.12 g (0.019 mole) of sodium azide and 10 mL of
anhydrous N,N’-dimethylformamide (DMF). The resulting suspension was stirred at
80°C under nitrogen atmosphere for 12 h. The solvent was removed on a rotary
evaporator under reduced pressure and obtained residue was dissolved in 150 mL of
water. This diluted solution was subjected to ultrafiltration by using polymer

membrane filtration (MWCO 650 Da) to remove the excess salt. After removing salt
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the resulting aqueous suspension was freeze-dried to get 3.54 g (90%) white solid

which was used for the next stage.
2.2.6 Synthesis of 6*,6"-diamino 6*,6°-dideoxy B-Cyclodextrin (5)

A 100 mL three neck round bottom flask equipped with a magnetic stirbar and a
septum was charged with 1.232 g (1.04 mmole) of B-cyclodextrin bisazide (4) in 50
mL of anhydrous N,N’-dimethylformamide (DMF). To this stirring solution 0.898 g
(3.42 mmole) triphenylphosphine was added. The resulting suspension was stirred for
1 h at ambient temperature after this 10 mL of ammonium hydroxide was added. The
addition of ammonium hydroxide was accompanied by a rapid gas evolution and the
solution became homogeneous. After 12 h, solvent was removed under vacuum
rotavapor and obtained residue was mixed with water and washed twice with benzene
to remove the phosphonium oxides. The solution was adjusted to pH-7 by addition of
0.IN HCI solution and diluted with 100 mL of water. This diluted solution was
subjected to ultrafiltration by using polymer membrane (MWCO 650 Da). The
resulted aqueous solution was freeze dried to get dry 1.10 g (90%) white product of

diamino B-cyclodextrin.
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2.3 Characterization of Difunctionalized -Cyclodextrin Monomers

The regioselectively modified 6*,6°-diamino 6*,6°-dideoxy PB-cyclodextrin
was synthesized by the route shown in Scheme 2.1 following the primary reports of 1.
Tabushi er al’. The capping reaction illustrated was carried out by treating the p-
cyclodextrin with biphenyl 4,4’-disulfonyl chloride, which has enough long geometry
that it can direct the reaction on A to D position hydroxyl groups of B-cyclodextrin on
the primary rim. The reaction of biphenyl bridged-p-cyclodextrin with dry powder
potassium iodide in dry DMF gave the diiodo B-CD derivative, which further reacts
with sodium azide to afford diazido B-CD derivative. The reaction of diazido B-CD
with triphenylphosphine in DMF followed by hydrolysis of iminophosphorane
intermediate with ammonium hydroxide gave the 6*,6°-diamino 6" 6°-dideoxy pB-

cyclodextrin.
2.3.1 6*,6”-biphenyl bridged B-Cyclodextrin (2)

The FTIR spectrum of 6*,6°-biphenyl bridged B-cyclodextrin is shown in
Figure 2.2. The spectrum exhibited the major stretching absorbance bands of parent 3-
cyclodextrin at 3368 em’, 2920 cm™, 1660 em™, 1155 ecm™, 1029 ecm™ and strong
stretching absorbance bands at 1176 cm’™, 2900 cm™ and 820 cm™ which could be
assigned to —SO, stretching, —CH, stretching and para-substituted benzene stretching
absorption bands of 4,4’-biphenyl disulfonyl chloride. This result confirmed the
formation of biphenyl-bridge between two primary hydroxyl groups of J-
cyclodextrin. The band at 3368 cm™ is broad due to the —OH groups was extended
hydrogen bonded with other -OH groups and it indicates that the crystalline nature of

B-cyclodextrin was retained after biphenyl capping.

Figure 2.3 shows the UV-Vis absorption spectra of biphenyl-4,4’-disulfonyl
chloride in chloroform, B-cyclodextrin in water and biphenyl bridged B-cyclodextrin
in water. The UV-Vis absorbance spectra also support the formation of biphenyl
bridged between two primary hydroxyl groups of B-cyclodextrin. The UV-Vis
absorbance spectrum of biphenyl-4,4’-disulfonyl chloride shows absorbance maxima
at around 326 nm in chloroform which is completely insoluble in water, whereas the

B-cyclodextrin in water does not show any absorbance in this region. However, the
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UV-Vis absorbance spectrum of biphenyl bridged B-cyclodextrin in water showed the
typical absorbance of biphenyl-4,4’-disulfonyl chloride at around 263 nm which was
observed to blue shifted by few nanometer due to the formation of bridge between
two primary hydroxyl groups of B-cyclodextrin and biphenyl moiety was attracted

towards the non-polar cavity of B-cyclodextrin due to nonpolar-nonpolar interaction.

The 'H-NMR spectra of unsubstituted p-cyclodextrin and biphenyl bridged p-
cyclodextrin in DMSO-dg are shown in Figure 2.4 and Figure 2.5. The spectrum of
biphenyl bridged B-cyclodextrin showed a distinct separation of proton signals that
are obtained from the protons attached to the aromatic nucleus of the biphenyl ring of
biphenyl 4,4’-disulfonyl chloride and B-cyclodextrin of glucose units. Thus, clusters
of proton signals can be observed between 2 to 5.5 ppm of B-cyclodextrin’s glucose
units’ protons {4.95 ppm (br S, 7H-1 anomeric proton), 3.3-4.7 ppm (54 H, H-3, H-5,
H-6, H-2, and H-4)} and proton signals of 7.5-8.9 ppm (8H, ArH) which could be
assigned to the aromatic protons of biphenyl ring. The intensity of the aromatic
protons was observed to be very less compared to the glucose unit’s protons of f3-
cyclodextrins. This suggests that biphenyl moiety was attracted towards the non-polar
cavity of B-cyclodextrin. Similar observation has been observed when "H NMR of p-
cyclodextrin and biphenyl bridged B-cyclodextrin has been also carried out in D,0 as
shown in Figure 2.6 and Figure 2.7. There is no much change in the results when the
solvent was changed. The comparison of protons signal of unsubstituted B-CD and

substituted B-CD in two different solvents are shown in Table 2.1 and Table 2.2.

The "*C NMR spectra of unsubstituted p-cyclodextrin (in DO and DMSO-de)
are shown in Figure 2.8 and Figure 2.9. The >*C NMR spectrum of biphenyl bridged
B-cyclodextrin (in DMSO-de) is shown in Figure 2.10. The BC NMR spectra of B-CD
in two different solvents shows the similar carbon chemical shifts for glucose units
carbons at dppm 101.10 (C-1), 71.85 (C-2), 73.21 (C-3), 81.18 (C-4), 72.16 (C-5) and
60.30 (C-6). The spectrum of biphenyl bridged p-cyclodextrin (in DMSO-d¢, Figure
2.9) showed the typical biphenyl aromatic carbons chemical shifts of biphenyl moiety
at oppm 126.17, 126.80, 127.23, 128.23, 139.78, 142.23, 146.10 and 147.31 due to
changes in the symmetry of the B-CD molecule after the bridge formation with the

primary hydroxyl groups, where as the only biphenyl aromatic system showed carbon
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chemical shift at dppm: 143.0 (C-1,17), 127.3 (C-2,2"), 128.6 (C-3,3’) and 143.4 (C-
4,4%). The >C-NMR spectrum also showed carbon chemical shifts of B-cyclodextrin
at dppm 102.08 (C-1), 71.66 (C-2), 73.21 (C-3), 81.55 (C-4), 72.89 (C-5) and 59.76
(C-6), and also one more carbon chemical shift was observed due to primary hydroxyl
group substitution C-6 at 59.76 oppm (adjacent to —OH group) of the B-CD goes up
field shows the C-6’ at 41.67 dppm (adjacent to biphenyl ring). The comparison of
chemical shifts of unsubstituted B-CD and substituted B-CD are shown in Table 2.3.
These NMR data shows that the biphenyl-4,4’-disulfonyl chloride subsequently
attached with the primary hydroxyl and making bridged on the primary side of B-CD

molecule as shown in Scheme 1.

47



90

80

70

60

50

Transmittance (%)

40

30

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm” 1 )

Figure 2.2 FTIR spectrum of 6,67 -biphenyl bridged B-cyclodextrin.
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Figure 2.3 UV-Vis spectra of biphenyl-4,4’-disulfonyl chloride in chloroform, f-

cyclodextrin in water and biphenyl bridged B-cyclodextrin in water.
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Figure 2.5 '"H NMR spectrum of biphenyl bridged p-cyclodextrin in DMSO-ds.
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Figure 2.8 °C NMR spectrum of p-cyclodextrin in D,0.
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Figure 2.9 *C NMR spectrum of p-cyclodextrin in DMSO-ds.
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Figure 2.10 °C NMR spectrum of biphenyl bridged p-cyclodextrin in DMSO-ds.
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2.3.2 6*,6"-diiodo 6*,6°-dideoxy B-Cyclodextrin (3)

The FTIR spectrum of 6*,6°-diiodo 6" 6°-dideoxy p-cyclodextrin is shown in
Figure 2.11. The spectrum depicted the absorbance band at 3400 cm™ and 1156 cm™
peak was observed due to —OH stretching and —CH,-I stretching (rocking and
wagging band), which confirms that biphenyl ring easily removed from the biphenyl
bridged B-cyclodextrin by the nucleophilic addition of the potassium iodide.

The 'H NMR spectrum of the 6*,6°-diiodo 6”,6°-dideoxy B-cyclodextrin is
shown in Figure 2.12. The spectrum shows only the typical glucose unit’s proton
signals of B-cyclodextrin at dppm: 4.92 (d, 7H, H-1), 3.49 (m, 7H, H-2), 3.82 (m, 7H,
H-3), 3.40 (m, 7H, H-4) 3.69 (m, 7H, H-5), 3.72 (d, 12H, H-6) and peaks at 2.70-2.86
(dd, 2H, H-6") along with removal of aromatic biphenyl protons in aromatic region.
These results confirmed that the biphenyl ring was completely removed from the
biphenyl bridged p-cyclodextrin due to the nucleophilic substitution. The comparison

of protons signal of unsubstituted B-CD and diiodo B-CD are shown in Table 2.1.

The “C NMR spectrum of 6*,6°-diiodo 6",6°-dideoxy B-cyclodextrin is
shown in Figure 2.13 also support the same observation showed all the typical carbon
chemical shifts of cyclodextrin glucose units at oppm: 101.85 (C-1), 72.42 (C-2),
73.04 (C-3), 82.29 (C-4), 72.26 (C-5), 6.27 (C-6) along with one new carbon chemical
shift C-6” at 10 ppm (adjacent to —I) due to the substitution of two primary hydroxyl
groups of the B-CD. The comparison of carbon chemical shifts of unsubstituted -CD
and diiodo B-CD are shown in Table 2.3.
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Figure 2.11 FTIR spectrum of 6*,6°-diiodo 6*,6°-dideoxy p-cyclodextrin.
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Figure 2.12 'H NMR spectrum of 6*,6°-diiodo 6*,6°-dideoxy B-cyclodextrin in D,O.
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Figure 2.13 °C NMR spectrum of 6*,6°-diiodo 6”,6°-dideoxy B-cyclodextrin in
D,0.
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2.3.3 6*,6"-diazido 6*,6"-dideoxy p-Cyclodextrin (4)

The FTIR spectrum of the 6*,6°-diazido 6,6°-dideoxy P-cyclodextrin is
shown in Figure 2.14. The spectrum exhibited the absorbance band at 3400 cm™ and
2037 cm’ were observed due to presence —OH stretching and -N3 asymmetrical
stretching, which confirms that replacement of two iodo groups from the 6*,6°-diiodo

6,6"-dideoxy B-cyclodextrin by the nucleophilic addition of the sodium azide.

The 'H-NMR (Figure 2.15) and *C-NMR (Figure 2.16) also confirmed the
removal of iodo groups from 6 6°-diiodo 6" 6°-dideoxy B-cyclodextrin showed only
protons and carbon chemical shifts of B-cyclodextrin’s glucose units along with
substituted protons and carbon shifts at two C-6" position of B-cyclodextrin. The

comparison of protons signal and carbon chemical shifts of unsubstituted B-CD and

diazido B-CD are shown in Table 2.1 and Table 2.3.
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Figure 2.14 FTIR spectrum of 6*,6°-diazido 6*,6°-dideoxy p-cyclodextrin.
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Figure 2.15 'H NMR spectrum of 6*,6°-diazido 6*,6°-dideoxy p-cyclodextrin D,O.
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Figure 2.16 °C NMR spectrum of 6" 6"-diazido 6" 6°-dideoxy B-cyclodextrin in
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2.3.4 6*,6”-diamino 6*,6”-dideoxy p-Cyclodextrin (5)

The FTIR spectrum of the 6*,6°-diamino 6”,6°-dideoxy B-cyclodextrin is
shown in Figure 2.17. The spectrum depicted the absorbance at 3400 cm™ and 3200
cm” were observed due to -OH stretching hydrogen bonded and stretching of -NH,,
2900 cm™'(-CH stretching), 1620 cm™, 1490 cm™' (ammonium combination bands).
Moreover, the disappearances of azide stretching band at 2037 cm™ suggest that

complete reduction of azide functional groups into amine functional groups.

Figure 2.18 and Figure 2.19 shows the 'H-NMR spectra of 6™ 6°-diamino
6*,6P-dideoxy B-cyclodextrin in D,O and DMSO-ds, respectively. The 'H NMR
spectra of 6”,6°-diamino 6”,6°-dideoxy B-cyclodextrin in D,O in Figure 2.18 shows
the protons signals at Sppm: 4.93 (d, 7H, H-1), 3.50 (m, 7H, H-2), 3.83 (m, 7H, H-3),
3.42 (m, 7H, H-4) 3.69 (m, 7H, H-5), 3.70 (d, 12H, H-6) and peaks at 2.70-2.85 (dd,
2H, H-6’) due to substitution of two primary hydroxyl groups with two amino
functional groups. The '"H NMR spectra in Figure 2.19 showed the dppm: 4.82 (m,
7H, H-1), 4.27 (m, 7H, H-2), 3.65 (m, 7H, H-3), 3.35 (m, 7H, H-4) 3.55 (m, 7H, H-5),
3.62 (d, 12H, H-6) and peaks at 2.73-2.89 (dd, 2H, H-6) the observed upfield shifts in
proton signals and existence of one new peak is due to substitution of two —OH
groups with -NH, groups. The anisotropic effects of the ¢ electrons of a C-C bond are
small compared to the circulating © electrons and the axis of the C-C bond is the axis
of the deshielding cone. Due to anisotropic cone in a rigid cyclodextrin an equatorial
proton (a-D-glucose unit) at H-1 gives a signal around dppm 4.93 (downfield). The
chemical shifts of protons, i.e., O-H protons in alcohols and N-H protons in amines
depend on the concentration. In concentrated solutions of these protons are deshielded
by hydrogen bonding when these absorb at lower field (6 3.5 amine, N-H, 6 4.5 for an
alcohol O-H). For 'H-NMR 6*,6°-diamino 6*,6" -dideoxy B-cyclodextrin is diluted
with a non-hydrogen bonding solvent (DMSO), hydrogen bonding becomes less
important and consequently these resonances are observed at higher field at oppm 2.0.
The comparison of protons signal of unsubstituted B-CD and substituted B-CD in two

different solvents are shown in Table 2.1 and Table 2.2.

The *C NMR spectrum of 6*,6°-diamino 6*,6°-dideoxy B-cyclodextrin is

shown in Figure 2.20. The spectrum showed aliphatic carbon chemical shifts of B-
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cyclodextrin’s glucose unit’s at dppm: 101.85 (C-1), 72.42 (C-2), 73.04 (C-3), 82.29
(C-4), 72.26 (C-5), 6.27 (C-6) and one new peak at 30.27 (C-6") due to substitution of
two hydroxyl groups on the primary side. It is observed that due to the primary
hydroxyl group substitution the signal of the substituted C-6 carbon of the B-
cyclodextrin shift upfield from 60.27 ppm to 30.27 ppm (C-6"). These NMR spectra
confirmed that the —-NH; groups has been attached at the primary hydroxyl side of B-

cyclodextrin molecule.
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Figure 2.17 FTIR spectrum of 6,6°-diamino 6*,6°-dideoxy B-cyclodextrin.
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Figure 2.18 'H NMR spectrum of 6*,6°-diamino 6*,6°-dideoxy B-cyclodextrin in
D,0.
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Figure 2.19 '"H NMR spectrum of 6*,6°-diamino 6" 6°-dideoxy B-cyclodextrin in
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Figure 2.20 C NMR spectrum of 6*,6°-diamino 6",6°-dideoxy B-cyclodextrin in
D,0.
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Table 2.1 '"H NMR shemical shifts, 5(ppm), of C-H protons in unsubstituted p-CD

and substituted B-CD in D,0.

CDs H-1 H-2 H-3 H4 H-5 H-6ab H-6ab  H-Ar
B-CD 492 351 3.83 342 370 3.72 - -
Bicapped B-D  4.93 3.52 3.84 342 370 3.71 520  7.50-8.90
Diiodo p-CD  4.92 349 482 340 3.69 372 2.70-2.86 -
Diazido p-CD  4.92 3.50 3.82 341 371 372 2.70-2.85 -
Diamino f-CD  4.93 3.50 3.83 342 3.69 370 2.70-2.85

Table 2.2 'H NMR chemical Shifts, 5(ppm), of C-H protons in unsubstituted p-CD
and substituted B-CD in DMSO-ds.

CDs H-1 H-2 H-3 H-4 H-5 H-6a,b H-6’a,b H-Ar
B-CD 483 326 3.66 335 3.55 3.63 - -
Bicapped B-CD 4.99 3.38 3.98 3.59 3.69 3.70 5.2 7.50-8.90
Diamino B-CD 4.82 3.27 3.65 335 3.55 3.62  2.73-2.89 -
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Table 2.3 °C NMR chemical Shifts, d(ppm), of unsubstituted B-CDs and substituted
B-CD.

CDs C-1 C-2 C-3 C-4 C-5 C-6 C-6> C-Ar

B-CD in
D,O
B-CD in
DMSO-ds

101.10 71.85 7321 8L1.18 72.16 60.30 - -

102.08 71.66 7321 81.55 72.89 59.76 - -

Bicapped

B-CD in 102.10 71.67 7322 8157 72.89 60.01 41.67
DSMO-ds

Diiodo

B-CD in 101.84 72,12 7340 81.15 7235 60.21 10.08 -
D,O

Diazido

B-CD in 101.79 7188 7335 8127 7276 60.40 36.90 -
D,0O

126-
147

Diamino
B-CD in 101.82 71.60 73.21 81.28 7258 60.18 30.16
D,O
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2.4 Conclusions

In summary, the short and effective synthesis of the selectively difuntionalized
derivatives of B-cyclodextrin such as biphenyl bridge A,D capped B-CD, diiodo B-CD,
diazido B-CD and diamino B-CD were described by simple oxidoreductive
substitution reactions without protection of hydroxyl groups. In this synthesis
procedure we introduced selectively more reactive arene sulfonyl ester functional
groups on the primary hydroxyl side of B-cyclodextrin. These modified di-substituted
B-cyclodextrin derivatives shows higher water solubility and moderate reactivity over
the parent B-cyclodextrin. This selectively functionalized B-cyclodextrins are useful
monomers for the synthesis of cyclodextrin polymers in which B-cyclodextrins are

incorporated into the main-chain of the polymers.
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Chapter 3

Synthesis of Cyclodextrin based Polymers
3.1 Introduction

In recent years, many interesting cyclodextrin-containing polymeric systems
have been described in literature. These systems have to be optimized and extensively
evaluated in different field of chemistry concerning their safety and efficacy, making
future novel applications of these materials in the biomedical and pharmaceutical field
feasible. The excellent enhanced properties of cyclodextrin polymers have inspired
the developments of novel synthesis of cyclodextrin polymers and biomaterials'~.
Cyclodextrin based polymers are well known host materials for the formation of
inclusion complexes (ICs) with specific drug molecules via non-covalent interaction
with their hydrophobic cavities. This characteristic makes them invaluable in the field
of pharmaceutical and drug delivery. The most common pharmaceutical application
of CDs and their chemical derivatives are to enhance the aqueous solubility of the
complex species, photo stability and bioavailability of the complex drugs and
eventually to reduce side effects’™®. The weaker aqueous solubility of the cheapest -
cyclodextrin can limit it practical application towards drug delivery systemsg. One of
the effective approach to improve the aqueous solubility of B-cyclodextrin is to
prepare B-cyclodextrin based polymers consisting B-cyclodextrin as a part of the

main-chain'®!!

. The reported methods of synthesis of B-cyclodextrin polymers only
deal with crosslinking of B-cyclodextrin with different reactants or attachment of f3-
cyclodextrin on the synthesized polymers'>"”. Linear cyclodextrins based polymers
have several advantages, such as higher water-solubility, inclusion ability and
moderate cavity size'™'’. Controlling the degree of substitution and reactivity is an
important phenomenon in balancing the water-solubility of the f-cyclodextrin based
polymers. For this purpose, it is necessary to design the synthesis methods which have
controlled the reactivity with no more crosslinking®. However, there still exists a
need in the art for linear cyclodextrin polymers in which the cyclodextrin moiety is

part of the main chain and not a pendant moiety off the main chain and a method for

their preparationﬂ.
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Cyclodextrin polymers are of interest of many researchers owing to their
unique complex forming property and higher hydrophilicity. Solubilization of
hydrophobic drug with biocompatibility and controlled release across a membrane
and increased stability constant are some of the major applications of water-soluble
cyclodextrin based polymers®. The first cyclodextrin polymers reported were
prepared by cross-linking with epichlorohydrine™. A crosslinked structure is
produced when cyclodextrins are reacted with bi- or polyfunctional reagents. The
most widely used crosslinking agents are diepoxides and diisocyanate. The major
problem in polycondensation of cyclodextrin with cross-linking agent is no control

over the degree of cross-linking and resulted product has less water-solubility®*.

Thus, the aim of this chapter was to design the synthesis of highly water-
soluble B-cyclodextrin polymers consisting -cyclodextrin in the main chain of the
polymers. For this purpose, reagent cyanuric chloride (CC) has been chosen as a
short linking to connect B-cyclodextrin and PEG in the main-chain of the polymers.
The chemistry of cyanuric chloride is that it contains three chlorine atoms and the
uniqueness is that all these three chlorine atoms react at three different temperature
regions. First chlorine atom react at 0-5°C, second chlorine atom react at 25-30°C and
third chorine atom react at more than 60°C. Using this controlled temperature
dependent reactivity of cyanuric chloride, linear B-cyclodextrin and PEG based
polymers was synthesized. Furthermore, the selectively functionalized B-cyclodextrin
described in second chapter also used as monomer for the preparation of linear water-
soluble polymers using short linker urea or thiourea to connect B-cyclodextrin in the
main-chain of the polymers. In this chapter, we adopted two methods for the
preparation of water-soluble B-cyclodexrin based polymers (i) using the temperature
controlled reactivity of the linker cyanuric chloride and (ii) using the difunctional -

cyclodextrins connected with a short linker.
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3.2 Experimental
3.2.1 Materials

B-Cyclodextrin was obtained from Signet Chemical Corporation, Mumbai as a gift
sample and dried overnight under a vacuum oven at 60°C, then used without further
purification. Cyanuric chloride, PEG with different molecular weight, urea, thiourea
and sodium carbonate were purchased from Merck India. Diiodo B-cyclodextrin
synthesized in Chapter 2 was used as monomer. Double distilled water was used

throughout the experiments.
3.2.2 Measurements

Fourier transform infrared spectra (FTIR) were recorded on a Shimadzu (8400s)
spectrophotometer at 30 scans by KBr pellet method at 10 resolution.
Thermogravimetric analysis (TGA) was made on a Shimadzu, TGA-50 system with a
heating rate of 10°C/min in the temperature range of 25-700°C. X-ray powder
diffraction patterns were taken on a computer-controlled RIGAKUDMAX-2200.
NMR spectra were recorded on a Bruker Avance spectrometer operating at 400 MHz
at room temperature. Samples were prepared in D,O containing TMS as an internal
standard. The weight average molecular weight of the polymers was determined by
Static Laser Light Scattering technique with Ga-As semiconductor laser (mini Dawn

Tri-Star, Wyatt Technology) instrument at laser wavelength 690 nm.

3.2.3 Synthesis of B-Cyclodextrin and Cyanuric chloride as Linker based

Polymers

B-CD based homopolymer and B-cyclodextrin-polyethylene glycols based copolymers
were synthesized by one-step condensation polymerization using short linker cyanuric
chloride. The reactions were shown in Scheme 3.1. Typically, a measured quantity of
B-CD (1 mole) and cyanuric chloride (1 mole) were taken in different flasks and
dissolved separately in the required amount of distilled water and pH (>12) was
maintained using 1N NaOH solution. 10 mL of this B-CD solution of predetermined
pH (>12) was taken in a round bottom flask and kept in ice bath with continuous

stirring, the temperature being maintained between 0-5°C. To this, 10 mL of the
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cyanuric chloride solution was added drop wise with the help of pressure equalizing
funnel. During the addition, temperature was maintained between 0-5°C. After the
addition the reaction was continued with stirring, temperature was maintained
between 0-5°C for 4-5h. Stirring was continued for 12h while the contents were
allowed to attain ambient temperature (30°C). The polymerization was stopped by
addition of 0.1N HCI solution. The polymers were purified in aqueous solution by
membrane filtration using a polymer membrane with a molecular mass cut-off of
1000 Da. Residual unpolymerized and substituted 3-CD monomers were removed in
order to investigate the properties of the high molecular weight polymer fractions
only. The solution obtained was directly freeze-dried to get an off-white fluffy

product.

Similarly B-Cyclodextrin and polyethylene glycols based copolymers were also
synthesized utilizing temperature dependent reactivity of short linker cyanuric
chloride by taking 0.5: 1: 0.5 mole ratio of B-CD: cyanuric chloride: polyethylene
glycols.
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Scheme 3.1 Synthesis of B-cyclodextrin-cyanuric chloride and PEG based polymers.



3.2.4 Synthesis of B-Cyclodextrin and Urea or Thiourea as Linker based

Polymers

B-Cyclodextrin based polymers were synthesized by the condensation polymerization
of difunctional B-CD monomer with difunctional short linker (urea or thiourea) to
give linear main-chain $-CD polymers as shown in Scheme 3.2. Diiodo 3-CD (1.355
g, 1 mmole) was dissolved in 0.1 M sodium carbonate stirred and degassed with
nitrogen atmosphere after obtained clear solution, short linker urea (0.06 g, 1 mmole)
or thiourea (0.076 g, 1 mmole) was added. The solution was stirred under reflux for
12 hrs. The progress of the polymerization was monitored by viscosity measurements
during the course of reaction. The viscosity of the solution increased with reaction
time. After cooling to room temperature and acidifying with 0.1N HCI, the solution
was subjected to ultrafiltration using polymer membrane MWCO of 1K to remove
unreacted monomers. The resulted concentrated solution was lyophilized to obtained
solid white polymers. The polymers were dried under vacuum overnight at room

temperature.

) sl @y -
- s 0.1M Na,CO, - . -
=\ I ——— SR N N AN N

Refl C C
eflux ” ”

Diiodo p-CD Urea 12h u I

I

B-CD-Urea-polymer

Scheme 3.2 Reaction scheme for the synthesis of B-cyclodextrin polymer with short

linker Urea.
3.2.5 Determination of Aqueous Solubility of Polymers

The aqueous solubility of the synthesized B-CD polymers were measured using a
simple technique. 0.1 g of B-cyclodextrin polymer was added to 0.5 mL of water to
ensure the solution reaching saturation. The solution was mechanically shaken for 4 h
and then incubated overnight at room temperature. The solution was then filtered
through a microfilter-syringe. The filtrate was dried in an oven for sufficient period

until a constant weight was reached. The solubility was estimated in terms of the
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weight of sample in the saturated solution and solution volume. This was repeated to

get constant values within an error of £0.05 g.
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3.3 Results and Discussion

The B-cyclodextrin-cyanuric chloride polymer and B-cyclodextrin-cyanuric
chloride-polyethylene glycols based copolymers were successfully synthesized under
controlled temperature condition by using cyanuric chloride (2,4,6-trichloro-1,3,5-
trazine) as the short linking agent between B-cyclodextrin monomers in alkaline
medium. Cyanuric chloride can act as an excellent central linker because of all three
chlorine atoms react at different temperatures region. This allows a possible synthetic
methodology for forming linear highly water-soluble polymers. The first step in the
synthesis of the B-cyclodextrin polymers was the preparation of dichlorotriazine
sodium salt from the dispersion of cyanuric chloride in alkaline water. The second
step is the condensation reaction of two chlorine groups of dichlorotriazine sodium
salt with B-cyclodextrin and PEG under alkaline conditions, controlled pH (<10) and
controlled temperature (<30°C). The preparation of the dichlorotriazine sodium salt
reduces the degree of substitution (DS) of the reactive groups from DS = 1.0 to 0.4
due to the precomplexation effect. This implies that there are only 2-3 reactive
triazine groups per cyclodextrin molecule whose reactivity has been shown to be
between 2.3-2.7. If the degree of substitution is higher, it would lead to the formation
of crosslinked and hence insoluble polymers by reaction with itself. However, all the
synthesized polymers showed higher solubility than the pristine B-cyclodextrin even
though the linker cyanuric chloride is insoluble in water. This implies that the

polymers obtained were linear with very low degree of branching.

Similarly, B-cyclodextrin-urea or thiourea based polymers were synthesized by
condensation reaction in aqueous alkaline medium. The urea and thiourea has been

effectively used as linking agent between diiodo functionalized B-cyclodextrin.
3.3.1 Aqueous Solubility of B-CD Polymers

As expected, after polymerization there is a significant enhancement of the
aqueous solubility of B-CD. The solubility values for B-CD polymers at 25°C are
shown in Table 3.1. The water-solubility of the synthesized B-CD polymers is almost
seven times higher than that of the pristine B-CD. The low water-solubility of pristine
B-CD is attributed to the intramolecular hydrogen bonding between the secondary

hydroxyl groups, which are unfavorable to the interaction between B-CD and
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surrounding water molecules. The $-CD molecule is rigid as compared to the a-CD
and y-CD. The reason for this difference in water-solubility is the presence of one
glucopyranose unit in distorted form in the o-CD and the non-polar flexible structure
of the y-CD. The introduction of cyanucric chloride or thiourea as linker via
condensation reaction disrupts this intramolecular hydrogen bonding, thus increasing
the aqueous solubility even though the triazine linker is insoluble in water. In case of
polyethylene glycols based copolymers, PEG provides the unique chemical
functionality as water-solubility with the biocompatibility, increases the aqueous
solubility and the flexibility of the polymers. Since all of the B-CD polymers are
highly water-soluble it implies that there was no cross linking occurring during the
polycondensation reaction. The solubility data reported here are average of two
reading and have an accuracy of £0.1. However, a general observation is that the [3-
CD-CC polymer has a lower water-solubility as compared to the other B-CD
polymers. The increase in the distance between the two cyclodextrins with PEG

linkers increased the water-solubility of the B-CD polymers.

Table 3.1 Aqueous solubility of B-CD polymers at 25°C

Samples Aqueous solubility Solubility Relative
mg/mL to -CD

B-CD 18.5 1.00
B-CD-CC-Polymer 124 6.70
B-CD:CC:DEG-Polymer 132 7.14
B-CD:CC:TEG-Polymer 134 7.24
B-CD:CC:PEG 400- 137 7.40
Polymer

B-CD-Urea-Polymer 126 6.81
B-CD-Thiourea-Polymer 128 6.91
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3.3.2 Characterization of -Cyclodextrin and Cyanuric chloride as Linker based

Polymers
3.3.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the B-CD, B-CD-CC polymer and B-CD-CC-DEG
copolymer are shown in Figure 3.1. The FTIR spectrum (Figure 3.1 a) of pristine j-
CD showed the typical characteristic absorption bands at 3331 cm™ (-OH stretching
hydrogen bonded), 2930 cm™ (C-H stretching), 1641 cm™ (OH bending), 1365 (OH
deformation), 1168 cm™ (C-O-C stretching and OH bending), 1080 cm™ and 1032 cm’
! for (C-O-C stretching). The FTIR spectra of the B-CD-CC polymer and p-CD-CC-
DEG polymer (Figure 3.1 b and c) showed all the typical characteristic absorption
bands of B-CD and also absorption bands arising due to the linker cyanuric chloride at
1724 cm™ assigned to the -C=N stretching vibration of the cyanuric chloride which is
absence in the spectrum of the pristine B-CD. This suggests that triazine is now part of

the polymer chain.
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Figure 3.1 FTIR spectra of (a) B-CD, (b) -CD-CC polymer and (c) B-CD-CC-DEG

polymer.
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3.3.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

The 'H NMR spectra of the B-CD, p-CD-CC polymer and p-CD-CC-DEG
polymer are shown in Figure 3.2. The '"H NMR spectral resonance signals of B-CD
and B-CD polymer look similar due to similar structure. The pristine -CD (Figure 3.2
a) showed the proton signals at dppm: 4.92 (s, 7H, CIH), 3.81 (t, 7H, C3H), 3.72 (m,
14H, C°H, C’H), 3.51 (d, 7H, C*H) and 3.43 (m, 7H, C*H). The '"H NMR spectra of p-
CD-CC polymer and B-CD-CC-DEG polymer (Figure 3.2 b and c) showed all the
typical proton signals of parent B-CD, except some upfiled shift of proton signals and
a shoulder signal at 3.30 dppm. This shoulder peak was observed in the spectra of
polymers may be due to the presence of linker between B-CDs which afford the
changes in the chemical environment of B-CD after polymerization. In case of DEG
based polymer, one extra proton signal arising at 3.60 Sppm was observed due to the —
CH,-CH>- linkage of the DEG, which is absence in the spectra of B-CD and f-CD-CC

polymer.

HOD -CH,-CH,-
H-1
(c)

ppm
Figure 3.2 '"H NMR spectra of (a) B-CD, (b) B-CD-CC polymer and (c¢) p-CD-CC-
DEG polymer in D,0.
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The *C NMR spectra of the B-CD, B-CD-CC polymer and p-CD-CC-DEG
polymer are shown in Figure 3.3. The >*C NMR spectrum of pristine p-CD (Figure
3.3 a) showed the typical glucose unit’s carbon chemical shifts at dppm: 101.2 (C-1),
81.1 (C-4), 73.1 (C-3), 72.0 (C-5), 71.8 (C-2) and 60.3 (C-6). The *C NMR spectra of
B-CD-CC polymer and B-CD-CC-DEG polymer (Figure 3.3 b and c) showed all these
typical carbon chemical shifts of pristine B-CD and also some extra carbon chemical
shifts at 154 dppm (C=N), 71.6 dppm (C-Cl) and 60.1 dppm (C-CH,-) arising from
linker cyanuric chloride and DEG. This result confirmed the incorporation of linker in

to the main-chain of the polymers.
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Figure 3.3 °C NMR spectra of (a) B-CD, (b) B-CD-CC polymer and (c¢) p-CD-CC-
DEG polymer in D,0.
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3.3.2.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis gives the thermal stability of the polymers and
also gives an idea about the presence of different structural units through their
degradation pattern. The thermal analysis of the B-CD, B-CD-CC polymer and B-CD-
CC-DEG polymer are shown in Figure 3.4. The degradation pattern showed weight
loss at three different temperature regions. The first weight loss at 106°C was due to
the loss of moisture, the second weight loss at 300°C as dehydration of B-CD, and
third weight loss at 367°C as a decomposition of glucose in B-CD. However, in case
of the B-CD-CC polymer and B-CD-CC-DEG polymer, the thermogram was different;
the first weight loss at around the same temperature due to the loss of moisture but
second weight loss was at a lower temperature due to the formation of polymers of the
B-CD unit with the resulting loss of the crystalline nature of the B-cyclodextrin
molecule. Subsequent loss occurs due to the decomposition of the glucose and triazine

linker after B-CD polymers are quite stable above 500°C.
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Figure 3.4 TGA curves of B-CD, B-CD-CC polymer and B-CD-CC-DEG polymer.
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3.3.2.4 X-ray Diffraction (XRD)

The X-ray diffraction pattern of the B-CD, B-CD-CC polymer and p-CD-CC-
DEG polymer are shown in Figure 3.5. The X-ray diffraction pattern of the
synthesized B-CD-CC polymer and B-CD-CC-DEG polymer (Figure 3.5 b and c)
showed that the polymers do not have typical 26 values of the pristine B-CD. It can be
seen that the synthesized polymers have a different structure than that of the pristine
B-CD (26 = 9, 12.5, 19.6, 23.0, 27.0, and 34.88) with the total suppression of the
crystalline nature of the pristine f-CD. XRD data showed that the f-CD was modified

due to the condensation reaction with cyanuric chloride and converted to amorphous

polymers.
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Figure 3.5 XRD patterns of (a) B-CD, (b) B-CD-CC polymer and (c) f-CD-CC-DEG

polymer.
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3.3.2.5 Molecular Weight (Mw)

The solid polymers obtained after purification by ultrafiltraion and freeze drying, the
average molecular mass was determined by static laser light scattering technique
(SLS) using Debye plot. The scattering intensity of the dilute solution was used to
measure the molecular weight of the polymer. The molecular weight was determined
by using Rayleigh ratio described as given below, where K is an optical constant, C is
the polymer concentration, M is the weight average molecular weight, and A; is the
2nd virial coefficient (representative of the magnitude of polymer particle-solvent

interactions).

Rayleigh ratio

— = —+ 24,C (3.1)

The Rayleigh expression given above is represented graphically in the form of a
Debye plot showing the concentration KC/RO as shown in Figure 3.6. The average

molecular weights of the polymers were obtained and shown in Table 3.2
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Figure 3.6 Debye plot of B-CD-CC polymer.
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Table 3.2 Molecular Weight of B-CD-CC-PEG polymers at 25°C by SLS

Samples Molecular Weight (SLS)
B-CD 1,135
B-CD-CC-Polymer 26,578
B-CD:CC:DEG-Polymer 27,234
B-CD:CC:TEG-Polymer 27,648
B-CD:CC:PEG 400-Polymer 28,786
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3.3.3 Characterization of p-cyclodextrin and urea or thiourea as linker based

polymers
3.3.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of diiodo -CD, Urea and -CD-Urea polymer are presented
in Figure 3.7. The FTIR spectral data of polymer (Figure 3.7 ¢) clearly showed an
evidence of polycondensation between diiodo B-CD and Urea with the appearance of
a new absorption band ascribed to the secondary amide (-NH-C=O) stretching
vibration at 1632 cm™ arising near to the primary amide (-NH,-C=0) stretching
vibration at 1668 cm” and also disappearance of 1159 c¢m™ band characteristic

absorption band of —CH,-1 was observed due to the condensation of diiodo $-CD and

Urea.
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Figure 3.7 FTIR spectra of (a) diiodo B-CD, (b) Urea and (c) B-CD-Urea polymer.
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3.3.3.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Further corroboration of condensation reaction between selectively
difuctionalized B-CD and short linker urea comes from the NMR analysis. The 'H and
B3C NMR spectra of diiodo B-CD and B-CD-Urea polymer are shown in Figure 3.8
and Figure 3.9, respectively. The 'H NMR spectra of diiodo p-CD and p-CD-Urea
polymer look similar due to the same structural features except one new proton signal
was observed at 5.94 Sppm for the -CD-Urea polymer correspond to the proton of
urea linker. Similarly *C NMR spectra of the diiodo f-CD and B-CD-Urea polymer
shows all the carbon chemical shifts of the modified B-CD along with one extra
carbon chemical shift at 162.6 oppm carbonyl (-C=0) carbon due to the incorporation
of urea linker in to the main-chain of the polymer with -CD and it was also observed
that the C-6" (10 dppm) of diiodo B-CD (adjacent to —I) shifted to downfield (30

Sdppm) due to more electro-negativity of nitrogen (adjacent to —NH).
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Figure 3.8 "H NMR spectra of (a) diiodo B-CD and (b) f-CD-Urea polymer in D,O.
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Figure 3.9 °C NMR spectra of (a) diiodo B-CD and (b) B-CD-Urea polymer in D,O.
3.3.3.3 Thermogravimetric Analysis (TGA)

The thermal analysis of B-CD and B-CD polymer are shown in Figure 3.10.
The degradation pattern showed weight loss at three different temperature regions.
The first weight loss at 106°C was observed due to the loss of moisture and structural
water molecules, the second mass loss at 285°C as dehydration of B-CD, and third
mass loss at 335°C as a decomposition of glucose in B-CD. However, in case of B-CD
polymer the thermogram was different; the first weight loss at around the same
temperature due to the loss of moisture and structural water molecules but second
weight loss was at a lower temperature due to the formation of polymer of the f-CD
unit with the resulting loss of the crystalline nature of the cyclodextrin molecule.
Subsequent weight loss occurs due to the decomposition of the glucose and urea

linker after that B-CD polymer is quite stable above 500°C.
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Figure 3.10 TGA curves of diiodo B-CD and p-CD-Urea polymer.
3.3.3.4 X-ray Diffraction (XRD)

The X-ray diffraction patterns of diiodo B-CD and B-CD-Urea polymer are
shown in Figure 3.11. The synthesized B-cyclodextrin-polymer (Figure 3.11 b) does
not have typical 20 values of the diiodo B-CD. It can be seen that the synthesized
polymer have a different structure than that of the diiodo B-CD (20 =9, 12.5, 19.6,
23.0, 27.0, and 34.88) (Figure 3.11 a) with the total suppression of the crystalline
nature of the B-CD. The XRD pattern of the B-CD-Urea polymer showed that
broadening of peak is due to the condensation reaction and converted to an

amorphous polymer.
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Figure 3.11 XRD curves of (a) diiodo B-CD and (b) -CD-Urea polymer.

3.3.3.5 Molecular Weight (Mw)

The solid polymers obtained after purification by ultrafiltraion and freeze
drying, the average molecular mass was determined by static laser light scattering
technique (SLS) using Debye plot as method shown above. The average molecular

weights of the polymers were obtained and shown in Table 3.3.

Table 3.3 Molecular Weight of -CD-Urea and Thiourea polymers at 25°C by SLS

Samples Molecular Weight (SLS)
B-CD-Urea-Polymer 31,163
B-CD-Thiourea-Polymer 31,426
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3.4 Conclusions

In this work linear highly water-soluble main-chain f-CD-CC and -CD-CC-
PEG based polymers, with hydroxyl functional groups have been synthesized by
using short linker cyanuric chloride (CC) between two B-CDs by condensation
polymerization procedure. Cyanuric chloride used as a short linker between two (-
CDs, owing to its temperature dependent reactivity of all the three chlorine atoms,
which controlled the cross-linking and formation of insoluble polymers. Similarly,
using condensation polymerization procedure linear polymers of B-CD and urea or
thiourea were also synthesized by connecting the diiodo functionalized B-CD with
urea or thiourea as a linker. These synthesized B-CD polymers are highly water-
soluble and biocompatible materials, characterized successfully by FTIR, NMR, XRD
and TG analysis.
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Chapter 4
Applications of Cyclodextrin based Polymers

4.1 Aqueous Solubilization of Carbamazepine by Cyclodextrin based Polymers
4.1.1 Introduction

In pharmaceutics, about 90% of medicines, the active ingredients are in the
form of solid materials. The number of newly developed drugs having a poor
solubility and thus exhibiting bioavailability problems after oral administration is
steadily increasing. Estimates by the pharmaceutical companies are that about 40% of
the drugs in the pipeline are poorly soluble, and as high as 60% of compounds come
directly from the synthesis route'. The solubility of drug plays an important role in
disposition, since the maximum rate of drug transport across a biological membrane is
the result of permeability and solubility. According to the biopharmaceutical
classification system (BCS), aqueous solubility and permeability are the most
important parameters affecting drug bioavailability. Carbamazepine (CBZ) is one
among the poorly water-soluble drug. Carbamazepine chemically 5H-
dibenzo[b,f]azepine-5-carboxamide was discovered by chemist Walter Schindler at J.
R. Geigy AG (now part of Novartis) in Basel, Switzerland, in 1953 is an antiepileptic
drug widely used in the treatment of epilepsy and bipolar disorder’. Carbamazepine
(CBZ) is used for anticonvulsant and anti-neuralgic effects. The popularity of this
drug is related to several beneficial properties, including proven efficacy in
controlling different types of seizures™. CBZ is poorly soluble in water with erratic
oral absorption and bioavailability less than 70%>°. CBZ comes under
Biopharmaceutical Classification System (BCS) Class II drugs which exhibits very
low aqueous solubility and high permeability characteristics’. The controlled delivery
system for CBZ would also be beneficial for patients with epileptic seizures, because

CBZ will be released in a controlled manner®'?

. The aqueous solubility of CBZ at
25°C is 0.1 mg/mL nearly practically insoluble in water". Thus, the absorption

dissolution rate of CBZ is very poor.

CBZ is known to form an inclusion complex with cylodextrins, which increase

the aqueous solubility, dissolution and bioavailability in aqueous media'*".
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Cyclodextrins can both enhance and hamper drug delivery through artificial
membranes'®. The composition of the drug formulation and the physicochemical and
physiological composition of the membrane will determine what kind of effect is
obtained'’. Cyclodextrin will enhance drug delivery through a diffusion-controlled
barrier but will hamper drug delivery through a lipophilic membrane controlled
barrier. Cyclodextrins enhance drug delivery through porous membranes depending
on the relative pore size compared with the effective diameter of the
drug/cyclodextrin complex'®. Through cyclodextrin complexation, it is possible to
enhance aqueous solubility and drug bioavailability for oral administration'’. The
parent cyclodextrins, in particular B-cyclodextrin have limited aqueous solubility and
its complex formation with lipophilic drug like CBZ often results in precipitation of
solid drug/cyclodextrin complex. In general, the complexation efficiency of parent -
cyclodextrin is low and thus a relatively large amount of B-cyclodextrin is needed to
complex small amount of drug CBZ®. Due to toxicological consideration,
formulation and production cost, it is important to use as little B-cyclodextrin as
possible in pharmaceutical formulations®'. Thus, the increased water-solubility of
parent P-cyclodextrin after polymerization was effectively used to stop the
precipitation of complex and reduced the production cost. Cyclodextrin based
polymers have been well known matrixes for potential carriers for a range of drugs in
pharmalogical formulations as well as DNA delivery applications. The kinetics of the
release performance of these CD polymeric carriers has been also been investigated in

2226
several reports™ .

Thus, the cyclodextrin based polymers synthesized in previous Chapter 3 were
used as a carrier for the poorly water-soluble antiepileptic drug carbamazepine, with
the intention that these synthesized cyclodextrin based polymers can change the
solubility of CBZ and alter the stability of the drug CBZ/cyclodextrin polymers

inclusion complex with better release performance.
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4.1.2 Experimental
4.1.2.1 Materials

B-Cyclodextrin based polymers were synthesized in Chapter 3 was used for
solubilization of drug carbamazepine (CBZ). Carbamazepine (Mw = 236 g/mole) was

purchased from Sigma-Aldrich.
4.1.2.2 Measurements

The FTIR spectra were recorded on a Shimadzu (8400S) infrared spectrophotometer
at 30 scans by using a KBr pellet method at 10" resolution. UV-Visible spectra were
recorded on a Shimadzu UV-2450 spectrophotometer. 'H-NMR spectra were recorded
on a Bruker Avance spectrometer operating at 400 MHz at room temperature.
Samples were prepared in D,O (except Carbamazepine in CDCl;) containing TMS as
an internal standard. Thermogravimetric analysis (TGA) was recorded on a Shimadzu,
TGA-50 system with a heating rate of 10°C/min under air atmosphere in the

temperature range of 30-800°C.
4.1.2.3 Synthesis of p-CD-P-CBZ Inclusion Complex

The synthesis of the B-CD-P-CBZ inclusion complex (Scheme 4.1.1) was achieved in
a mixed aqueous solvent system containing ethanol and water (typically 50:50, v:v),
where both f-CD-P and CBZ formed a homogeneous reaction medium. The inclusion
of the CBZ into the B-CD-P was monitored over a period of 4 hrs by UV-Vis
spectroscopy. The B-CD-P-CBZ inclusion complex was isolated by removing the
ethanol by rota vapor and subsequent addition of distilled water. The complex was
purified in aqueous solution by membrane filtration using a polymer membrane with a
molecular mass cut-off of 650 Da and finally freeze-drying of the aqueous suspension
yield the white solid powder of B-CD-P-CBZ inclusion complex. The formation of

CBZ and B-CD-P inclusion complex is shown in Scheme 4.1.1.
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Scheme 4.1.1 Scheme shows the formation of inclusion complex of drug CBZ with f3-

CD-CC-P in mixed solvents system.
4.1.2.4 Phase Solubility

The phase solubility studies give an idea of the ease with which CBZ forms an
inclusion complex. The phase solubility of the CBZ with pristine B-CD and
synthesized B-CD polymers was measured using a simple one pot technique. The
phase solubility studies were carried out in phosphate buffer solution according to the
method described by Higuchi and Connors. Accurately weighed sample of CBZ in
quantities exceeding its aqueous solubility (100 mg) was added into vials containing
10 mL of 7.2 pH phosphate buffer solution (PBS) of various concentration of -CD or
B-CD polymer (10 mg, 20 mg, 30 mg, 40 mg, 50 mg). All solutions were prepared in
a glass vials which shaken at constant temperature (25°C) until equilibrium was
achieved (48 h). This amount of time was considered sufficient to reach equilibrium
and then filtered through a 0.45 pm membrane filter to obtain a clear solution and

insoluble residue was omitted. The CBZ concentration was determined by measuring
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the UV absorbance of the saturated solutions at 285 nm wavelength and compared
with the calibration curve. The apparent binding constant of the CBZ/B-CD polymer
inclusion complex was calculated from the slope and intercept of the straight line of

the phase solubility diagram, using the well known Higuchi-Connors equation.
Higuchi-Connors equation

Slope

Kiq = 411
1 Intercept (1 — Slope) ( )

4.1.2.5 Dissolution Studies

The release performance of the CBZ drug with the synthesized polymers was
measured by dissolution studies. The dissolution of B-CD-P-CBZ inclusion complex
was determined by adopting the procedure described by M. J. Arias et al*’ and P.
Mura et al*®. Samples were analyzed spectrophotometrically at 285 nm for CBZ. The
freeze dried inclusion complex of drug with polymers (100 mg) was added to 75 mL
of water in a 150 mL beaker and stirred at 100 rpm with a glass three-blade propeller
centrally immersed in a beaker 20 mm from the bottom. At appropriate time intervals,
suitable aliquots were withdrawn with a filter-syringe (pore size 0.45 pm) and
absorbance was measured. CBZ concentration in the phosphate buffer solution was
obtained by UV-Vis spectrophotometer measurements after calibration at definite
intervals of time. Fresh dissolution medium was added to maintain a constant volume

after each sampling.
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4.1.3 Results and Discussion
4.1.3.1 Molecular Modeling

Energy-minimized space-filling molecular models of the three-dimensional
conformation of the cyclic B-cyclodextrin-host, drug carbamazepine-guest and -
cyclodextrin-carbamazepine-inclusion complex are shown in Figure 4.1.1. The host
and guest molecules are independently built up, and their geometry is optimized. The
overall structure of these possible models of inclusion complexes is again subjected to
energy minimization. The final energy-minimized molecular model indicates that
carmazepine molecule is included in the B-cyclodextrin host cavity. The dimension of
molecules was studied in details and final molecular models suggested that only 1:1
inclusion complex is possible in case of carbamazepine and B-cyclodextrin. Similarly
in case of B-CD polymer only one molecule of carbamazepine is included in the

cavity of each B-CD units of the polymer main-chain.

| 1534 | 5:3A
[ |

7.84)
g ¢ 6.88A
7.8A —
+
6.0A
B-Cyclodextrin Carbamazepine

B-Cyclodextrin-Carbamazepine

1:1 Inclusion Complex

Figure 4.1.1 Energy-minimized space-filling molecular model of inclusion complex.
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4.1.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

It has been demonstrated that FTIR spectroscopy is a very powerful tool to
prove the presence of both host and guest components in inclusion compounds. The
FTIR spectra of the B-CD-CC-P, B-CD-Urea-P, CBZ and CBZ encapsulated B-CD-
CC-P and B-CD-Urea are shown in Figure 4.1.2 a, b, c, d, e in the region of 2500-500
cm™. The FTIR spectrum of CBZ (Fig. 4.1.2 ¢) exhibited the absorption band at 1678
cm’ arising due to the C=O stretching of primary amide along with typical aromatic
stretching bands. In the FTIR spectrum of CBZ encapsulated f-CD-CC-P (Fig. 4.1.2
d), sharp absorption bands were noticed at 1726 cm™ and 1680 cm™ assigned to the
C=N stretching vibration of the B-CD polymers arising from cyanuric chloride and
amide of CBZ, respectively. In the FTIR spectrum of CBZ encapsulated B-CD-Urea
(Fig. 4.1.2 e), a distinct band notice for the CBZ at 1678 cm’', this typical absorption
band was shifted to a higher frequency at 1684 cm™ due to the formation of the
inclusion complex. It was also observed that spectra of CBZ encapsulated $-CD
polymers, displayed that the peaks of CBZ almost disappear whereas the
characteristic peaks of B-CD polymers remains strong. Thus, the positions and relative
intensities of few bands were affected due to host-guest interaction, which confirmed
the formation of an inclusion complex between CBZ and B-CD polymers. If it were
not so, then the spectra of CBZ encapsulated would resemble that of a physical

mixture of CBZ with B-CD polymers with no shift in the characteristic bands.
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Figure 4.1.2 FTIR spectra of (a) B-CD-CC-P, (b) B-CD-Urea-P, (c) CBZ, (d) CBZ
encapsulated B-CD-CC-P and (e) CBZ encapsulated 3-CD-Urea.

4.1.3.3 UV-Visible Spectroscopy (UV-Vis)

The UV-Vis spectroscopy is also an effective tool to characterize the host-guest
interaction between drug CBZ and B-CD polymers. The UV-Vis absorbance spectra
of CBZ in ethanol, B-CD polymer in water and CBZ encapsulated -CD polymer in
water was shown in Figure 4.1.3. The CBZ drug shows two absorbance maximum at
around 243 nm and 286 nm in ethanol and it was water-insoluble, whereas the -CD
polymer shows no absorbance in this region. However, the spectrum of the CBZ-f3-
CD-P inclusion complex in water showed the typical absorbance peak corresponding
to the CBZ drug with considerable blue shift in the absorbance maximum implying
that the drug CBZ has been encapsulated into the non-polar cavity of -CD-P. This

shift can be attributed to change in dielectric properties and deformation of host-guest
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molecules in solution. The observed shift in the spectrum might be the included drug
molecule is in a more favorable environment as compared to the molecule in pure
solution®”. The B-CD-P offers non-polar inner cavity and polar outside environment

for the drug CBZ and thus has been “solubilized” in water.
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Figure 4.1.3 UV-Vis spectra of CBZ in ethanol, B-CD polymer in water and CBZ

encapsulated B-CD polymer in water.

4.1.3.4 Nuclear Magnetic Resonance Spectroscopy (NMR)

The '"H NMR spectra of the p-CD-CC-P, B-CD-Urea-P, CBZ and CBZ
encapsulated f-CD-CC-P and -CD-Urea are shown in Figure 4.1.4 a, b, c, d, e in the
region of 8-3 dppm in D,0O as a solvent except CBZ in CDCls. It was evident from the
spectra shown in Fig, 4.1.4 ¢, d and e, that the peaks observed in the range of 7.0 -7.5
ppm of CBZ, assigned to the aromatic protons and also noticed in the inclusion
complex as well in the addition to the characteristic peaks B-CD polymer. In addition,
the aromatic protons of the CBZ are shifted considerably upfield after the formation

of inclusion complex. The upfield shift observed due to the guest protons inside the
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cavity of the host has been considered as an evidence for the formation of an inclusion

complex.
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Figure 4.1.4 '"H NMR spectra of (a) B-CD-CC-P, (b) f-CD-Urea-P, (c) CBZ, (d) CBZ
encapsulated B-CD-CC-P and (e) CBZ encapsulated 3-CD-Urea.

4.1.3.5 Thermogravimetric Analysis (TGA)

In order to study the thermal stability and stoichiometry of the inclusion
complex thermogravimetric analysis are recorded in an air atmosphere. TGA curves
of (a) B-CD, (b) CBZ and (¢) CBZ encapsulated B-CD. Inset TGA curves of (a) B-CD-
CC-P, (b) CBZ and (c¢) CBZ encapsulated B-CD-CC-P are shown in Figure 4.1.5.
From the TG curves, it was found that B-CD and CBZ encapsulated B-CD showed at
the beginning a small weight loss due to the loss of water molecules, this weight loss
was found to be small in case of CBZ encapsulated B-CD as compared to pristine [3-
CD, owing to loss of water molecules from the B-CD cavity (escape from B-CD
cavity) during the formation of inclusion complex. The second weight loss was

observed at 300°C in case of pristine B-CD due to the decomposition of glucose units,
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this weight loss was observed at lower temperature for CBZ encapsulated B-CD due
to the formation of inclusion complex which breaks the rigid hydrogen bonding in 3-
CD cavity. In most cases, -CD can forms inclusion complexes with guest molecules
in a molar ratio of 1:1, 2:1 or 1:2. The theoretical, calculated mass content CD in the
complex of these three ratios could be 82.78, 70.62 and 90.58% respectively. The
TGA data of the CBZ encapsulated B-CD showed that the total weight loss at 360°C is
82.05%. The value indicates that the ratio between B-CD and CBZ complex is of 1:1
type. The similar observation has been drawn in case of CBZ encapsulated -CD

polymer as shown in Figure 4.1.5 (Inset).
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Figure 4.1.5 TGA curves of (a) B-CD, (b) CBZ and (c¢) CBZ encapsulated B-CD.
Inset TGA curves of (a) B-CD-CC-P, (b) CBZ and (¢) CBZ encapsulated p-CD-CC-P.
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4.1.3.6 Phase Solubility Diagrams of the p-CD-P/CBZ inclusion complex

The phase solubility diagrams for the formation of inclusion complex between
CBZ and B-CD or B-CD polymers presented in Figure 4.1.6. These plots illustrated
that the aqueous solubility of the drug CBZ increases linearly as a function of B-CD or
B-CD polymers over the entire concentration range studied and can be classified as
Ai-type diagram according to Higuchi and Connors. According to Higuchi and
Connors theory, this may be attributed to the formation of 1:1 stoichiometry water-
soluble inclusion complexes. The order of the stability according to the obtained
stability constants, was B-CD (1066 M) < B-CD homopolymer (1136 M) < p-CD-
DEG copolymer (1174 M'l). From the phase solubility plot the slope of the diagram is
less than one proved the inclusion complexes 1:1 stoichiometry. The values of the
stability constant K;.; was within the range of 1000 to 1500 M™' considered the ideal
complex. Specific guest-cyclodextrin interactions (van der Waals and hydrophobic
forces) appear to play an important role in determining stability constants, i.e., guest
molecular structure determines the magnitude of stability constant. The apparent
solubility enhancement was evaluated by the UV-Vis comparing with standard curve.
According to the comparison study the synthesized B-CD polymers showed better
solubilization power of drug CBZ as compared to the native B-CD. The solubility of
CBZ was linearly increased from 0.05 mM to about 0.7 mM with the increasing of
polymers concentration, which could be attributed to better inclusion complex
formation ability of cyclodextrin based polymers through non-polar-non-polar

interaction of hydrophobic drug CBZ and non-polar cyclodextrin cavity.
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Figure 4.1.6 Phase solubility diagrams of CBZ in B-CD and B-CD polymers.

4.1.3.7 Dissolution Studies

The dissolution profiles of the freeze dried inclusion complexes of the CBZ
with the synthesized B-CDs polymers are compared with the CBZ/B-CD were shown
in Figure 4.1.7. CBZ/B-CD polymers samples showed the better dissolution rate and
higher cumulative release of the drug dissolution as compared to the pristine B-CD.
This was due to the high hydrophilic nature of the synthesized polymers, lowering the
interfacial tension in between the highly water insoluble drug CBZ and water. The
high amorphous nature of the synthesized polymers and their water-solubility showed
a positive impact on the cumulative release of the drug CBZ, thus leading to higher

dissolution rate.
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Figure 4.1.7 Dissolution curves of CBZ with B-CD and B-CD polymers.
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4.1.4 Conclusions

In conclusion, we have successfully prepared a novel inclusion complex of
poorly water-soluble antiepileptic drug carbamazepine (CBZ) with f-CD and B-CD
based polymers, so as to improve water-solubility and biocompatibility in aqueous
medium. The results show that the inclusion complex is of 1:1 type. Interestingly it
was found that the B-CD based polymers considerably enhance the water-solubility of
CBZ as compared to the pristine B-CD. It is also worthwhile to mention here that the
solubility was enhanced seven times higher than the intrinsic water-solubility of drug

CBZ in presence of f-CD based polymers.
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4.2 Fluorescence Sensitizing of Pyrene by Cyclodextrin based Polymers
4.2.1 Introduction

Molecular luminescence spectrometry, especially molecular fluorescence
spectrometry, has become a routine technique in many analytical applications®®>". In
many cases, molecular luminescence spectrometry can yield a lower detection limit
and greater selectivity than molecular absorption spectrometry. However, although
most fluorophore show strong fluorescence in non-polar solvents, the solubility and
intensity of luminescence is rather weak in polar solvents®>>. Cyclodextrins, which
form inclusion complexes with fluorophore molecules in aqueous solution, can result
in significant enhancement of the fluorescence. The unique torus structural
conformation of the CDs protects the fluorescing singlet state or the phosphorescing

3438 The effective

triplet state of the fluorophore from external quenchers
microenvironment of the cyclodextrin non-polar cavity is likely to be similar to that of
such non-polar oxygenated solvents as dioxane, t-amyl alcohol, or 1-octanol’**. The
CDs solution can improve the lower detection limit for hydrophobic fluorophore in
aqueous solution by increasing their solubility or for hydrophilic fluorophore by
increasing solubility of the water-insoluble fluorescent compounds into which the

. 41
fluorophore are incorporated™ .

Fluorescence is widely used in microscopic imaging, dating in archaeology,
medical research, forensic science, biotechnology and diagnosis*™**. The enhanced
fluorescence has attracted great attention in recent years, in terms of the quantum

4346 1t is available from the number of

yield and photostability of the fluorophore
reports that cyclodextrin enhance the fluorescence property of the fuorophores due to
formation of an inclusion complex. Pyrene is a water-insoluble polycyclic aromatic
hydrocarbon (PAH) consisting of four fused benzene rings, resulting in a flat (planar)
aromatic molecule. Pyrene is smallest peri-fused colorless solid and useful
fluorescence probe for studying the microenvironment within the cyclodextrin cavity.
The fluorescence intensity of pyrene is very less in polar medium. The fluorescence
property of pyrene is very sensitive to solvent polarity and microenvironmental

474
changes 48

105



In literature, most of the studies on the cyclodextrin host-guest inclusion
complexation were focused on binary system, although recently attention has been
drawn towards ternary complexes in which third components such as alcohols,
alkylamines and surfactant also participate in the inclusion processes49'55. The results
obtained from ternary inclusion complex revealed interesting intramolecular and
intermolecular interaction, which can be useful for the sensitizing applications’®.
However, complexation involving more than three different components has not been

well explored till now owing to their higher levels of complexity.

In this work, we describe the systematic study of the absorbance and
fluorescence enhancement of pyrene in the presence of -CD and B-CD polymer. The
study was conducted over a wide range of concentration and binding constants were
calculated for pyrene inclusion complex with B-CD and B-CD polymer using Benesi-
Hidebrand equation®’. Moreover, the quenching phenomenon of the pyrene inclusion
with B-CD and -CD polymer in presence of third component adamantol also carried
out for the dynamic equilibrium of pyrene-cyclodextrin inclusion complex and

quenching constants were determined using Stern-Volmer coordinates®®.
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4.2.2 Experimental
4.2.2.1 Materials

B-Cyclodextrin-CC polymer synthesized in Chapter 3 using the temperature reactivity
of cyanucric chloride under controlled condition was used as reactant. Pyrene and
adamantol were purchased from Merck (Germany) and recrystalized from ethanol.

Double distilled water was used throughout the experiments.

4.2.2.2 Measurements

All the fluorescence spectra were taken on a RF-5301PC spectrophotometer at room
temperature. A 450-W Xenon CW lamp was used as the excitation source. Slit width
was set 1.5 nm for excitation and emission respectively. The scan rate was 1 nm s

The UV-Vis spectra were recorded on a Shimadzu UV-Vis-2450 spectrophotometer.
4.2.2.3 Procedure of binary pyrene--CD or B-CD polymer inclusion complex

The pyrene 1 x 10°M solution was prepared in absolute dry ethanol and 1% w/v B-
CD and B-CD polymer solutions were separately prepared in double distilled water
7.0 pH was maintained . From the pyrene solution 1 cm® was added to the different
volumes (1-5 cm®) of B-CD or B-CD polymer solution and then total volume of the
mixture was made up to 6 cm® with double distilled water. The mixtures were stirred
for 8 h and then allowed to equilibrate overnight. The Schemes for the formation of
pyrene-B-CD and pyrene-B-CD binary inclusion complex are shown in Scheme 4.2.1

and Scheme 4.2.2.

Sl B S

B-C Pyrene Pyrene-B-CD inclusion complex

Scheme 4.2.1 Scheme for the formation of binary pyrene--CD inclusion complex in

mixed solvent system.
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Scheme 4.2.2 Scheme for the formation of binary pyrene-B-CD-P inclusion complex

in mixed solvent system.

4.2.2.4 Procedure of ternary pyrene-adamantol--CD or pyrene-adamantol-f-

CD polymer inclusion complex

For the fluorescence quenching of Pyrene-B-CD or B-CD polymer inclusion
complexes the concentration of pyrene and B-CD or -CD polymer was keep constant.
1 cm® each was added to the different volumes (1-6 cm’) of the adamantol solution
then adjusted to be total volume of the mixture was made up to 8 cm’ with double
distilled water. The mixtures were stirred for 8§ h and then allowed to equilibrate
overnight. The Schemes for the formation of pyrene-adamantol-B-CD and pyrene-
adamantol-B-CD ternary inclusion complex were shown in Scheme 4.2.3 and Scheme

424.
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inclusion complex in mixed solvent system.
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4.2.3 Results and Discussion
4.2.3.1 Molecular Modeling

Energy-minimized space-filling molecular models of the three-dimensional
conformation of the cyclic [B-cyclodextrin-host, planar pyrene-guest and J3-
cyclodextrin-pyrene-inclusion complex are shown in Figure 4.2.1. The host and guest
molecules are independently built up, and their geometry is optimized. The overall
structure of these possible models of inclusion complexes is again subjected to energy
minimization. The final energy-minimized molecular model indicates that pyrene
molecule is included in the B-cyclodextrin host cavity. The dimension of molecules
was studied in details and final molecular models suggested that only 1:1 inclusion
complex is possible in case of pyrene and B-cyclodextrin. Similarly in case of B-CD
polymer only one molecule of pyrene is included in the cavity of each B-CD units of

the polymer main-chain.
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Figure 4.2.1 Energy-minimized space-filling molecular model of inclusion complex.
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4.2.3.2 UV-Visible Spectroscopy (UV-Vis)

Formation of inclusion complex between pyrene and B-CD or B-CD polymer
was confirmed by UV-Vis absorbance spectra. Figure 4.2.2 shows absorbance spectra
of pyrene (1.66 x 10'6M) in aqueous solutions containing various concentrations of [3-
CD or B-CD polymer. The absorbance maxima of pyrene in the absence of -CD or j3-
CD polymer are located at 335, 319, 305, 273 and 262 nm. On addition of B-CD or j3-
CD polymer the absorbance bands of pyrene were slightly shift to red shift (ca. 4 nm)
with increase in oscillator strength. The absorbance intensity of pyrene increases with
increasing concentration of B-CD or B-CD polymer. This phenomenon was observed
due to the fact that encapsulation of pyrene and electronic properties of pyrene are

favorable in presence of non-polar hydrophobic cavity of B-CD.
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Figure 4.2.2 UV-Vis spectra of pyrene (1.66 x 10°M) in aqueous solution of (A) p-
CD and (B) B-CD-polymer at different concentrations: (a) 0.00 %, (b) 0.166 %, (c)
0.333 %, (d) 0.500 %, (e) 0.666 %, () 0.833 %.

4.2.3.3 Fluorescence Emission Spectra

The photoluminescence emission spectra (excited at 340 nm) of the pyrene in
aqueous solution containing various concentration of B-CD or B-CD polymer are
shown in Figure 4.2.3. The fluorescence emission intensity was enhanced upon the
addition of B-CD or B-CD polymer to a solution of pyrene (1.66 x 10°M) in the range

of 370 to 410 nm fluorescence band is attributed to the formation of pyrene monomer
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in non-polar cavity. Also there was no broadening of peak was observed after 410 nm
which ascribed there was no pyrene dimer formation in the cavity. The molecular
sizes of pyrene and B-CD cavity (internal diameter = 7.8 A) is capable of including
only one pyrene molecule within the inner cavity. This phenomenon was observed
due to the formation of inclusion complex which afford the rotation of the pyrene
molecule is hindered, and the relaxation of the solvent molecules is considerably
decreased. Both of these effects can result in a decrease in the vibrational
deactivation. The non-polar cavity of B-CD protects the quenching of the pyrene
emission by water molecule. The CDs cavity behaves similarly to the organic solvent
which gives non-polar surrounding for the included molecule. This altered
microenvironment can provide favorable polarity for enhanced quantum efficiencies

and hence the intensities of fluorescence increase.
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Figure 4.2.3 Fluorescence spectra (excited at 340 nm) of pyrene (1.66 x 10°M) in
aqueous solution of (A) B-CD and (B) B-CD-polymer at different concentrations: (a)
0.00 %, (b) 0.166 %, (c) 0.333 %, (d) 0.500 %, (e) 0.666 %, (f) 0.833 %.

It was reported that while pyrene molecule is fluorescent in aprotic medium,
the fluorescence yield drops rapidly due to hydrogen bond donating solvents®. Thus
the enhancement of the fluorescence of the pyrene on the addition of B-CD or B-CD
polymer is a reflection of the passage molecule into the non-polar host cavity. On
comparing the effect of B-CD and B-CD polymer, for the same concentration the
fluorescence enhancement is higher for B-CD polymer due to the higher order of

inclusion ability. These are shown in Scheme 4.2.1 and Scheme 4.2.2. Higher
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enhancement in B-CD polymer in aqueous solution indicates that encapsulation is
more favored in this case owing to each B-CD unit in of the B-CD polymer include
pyrene molecule. Using the Benesi-Hildebrand equation binding constants were also
calculated from the fluorescence data on the basis of 1:1 association between pyrene

and B-CD as shown below.

Benesi-Hildebrand Equation

Py] 1 1 1
I Ky lCD] e (4.2.1)

Where, [Py] = Concentration of Pyrene, I = Fluorescence Intensity of Pyrene, Ky =

Binding Constant and & = Extinction Coefficient.

The plot of [Py]/I Vs 1/[B-CD] and /[B-CD polymer] gave a straight line with a
slope and intercept are shown in Figure 4.2.4. A good linear fit to the experiment data
obtained for all the inclusion complexes, indicating that a 1:1 inclusion complex is
formed. The spectral maximum is observed at around 374 nm wavelength was used
for the calculation. The extinction coefficient at 374 nm for the free pyrene, -CD
encapsulated-pyrene and B-CD polymer encapsulated-pyrene are 1.579 x 10" cm™ M ™,
8.514x 10" cm™M™ and 10.297 x 10" em™'M', respectively. The binding constant K,
calculated from the emission spectra for the B-CD polymer is 2000 M~ which is
higher than the value of the B-CD which is 600 M™" (Table 4.2.1). Thus the qualitative
comparison of the binding constants of the two complexes suggests that B-CD

polymer provide a better fit for the pyrene guest molecule.
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Figure 4.2.4 Benesi-Hildebrand plot of [Py]/I Vs 1/[B-CD] and [Py]/1 Vs [1/[B-CD
Polymer].

Table 4.2.1 Binding constants for binary inclusion complex

Inclusion Complex Binding Constant K,
Pyrene-p-CD 6.0x10° M
Pyrene-f-CD polymer 2.0x10° M

We also studied the fluorescence quenching for the pyrene constituting
pyrene-adamantol-f-CD or B-CD polymer ternary complex with increasing
concentration of adamantol. It was observed that CDs can increase the fluorescence
intensity. However, adamantol can selectively quench the fluorescence emission
intensity as shown in Figure 4.2.5 of pyrene inclusion complex with 3-CD and 3-CD
polymer due to adamantol can also encapsulated into the same cavity of the host and
competes for the accommodation in hydrophobic cavity. The fluorescence emission
intensity of the pyrene-B-CD or B-CD polymer inclusion complex decrease as the

concentration of adamantol increase due to the formation of ternary inclusion
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complex with B-CD or B-CD polymer in which adamantol can accommodate with
pyrene or slowly kick out the pyrene molecule from the non-polar cavity of the guest
molecule as shown in Figure 4.2.6 molecular model of ternary inclusion complex.
This is completely dynamic process and it is not easily to determine that in aqueous
solution weather pyrene was completely removed from the non-polar cyclodextrin
cavity. In aqueous solution both the guest molecules are competes for the inclusion
and thus the pyrene molecule was slowly exposed to the bulk aqueous solution and

therefore the fluorescence intensity of pyrene was decreased in presence of

adamantol.
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Figure 4.2.5 Fluorescence spectra (excited at 340 nm) of pyrene (1.25 x 10°M) in
presence (0.166 %) of (A) B-CD and (B) B-CD-polymer at different concentration of
adamantol: (a) 1.25x10° M, (b) 2.50x10° M, (c) 3.75%x10° M (d) 5.00x10° M, (e)
6.25x10° M, (f) 7.50x10° M.
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Figure 4.2.6 Energy-minimized space-filling molecular model of ternary inclusion

complex.

Using the Stern-Volmer equation and plot (Figure 4.2.7), the Stern-Volmer
quenching constants Kg, (shown in Table 4.2.2) were also calculated from the

fluorescence data as shown below.

Stern-Volmer Equation
IO
7 =1+Ksl0] (4.2.2)

Where, Iy = Fluorescence Intensity in absence of Adamantol, I = Fluorescence
Intensity of Pyrene in presence of Adamantol, Ky, = Stern-Volmer Quenching

Constant and [Q] = Concentration of Quencher.
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The extinction coefficient at 374 nm for the B-CD encapsulated-pyrene in
absence and presence of adamantol are 3.611 x 10" cm™M™ and 5.115 x 10° cm™M™.
Similarly for the B-CD polymer encapsulated-pyrene in absence and presence of
adamantol are 5.430 x 10’ cm™M™" and 5.286 x 10° cm™M™. It was observed that
Stern-Volmer quenching constant for pyrene encapsulated B-CD polymer is more as
compared to the pyrene encapsulated f-CD. Thus, the quenching phenomenon is fast
in case of pyrene encapsulated 3-CD polymer as after polymerization the cavity of -
CD become more flexible and competition for the inclusion formation with guest

molecules happen to fast as compared the more rigid parent -CD.
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Figure 4.2.7 Stern-Volmer plots of I,/I Vs [Adamantol] for f-CD and 3-CD polymer.

Table 4.2.2 Stern-Volmer quenching constant for ternary inclusion complex

Inclusion Complex Quenching Constant K,
Pyrene-B-CD-Adamantol 1.146x10° M™
Pyrene-f-CD polymer-Adamantol 1.720x10* M
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4.2.4 Conclusions

The steady state absorbance and fluorescence spectra of pyrene inclusion
complex with pristine B-CD and polymeric B-CD in mixed aqueous medium were
studied effectively to increase the fluorescence intensity of pyrene in aqueous
medium. The binding constant obtained from the Benesi-Hildebrand equation for the
pyrene-B-CD polymer inclusion complex was more than three time greater than the
pyrene-B-CD inclusion complex due to the more inclusion ability of B-CD polymer.
The quenching study of the pyrene inclusion complex of B-CD and f-CD polymer in
presence of third component adamantol gives the information of dynamic equilibrium
of the inclusion complex. The quenching in fluorescence emission intensity of pyrene
by adamantol occurs due to the collision between two molecules in hydrophobic

cavity and competes for the accommodation in hydrophobic cavity.
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Chapter 5
Solubilization of Fullerenes

5.1 Solubilization of [60]Fullerene by Modified p-Cyclodextrin
5.1.1 Introduction

Buckminsterfullerene Cg, the third carbon allotrope has been the subject of
many interesting applications during the last two and half decades because of its
unique physical, chemical and biological properties' . The continuing interest in this
molecule is evident from the number of papers that appear every year in the
literature®”. This is due to its biological activity including DNA-cleaving ability,
radical scavenging, MRI enhancement and anti-HIV activity'*">. A number of such
biological applications emerge from the fullerenes behaving as an efficient radical
scavenger and known as ‘free radical sponge’. However, the potential biomedical
applications of fullerenes are hindered due to its hydrophobicity and biomedical
applications of fullerenes require genuine water-solubility with no agglomeration. The
first report on aqueous solubilization of [60]fullerene with cyclodextrins was
described by Andersson et al'* where [60]fullerene was taken into alcoholic boiling
aqueous solution with y-CD. The authors concluded that due to the inner cavity size
0f 0.950 nm, only y-CD can form inclusion complex with [60]fullerene and a-CD and
B-CD with inner cavity size of 0.57 nm and 0.78 nm respectively cannot form
inclusion complex with [60]fullerene having a 1 nm diameter. Subsequently, Murthy
et al”® showed that not only y-CD but also B-CD can form inclusion complex with
[60]fullerene given the right reaction conditions arguing that B-CD can form 2:1
inclusion complex with fullerene. After that several methods have been developed and

described for the preparation of water-soluble fullerenes by forming complexes with

16,17 19,20

water-soluble calix[n]arenes, polyvinyl alcohols,'® and polyvinyl pyrrolidone'*?’,
however cyclodextrins being naturally occurring and water-soluble seem to be the
ideal hosts and has been comprehensively investigated for aqueous solubilization of

fullerenes for biomedical applications.

The unique ability of cyclodextrins is that they can encapsulate the

[60]fullerene molecule (depending upon the size of the non-polar inner cavity) non-

14,15

covalently into the non-polar cavity and make it water-soluble ™ ~. However, a
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competitive guest molecule in the biological media can displace [60]fullerene from
the CDs cavity, thus defeating the purpose of using CDs for encapsulating
[60]fullerene. Therefore covalently linked fullerene with CDs would be a better
solution to overcome this problem. The high chemical reactivity of the fullerene
molecules allows the synthesis of an enormous number of fullerene derivatives for
biocompatible materials and biological applications®'. The reaction of [60]fullerene
with azides under elevated temperature has been well studied in literature. The azides
are known to add to Cg via cycloaddition reaction by forming triazoline intermediate,
which then decompose to yield the desired product by elimination of Ny, or by the
formation of a nitrene, that adds to Cgy double bond. It has been found to be an
efficient process resulting in fullerene derivatives containing an expanded cage of

fullerene as azafullerenes C60N22.

The synthesis of water-soluble B-CD-[60]fullerene adduct by adopting
supramolecular covalent as well as non-covalent interactions of [60]fullerene with

selectively diazide functionalized B-CD is described.
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5.1.2 Experimental

5.1.2.1 Materials

[60]Fullerene purity (99.9%) was purchased from Sigma-Aldrich. Dimethylsulfoxide
(DMSO) and toluene were purchased from Merck (India) and dried over calcium
hydride for 24h and then distilled under reduced pressure before use. Diazido B-
cyclodextrin synthesized in Chapter 2 was used. Double distilled water was used

during the experimental work.
5.1.2.2 Measurements

The FTIR spectra of the compounds were recorded on a Shimadzu 8400S Fourier
Transform Infrared Spectrometer by KBr pellet method at 10™* resolution and 30 scans
at room temperature. AR grade KBr was used for the preparation of pellet. The UV-
Vis spectra were recorded on a Shimadzu UV-Vis-2450 spectrophotometer. 'H and
C NMR spectra were recorded on a Bruker spectrometer operating at 400 MHz at
room temperature where TMS was used as internal standard. Themogravimetry
analysis (TGA) was recorded on a Shimadzu, TGA-50 system with a heating rate of
10°C/min under air atmosphere in the temperature range of 30-800°C. XRD patterns
were measured on a Rikagu diffractometer with CuKa radiation (A = 0.15406 nm) at
40 kV and 40 mA. To study the morphology and particle size of adduct, an energy-
filtering transmission electron microscopy (TEM) [EF-TEM, EM 912 OMEGA
(ZEISS, S-4700), 120 kV] was used. For TEM observation, the 1% adduct
solution in double distilled water was drop casted on 400 mesh carbon-coated copper
grids and annealed at 100°C for 12 hours before measurement. The measurements of
scanning electron microscopy of powders on the carbon tape after gold-coating were
performed on a JEOL JSM-6500F at an operation voltage of 20 kV. AFM
measurements were carried out on a Nanoscope III (Digital Instruments) in air. The
D,0 solution of adduct was deposited on a mica plate and the D,O was evaporated

under reduced pressure. Tapping mode analysis was carried out on the plate.
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5.1.2.3 Synthesis of B-Cyclodextrin-[60]Fullerene Adduct

The water-soluble -cyclodextrin-[60]fullerene adduct as shown in Scheme 5.1.1 was
synthesized using a mixed solvent system to bring water-soluble and toluene soluble
reactants into one homogeneous phase. Thus, a 0.1 mmol solution of 6*,6"-diazido-
6",6°-dideoxy-B-cyclodextrin in DMSO and a 0.1 mmol solution of [60]fullerene in
toluene were mixed and stirred for 36h at 80°C under nitrogen atmosphere, during
which the deep purple homogeneous solution turned to deep brown. The progress of
the reaction was monitored by withdrawing aliquots of the reactant solution in
intervals of 4h and measuring the UV-Vis absorbance. After the above mentioned
time period, the product formed was isolated by removing the organic solvents under
vacuum on a rotary evaporator. The brown colored solid was extremely water-soluble
giving a light yellow aqueous solution. This aqueous solution was filtered through
0.45 pm syringe-filter to remove undissolved residue and then the filtrate was
subjected to ultrafiltration over a polymer membrane with a molar mass cut-off of 2
kg moL™ for the removal of excess of diazido P-cyclodextrin. The resultant
concentrated aqueous solution was freeze-dried to get a deep brown colored adduct,

which is soluble in water.

The 2:1 inclusion complex of PB-cyclodextrin and [60]fullerene was prepared
according to the literature' and adopting the same procedure as shown in Scheme

5.1.2 for the comparison studies.
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Scheme 5.1.2 Non-covalent 2:1 inclusion complex of B-CD and [60]fullerene.
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5.1.3 Results and Discussion

The solubility of the B-CD-[60]fullerene adduct in water was measured and
found to be 6.5 mg mL™', which is greater than that of 2:1 inclusion complex of P-
cyclodextrin’. Usually, apart from the solubility of fullerenes in aqueous solution, the
stability of the aqueous solution of fullerenes is a major problem, owing to their
tendency to agglomerate after storage for longer periods. Hence, the stabilization of
aqueous solution of solubilized fullerenes with higher stability is a pivotal issue and,
therefore, is a challenge to produce aqueous solution of fullerenes with higher
stability to explore their potential in biomedical applications. The previously
described methods for the aqueous solubilization only deal with the non-polar

interaction of the [60]fullerene molecule with cyclodextrins'*".

However, a
competitive guest molecule in the biological media can displace [60]fullerene from
the cyclodextrin cavity. Tethering the [60]fullerene molecule to the improved water-
soluble selectively functionalized cyclodextrin molecule is an effective option of
overcoming this problem. It also takes into account the advantage of more
[60]fullerene surface area, which is not in the case of 2:1 inclusion complex. The -

CD-[60]fullerene adduct was stable and fullerene was not extractable from this

complex.

To see the visible evidence of covalent-noncovalent interactions and stability
of the B-CD-[60]fullerene adduct in polar and non-polar solvents, the extraction
experiment was conducted in vials. [60]Fullerene in toluene shows deep purple color
(Figure 5.1.1 [A]) and it is completely insoluble in polar solvents. Diazido B-CD is
completely soluble in polar DMSO (Figure 5.1.1 [B]). These two solutions when
mixed together in inert atmosphere and after evaporation of organic solvents, resulted
in a yellowish brown color water-soluble B-CD-[60]fullerene adduct (Figure 5.1.1
[C]). When toluene was added to the solid B-CD-[60]fullerene adduct (Figure 5.1.1
[D]), it was observed that B-CD-[60]fullerene adduct was stable enough and
[60]fullerene does not go into the toluene layer and it settled at the bottom of the vial.
When toluene was added to the aqueous solution of B-CD-[60]fullerene adduct
(Figure 5.1.1 [E]), it was observed that aqueous solution of -CD-[60]fullerene adduct
was stable enough and [60]fullerene does not go into the toluene layer. Thus, the 8-

CD-[60]fullerene adduct was stable in both the polar and non-polar solutions,
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whereas, this is completely inverted in the case of 2:1 inclusion complex of B-CD
with [60]fullerene. When toluene was added to the solid B-CD-[60]fullerene 2:1
inclusion complex (Figure 5.1.2 [D]), it was observed that [60]fullerene can easily go
into the toluene solution and also similar observation has been seen when toluene was
added to the aqueous solution of B-CD-[60]fullerene 2:1 inclusion complex (Figure
5.1.2 [E]), since toluene can penetrate into the non-polar cavity of B-CD and act as
competitive guest molecule it can displace [60]fullerene from the non-polar cavity of

B-CD and itself occupy into the non-polar cavity of f-CD.

SHfee
NP =

Figure 5.1.1 Photograph of [A] Cg in toluene, [B] Diazido B-CD in DMSO, [C] B-
CD-Cgo adduct in water, [D] B-CD-Cgo adduct in toluene and [E] B-CD-Cep adduct in

[B] [C] (D] [

-

water + toluene.

>

Figure 5.1.2 Photograph of [A] Cg in toluene, [B] B-CD in DMSO, [C] B-CD-Cg
inclusion complex in water, [D] B-CD-Cg inclusion complex in toluene and [E] B-

CD-Cg inclusion complex in water + toluene.
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The more specific evidence for the covalent as well as non-covalent
interactions between selectively diazido functionalized B-cylodextrin and
[60]fullerene comes from the conventional techniques like FTIR, UV-Vis, 'H NMR,
3C NMR and TGA of the B-CD-fullerene adduct.

5.1.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of diazido B-CD, Cgy and B-CD-[60]fullerene adduct is
depicted in Figure 5.1.3. The FTIR spectrum of the diazido fuctionalized B-CD
(Figure 5.1.3 a) showed an absorbance stretching band at 2037 cm™ for asymmetrical
azide (-N3) functionality along with all the absorbance bands of the parent B-
cyclodextrin, whereas there was no signal in this region in the FTIR spectrum (Figure
5.1.3 c¢) of the B-CD-[60]fullerene adduct. The spectrum of pristine Cqy (Figure 5.1.3
b) showed four characteristic absorption bands at 1429 cem’, 1183 em™, 578 em™! and
527 cm™. The P-CD-[60]fullerene adduct showed the typical sharp peaks of
[60]fullerene at 527 cm™ and 583 cm™. The disappearance of absorbance band of
azide (-N3) and presence of [60]fullerene absorbance bands confirmed the covalent

attachment of fullerene with modified B-CD.
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Figure 5.1.3 FTIR spectra of (a) diazido B-CD, (b) Ceo, (c) B-CD-Cso adduct.
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5.1.3.2 UV-Visible Spectroscopy (UV-Vis)

The UV-Vis absorbance spectra of Ce in toluene, diazido f-CD in water and
B-CD-[60]fullerene adduct in water is shown in Figure 5.1.4. The UV-Vis absorbance
spectrum of [60]fullerene showed absorbance maxima at around 334 nm in toluene
and it is completely insoluble in water, whereas the diazido B-cyclodextrin does not
show any absorbance in this region. However, the spectrum of B-CD-fullerene adduct
in water showed the typical absorbance maxima at around 348 nm of [60]fullerene
which is red shifted by few nanometers and there was peak broadening of the

absorbance beyond 406 nm typical of the [60]fullerene absorbance in toluene.
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Figure 5.1.4 UV-Vis spectra of Cg in toluene, diazido B-CD in water and B-CD-Cgo

adduct in toluene.

The supramolecular interaction of [60]fullerene with the modified B-CD was
confirmed by extracting [60]fullerene with a competitive guest molecule. Thus, when
toluene was added (toluene acts as competitive guest molecule and also solvent for

fullerene) to the aqueous solution of the modified B-CD-[60]fullerene adduct as well
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as to a 2:1 inclusion complex of B-CD/[60]fullerene and shaken, the toluene layer was
characterized by UV-Vis spectroscopy, it showed that 2:1 inclusion complex of [3-
CD/[60]fullerene shows an absorbance at 335 nm of [60]fullerene (Figure 5.1.5)
whereas the toluene layer of the modified B-CD-[60]fullerene adduct did not show
any absorbance. This indicates that the [60]fullerene was covalently attached to
modified B-CD and also forms an inclusion complex with another molecule of
modified B-CD. This behavior proved that in a competitive milieu the modified f-CD-
[60]fullerene adduct is more stable than the 2:1 inclusion complex of [-

CD/[60]fullerene.
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Figure 5.1.5 UV-Vis spectra of Cg in toluene, B-CD-Cgy 2:1 inclusion complex in
water and B-CD-Cg 2:1 inclusion complex in toluene.
5.1.3.3 Nuclear Magnetic Resonance Spectroscopy (NMR)

The type of interactions between [60]fullerene and modified B-cyclodextrin
was further confirmed by 'H and C NMR. The 'H NMR spectra of the diazide
functionalized B-CD and B-CD-[60]fullerene adduct was taken in two different
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solvents DMSO-d¢ and DO shown in Figure 5.1.6 and Figure 5.1.7, respectively. The
'H NMR spectra of diazido p-CD and adduct shows the similar proton signal due to
the similar hydrogen structure, except upfield shifts was observed. The 'H NMR
spectra given in Figure 5.1.6 of the B-CD-[60]fullerene adduct showed all the proton
signals of the glucose units of the cyclodextrin at dppm: 4.81 (d, 7H, H-1), 3.27 (m,
7H, H-2), 3.66 (m, 7H, H-3), 3.36 (m, 7H, H-4) 3.56 (m, 7H, H-5), 3.63 (d, 12H, H-6)
and it was observed that the proton signals in adduct shows upfield shifts compared to
the diazido B-CD, which confirms the formation of inclusion complex. The spectra
was similar when it was taken in a different solvent i.e. D,O with no observable shifts

in the positions of the peaks.

H-6
H-1 H-6a,b

B-CD-C_ adduct
o0 H-50 4,2

H-3

Diazido B-CD

7.6 7.2 6.8 6.4 6.0 5.6 52 4.8 44 4.0 3.6 32
ppm

Figure 5.1.6 '"H NMR spectra of diazido B-CD and B-CD-Cgy adduct in DMSO-dg,
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Figure 5.1.7 "H-NMR spectra of diazido p-CD and B-CD-Cg adduct in D,O.

The >C NMR spectra of p-CD-[60]fullerene adduct in two different solvents
D,0 and DMSO-ds is shown in Figure 5.1.8. The *C NMR spectra of the p-CD-
[60]fullerene adduct in both the solvents showed all the expected six carbon chemical
shift of glucose units at dppm: 101.85 (C-1), 72.42 (C-2), 73.04 (C-3), 82.29 (C-4),
72.26 (C-5), 6.27 (C-6) along with three new carbon chemical shifts. The one at 32
dppm is due to the primary substituted carbon (C-6) of B-CD and the other two at
70.7 dppm and at 165 dppm are due to the formation of [5,6] closed azafullerene
structure with B-CD. It is interesting to note that the '>C NMR is clean with new peaks
confirming the formation of covalent bonds as determined by reaction between
olefinic double bond and an azide. The spectra in both the solvents look similar due to

the same structural carbon skeleton.
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Figure 5.1.8 *C-NMR spectrum of B-CD-Cg adduct in D,0 and DMSO-d.
5.1.3.4 Thermogravimetric Analysis (TGA)

In order to assess the thermal stability of the B-cyclodextrin derivative and B-
CD-[60]fullerene adduct, a thermogravimetric study was conducted. The degradation
pattern of parent cyclodextrin shows mass loss in three different temperature regions
(Figure 5.1.9 a). The first mass loss at around 105 C is due to the loss of moisture, the
second mass loss at 300°C as dehydration of B-CD, and third mass loss at 367 C as a
decomposition of glucose units in B-CD. However, in case of the diazido B-CD
(Figure 5.1.9 b) the thermogram is same, except that the second mass loss is at a
lower temperature of 250 C due to the modification of cyclodextrin. The thermogram
of pristine [60]fullerene (Figure 5.1.9 c) shows the mass loss after 500°C. The
thermogram of B-cyclodextrin-[60]fullerene adduct (Figure 5.1.9 d) showed that the
mass loss of the p-cyclodextrin at 327°C was 75%. This result indicates that one
[60]fullerene molecule was sandwiched between two cyclodextrins supporting the

structure of adduct as shown in Scheme 5.1.1.
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Figure 5.1.9 TGA curves of (a) B-CD, (b) diazido B-CD, (c) Cs and (d) B-CD-Cgp
adduct.

5.1.3.5 X-ray Diffraction (XRD)

XRD is widely used technique for the study of supramolecular aggregates to
depict the aggregate structure. The X-ray diffraction pattern of Cgp, diazido B-CD and
B-CD-Cg adduct is shown in Figure 5.1.10. The X-ray diffractogram pattern of the
formed B-CD-[60]fullerene adduct (Figure 5.1.10 c) showed that the adduct has
neither the typical 26 values of functionalized B-CD (Figure 5.1.10 b) nor those of
[60]fullerene (Figure 5.1.10 a). It can be seen that the f-CD-Cgy adduct has a different
structure to the functionalized B-CD (20 = 10.7, 12.5, 19.5, 22.7, 27.0, 34.7°) and
[60]fullerene (20 = 11.0, 17.5, 21.7°), with total suppression of the crystalline
structure of B-CD. This type of phenomenon also observed for the B-CD/[60]fullerene

inclusion complex.
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Figure 5.1.10 X-ray diffractogram of (a) Ceo, (b) diazido B-CD and (c) B-CD-Cso
adduct.

5.1.3.6 Transmission Electron Micrograph (TEM) and Field Emission Scanning
Electron Microscopy (FE-SEM)

The most direct and visible evidence for the supramolecular self-assembly and
formation of liner B-CD-[60]fullerene adduct is given by TEM and FE-SEM as shown
in Figure 5.1.11. The TEM image (Figure 5.1.11 a) of B-CD-[60]fullerene adduct
provides the confirmation for the presence of linear supramolecular nanostructure of
2000-2500 nm, which are joint together linearly through approximately 1000-1200
units of the B-CDs and [60]fullerene molecules. The same nanostructure of B-CD-
[60]fullerene adduct also supports from the FE-SEM image (Figure 5.1.11 b). On the
basis of TEM and FE-SEM results we suggest, here in a possible structural model of
supramolecular self-assembly as shown in Figure 5.1.11 c¢. The model shows that 3-
CD-Cg¢o adduct is arranged in a channel through a head-to-tail arrangement and forms
micrometer size supramolecular self-assembly. Similarly, 2:1 inclusion complex of -
CD and [60]fullerene form unique supramolecular self-assembly was confirmed by

TEM as shown in Figure 5.1.12. The size of the self-assembly was found to be
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approximately 1000 nm. These self-assemblies were observed due to the strong non-
covalent integrations such as van der Waals forces, hydrogen-bonding,
hydrophilic/hydrophobic interactions, =m-m stacking interaction, electrostatic

interactions, donor and acceptor interactions, etc.

Figure 5.1.11 (a) TEM image (b) FE-SEM image and (c) Schematic illustration of the

praposed supramolecular self-assembly of f-CD-Cgp adduct.
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Figure 5.1.12 TEM image of self-assembly of 2:1 inclusion complex of B-CD and
[60[fullerene.
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5.1.3.7 Atomic Force Microscopy (AFM)

The freeze-dried B-CD-[60]fullerene adduct was redispersed in distilled water
then drops of solution spread over a sheet of mica and dried at room temperature. The
picture of a 1 pmz surface of B-CD-[60]fullerene adduct is depicted in Figure 5.1.13.
It can be clearly seen that the solid sample contains rather uniformly stacked
nanostructure of 200 nm width, which appear to be built up from the conjugation and
supramolecular self-assembly of functionalized B-CD and [60]fullerene in a linear

manner, which was also supported from TEM and FE-SEM results.
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Figure 5.1.13 AFM images of B-CD-[60]fullerene adduct.
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5.1.4 Conclusions

Diazido functionalized B-CD synthesized in Chapter 2 was used as reactant
and it is easily reacts with the double bond of the [60]fullerene via a [2+3] 1,3-dipolar
nucleophilic cycloaddition reaction. Thus, the covalent linking the highly water-
insoluble [60]fullerene to a highly water-soluble cyclodextrin derivative gives the
water-soluble adduct. The formation of covalent bond and non-covalent inclusion
complex in aqueous media between [60]fullerene and diazido modified cyclodextrin
has been confirmed from absorbance studies, and the stability of the complex (head-
tail structure) has been confirmed from extraction experiment and spectroscopic
studies. The supramolecular self-assembly of adduct has been further confirmed from
the microscopic (TEM, FE-SEM and AFM) results, which suggest the linear rod like
nanostructure of adduct. The tethering of the [60]fullerene molecule to the water-
soluble B-cyclodextrins by both covalent linkage and non-covalent interaction has
potential biomedical applications, where [60]fullerene properties can be used in

aqueous medium.
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5.2 Solubilization of [60]Fullerene and [70]Fullerene by Disaccharides
5.2.1 Introduction

Since the discovery of the novel biomedical applications of [60]fullerene
attempts have been made to make it water-soluble”™'. Various techniques have been

32-34

applied to make it water-soluble that include covalent functionalization, emulsion

35,36 37,38

formation complexation with biomaterials and non-covalent guest-host
systems® !, Among the guest-host systems, cyclodextrins are widely studied and
successfully utilized including several patents***. One of the fundamental logic of
guest-host system is that the fullerene molecule occupies the hydrophobic cavity of
the cyclodextrins. Based on this premise it was argued that only y-cyclodextrin (cavity
size = 0.950 nm) could include the [60]fullerene (diameter = 0.7 nm) thus forming a
1:1 inclusion complex which was subsequently modified to show that even [-
cyclodextrin (cavity size = 0.78 nm) could include a [60]fullerene molecule forming a
1:2 inclusion complex***. This was possible due to the formation of a self-assembled
structure which included the [60]fullerene in the cavity formed by two cyclodextrin
units*®*”. If one were to look at the cyclodextrin structure closely, the glucose units
are linked in by the a-1,4-glycoside linkages™. How important is it for the
[60]fullerene molecule to sit inside a cavity made by these bucket structures? If two [3-
cyclodextrins could include the [60]fullerene molecule then by the same logic it
should be possible for a disaccharide to encircle a [60]fullerene molecule due to the
same hydrophobic interactions. In fact some early studies have shown that
fullerene/carbohydrates compositions were possible by mechanochemical method that
led to fullerene aggregates in carbohydrate shell and that surface carbohydrate layer
formed a van der Waals complex with fullerene®°. Subsequent molecular modelling
studies and theoretical calculations have shown that the enthalpy of formation of
fullerene/sucrose complex was 3.5 kcal/mole’'. If that is the case a few number of

disaccharides could be used to isolate [60]fullerene in aqueous media or in other

words solubilise [60]fullerene.

This chapter describes the preparation of crystalline highly water-soluble
[60]fullerene/[70]fullerene by complexation with very inexpensive naturally and
commercially available, nontoxic disaccharides (lactose, maltose and sucrose) in

comparison with very expensive and difficult to synthesize and toxic host molecules.
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Disaccharides can easily interact with [60]fullerene/[70]fullerene and convert this
highly water-insoluble molecules into the highly water-soluble complex. Enthalpy and
entropy calculation of interaction between [60]fullerene and disaccharides also

support the formation of non-covalent complex'.

The non-covalent interaction
between [60]fullerene and disaccharides were characterized by using conventional
characterization techniques like UV-Vis, FTIR, NMR, XRD, TGA analysis. The
morphology and particles size of the complex was determined by Transmission

Electron Micrograph (TEM) and Static Light Scattering (SLS).
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5.2.2 Experimental
5.2.2.1 Materials

[60]Fullerene (purity 99.9%), [70]fullerene (purity 99%) and the most stable free
radical 2,2’-diphenyl-1-picry hydrazyl (DPPH) (stored in dry ice) were purchased
from Sigma-Aldrich and used as received. Maltose monohydrate, lactose
monohydrate, sucrose and spectrophotometric grade toluene, DMSO was purchased
from Merck, Mumbai, India. Double distilled water was used during the experimental

work.
5.2.2.2 Measurements

The UV-Visible spectra of the solutions were recorded on a Shimadzu-2450,
spectrophotometer. The FTIR spectra of the freeze-dried compounds was recorded on
a Shimadzu 8400S, Fourier Transform Infrared Spectrometer by using KBr pellet
method at 30 scans and 10 resolution at room temperature. XRD patterns were
measured on a Rikagu diffractometer with CuKa radiation (A = 0.15406 nm) at 40 kV
and 40 mA. 'H and >C NMR spectra were recorded on a JEOL INM-LA300WB; 400
MHz instrument. All spectra were measured in D,O as solvent and the chemical shifts
were referenced to tetramethylsilane (TMS) at 0 ppm. Thermogravimetric analysis
(TGA) was recorded on a Shimadzu, TGA-50 system with a heating rate of 10°C/min
under air atmosphere in the temperature range of 30-700°C. To study the morphology
and particle size of complex, an energy-filtering transmission electron microscopy
(TEM) [EF-TEM, EM 912 OMEGA (ZEISS, S-4700), 120 kV] was used. For TEM
observation, the 1% complex solutions in double distilled water was drop casted on
400 mesh carbon-coated copper grids and annealed at 100°C for 12 hours before
measurement. Particle size was also measured by static light scattering technique with
Ga-As semiconductor laser (mini Dawn Tristar, Wyatt). For the molecular modeling

studies, the software ChemOffice 2004 (Chem 3D Ultra 8.0 version) was used.
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5.2.2.3 Synthesis of the [60]fullerene-disaccharide complex

The complex between [60]fullerene and disaccharides were prepared by using mixed
homogeneous solvent system to bring water-insoluble [60]fullerene and water-soluble
disaccharide into one homogeneous phase. Thus, disaccharide (lactose monohydrated)
1000 mg (0.28 mmoL) was dissolved in polar solvent DMSO and 10 mg [60]fullerene
(0.014 mmoL) in non-polar solvent toluene, these two solutions were mixed together
and stirred for 36 hrs in nitrogen atmosphere at room temperature, during which the
deep purple homogeneous solution turned deep brown. The progress of the reaction
was determined by taking an aliquot of the reaction mixture after every 4hrs and
absorbance measured. After the completion of the reaction the highly water-soluble
complex was isolated by removing solvent by vacuum on a rotary evaporator and
dissolving the brown solid into excess of water. This aqueous solution was stirred for
30 min and insoluble uncomplexed material was removed by filtration through 0.45
um syringe-filter. The filtrate aqueous solution of the complex was purified by
utrafiltration over a polymer membrane (MWCO = 1K) to remove excess of
disaccharide. The resulting purified concentrated aqueous solution was subjected to
freeze-drying to get brown color highly water-soluble [60]fullerene-disaccharide

complex. The reaction between lactose and Cgg is shown in Scheme 5.2.1.
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Scheme 5.2.1 Complexation of lactose-Cgp in mixed solvent system.
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5.2.2.4 Determination of Aqueous Solubility of Complex and Quantification of

[60]Fullerene

The aqueous solubility of the prepared complex with different disaccharides was
determined in terms of weight by dissolving 50 mg of complex sample in the
minimum amount of distilled water with the help of pL pipette; ensure the solution
reaching saturation at room temperature (30°C). The solubility measured in triplicate

and average value was reported.

Concentration of [60]fullerene per mg of the complex was determined by extracting
[60]fullerene with toluene from the solid [60]fullerene-disaccharide complex and

evaluated from the [60]fullerene standard absorbance in toluene.
5.2.2.5 Radical scavenging

A solution of lactose-Cgp complex was prepared in water (1%, w/v), and its UV-Vis
absorbance spectrum was recorded. The solution of the free radical DPPH was
prepared in ethanol (1.7 x 10™* M), and its UV-Vis absorbance spectrum also
recorded. Both solutions were kept in a temperature bath at 20°C. In a 20-mL reaction
vial, 5 mL of each of the above solutions were mixed, and the UV-Vis absorbance
spectrum of the solution mixture was recorded. The reaction temperature was
maintained at 20°C, and the contents were constantly stirred. At regular intervals the
absorption spectra of the solution mixture were recorded. The reaction of lactose-Cgo
complex and 2,2’-diphenyl-1-picry hydrazyl (DPPH) is shown in Scheme 5.2.2.
Similarly, radical scavenging of DPPH with other prepared water-soluble fullerenes

has been also carried out.
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5.2.3 Results and Discussion

[60]Fullerene is an extremely water-insoluble molecule. Solubilizing the
[60]fullerene in polar solvents is difficult and its solubility in non-polar organic
solvents is also limited. The lack of genuine water-solubility and availability of
macroquantities of [60]fullerene and disacaharides inspired us to prepare water-
soluble [60]fullerene-disaccharides complex for the requirement of biological
applications. Highly water-soluble [60]fullerene-disaccharides complex was prepared
by simple complexation of reactants in homogeneous solvent system. Similarly
disaccharides also solublize [70]fullerene. Among the commercially available

disaccharides, the complex of [60]fullerene with lactose was fully characterized.

To see the visible evidence for the stability of the lactose-Cgp complex in polar
and non-polar solvents, the extraction experiment was conducted in vials.
[60]Fullerene in toluene shows the deep purple color (Figure 5.2.1 [A]) and it is
completely insoluble in polar solvents. Lactose is completely soluble in polar DMSO
(Figure 5.2.1 [B]). These two solutions when mixed together in inert atmosphere and
after evaporation of organic solvents resulted in a water-soluble slightly yellowish
brown color lactose-Cgp complex (Figure 5.2.1 [C]). When toluene was added to the
solid lactose-Cgp complex (Figure 5.2.1 [D]), it was observed that [60]fullerene easily
go into the toluene layer and lactose was settled down at the bottom of the vial. When
toluene was added to the aqueous solution of lactose-Cgyp complex (Figure 5.2.1 [E]),
it was observed that aqueous solution of lactose-Cgp complex was stable enough and
[60]fullerene does not go into the toluene layer. Thus, the aqueous solution of lactose-
Ceo complex was stable enough and [60]fullerene was not extractable. Whereas, this is
completely inverted in the case of 2:1 inclusion complex of B-CD with [60]fullerene

as shown in earlier section.

Similar observations made for the lactose-C;y complex and are shown in
Figure 5.2.2. [70]Fullerene in toluene shows the reddish wine color (Figure 5.2.2 [A])
and it is completely insoluble in polar solvents. Lactose is completely soluble in polar
DMSO (Figure 5.2.2 [B]). These two solutions when mixed together in inert
atmosphere and after evaporation of organic solvents resulted in a water-soluble
slightly reddish brown color lactose-Cg complex (Figure 5.2.2 [C]). When toluene
was added to the solid lactose-C;y complex (Figure 5.2.2 [D]), it was observed that
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[70]fullerene easily go into the toluene layer and lactose settled down at the bottom of
the vial. When toluene was added to the aqueous solution of lactose-C7y complex
(Figure 5.2.2 [E]), it was observed that aqueous solution of lactose-C7 complex was
stable enough and [60]fullerene does not go into the toluene layer. Thus, the aqueous
solution of lactose-C;p complex was stable enough and [70]fullerene was not

extractable.

Figure 5.2.1 Photograph of [A] C¢ in toluene, [B] lactose in DMSO, [C] lactose-Ceo
complex in water, [D] lactose-Cgy complex in toluene and [E] lactose-Cgo complex in

water + toluene.

Figure 5.2.2 Photograph of [A] Cy in toluene, [B] lactose in DMSO, [C] lactose-Crg
complex in water, [D] lactose-C7y complex in toluene and [E] lactose-C7 complex in

water + toluene.
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5.2.3.1 Aqueous Solubility of Complexes

As expected, after complexation of [60]fullerene with different disaccharides,
the aqueous solubility of [60]fullerene increased significantly as shown in Table 5.2.1.
The complex of maltose with [60]fullerene has high water-solubility due to the
maltose has highest water-solubility than other disaccharides. The complex of
maltose-Cg has more [60]fullerene concentration due to the higher solubilizing power
of maltose. Moreover, it was found that aqueous solution of the complex was stable
for the several months and does not aggregate like B-cyclodextrin-[60]fullerene
complex. The amount of [60]fullerene/mg of the complex was determined by UV-Vis
after extraction with toluene. It was observed that the amount of [60]fullerene in

complex was found to be less than 10%.

Table 5.2.1 Aqueous solubility of corresponding complex at 25°C and concentration

of Cgp per mg of complex

Sample Solubility Solubility of Concentration of
(mg/mL) Corresponding Ceso/mg of Complex

Complex (ng)
(mg/mL)

Lactose 160.0 55.5 77.40

Maltose 1080.0 71.4 90.02

Sucrose 100.0 423 51.20

B-cyclodextrin 18.5 4.0 77.30

5.2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is an effective tool to characterize the non-covalent
interactions between molecules. The FTIR absorption spectra of Cg, lactose and Ceo-
lactose are shown in Figure 5.2.3. The spectrum of pristine Cs (Figure 5.2.3 a)
showed four characteristic absorption bands at 1429 cem™l, 1183 em™, 578 cm™ and
527 cm’'. The spectrum of lactose (Figure 5.2.3 b) showed the absorption band at

3335 cm™!, 1653 cm™’, 1038 cm™ and 779 cm'. The spectrum of Cgg-lactose complex
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(Figure 5.2.3 ¢) showed 3334 cm™, 1653 cm™, 1035 cm™ and 777 cm™ of lactose and
also showed distinct IR absorption bands of Ceoat 578 cm™ and 527 cm™. The lactose
peaks remains strong in the spectrum, the positions and relative intensities of a few
bands are affected by the formation of non-covalent complex between lactose and Ceo.
These results indicate the modification of environment of lactose due to the formation
of lactose/Cgp complex. If it were not so then the spectra would resemble that of a

physical mixture of Cg and the lactose with no shift in the characteristic bands.
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Figure 5.2.3 FTIR absorption spectra of (a) Ceo, (b) lactose and (c) lactose-Cep

complex.
5.2.3.3 UV-Visible Spectroscopy (UV-Vis)

The UV-Vis absorbance spectra of lactose in water, Cg in toluene and lactose-
Ceo complex in water is shown in Figure 5.2.4. The UV-Vis absorbance spectrum of

Ceo in toluene shows maximum absorbance at 334 nm which is completely insoluble
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in water, whereas lactose in water does not show any absorbance in this region.
However, the UV-Vis absorbance spectrum of lactose-Cgyp complex in water showed a
maximum absorbance at 348 nm and widening of absorbance band after 400 nm as
compared to typical absorbance at 334 nm and 406 nm for the pristine fullerene in
toluene. Another interesting observation was that fullerene could be extracted from
the dry powder of the complex by shaking it with toluene. The UV-Vis spectrum
(Figure 5.2.4, Inset) showed absorbance similar to that of pristine [60]fullerene in
toluene, whereas this was not possible in the aqueous solution, unlike the B-
cyclodextrin-[60]fullerene complex (toluene can penetrate into the nonpolar cavity of
B-cyclodextrin and kick out the [60]fullerene from the cavity), thus giving an
indication that toluene is unable to penetrate into the complex as toluene does not

dissolve the disaccharides’>.
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Figure 5.2.4 UV-Vis spectra of lactose, Cg, lactose-Cqy complex and inset Cg

extracted from complex by toluene.
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5.2.3.4 Thermogarvimetric Analysis (TGA)

The stoichiometry of the lactose-Cgp complex was evaluated from the
thermogravimetric analysis as shown in Figure. 5.2.5. A small mass loss due to the
loss of structural water molecules at the beginning was found in the lactose and
lactose-Cgp complex followed by a larger mass loss corresponding to the
decomposition of the glucose units of the lactose. The second mass loss for the
lactose-Cgp complex was observed to be at lower temperature compared to pristine
lactose, due to the modification of glucose units environment after formation of
complex with [60]fullerene. Generally, lactose can form complexes with [60]fullerene
in the ratio of (1:1, 2:1, 3:1, 4:1,...) with possibile ratio of (1:2, 2:2, 3:2, 4:2,...). The
theoretical, calculated mass content of lactose in the complex for these ratio could be
(32.20%, 48.71%, 58.76%, 65.52%,...) and also possibility of (19.19%, 32. 20%,
41.60%, 48.57%,...). The TG data of the lactose-Cgy complex show that the total mass
loss at 375°C is 65.18%3°*°. This value indicates that the ratio between lactose and

Ceo complex is 4:1.
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Figure 5.2.5 TGA curves of lactose, Cgo and lactose-Cgp complex.
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5.2.3.5 Nuclear Magnetic Resonance Spectroscopy (NMR)

Further corroboration for the formation of non-covalent complex was obtained
through NMR spectroscopy. Proton nuclear magnetic resonance provided direct
evidence of supramolecular non-covalent interactions and this was confirmed by
upfield or downfield shifts of the proton signals®**. The 'H NMR spectra (Figure
5.2.6) of the complex showed a considerable upfield shift of the parent protons of
lactose due the formation of complex and >C NMR spectra (Figure 5.2.7) of the
lactose-Cgp complex shows all the carbon chemical shift of the parent lactose along
with the chemical shift at 165.27 ppm which is due to the presence of Cgp with some

chemical shift of the lactose carbon skeleton’®.

Upfiled shift

Lactose-C, | Complex

Lactose

Figure 5.2.6 'H NMR spectra of lactose and lactose-Cyo complex in D,O.
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Figure 5.2.7 BCNMR spectra of lactose and lactose-Cgy complex in D,O.

5.2.3.6 X-ray Diffraction (XRD)

All the complexes were subjected to XRD investigation and surprising result
was that the complexes were highly crystalline. Figure 5.2.8 depicts the X-ray
diffraction pattern of the Cg, lactose and freeze-dried lactose-Cep complex. The
signals were observed at (26=12.44, 16.32, 19.10, 19.52, 19.92, 20.78, 21.16, 22.72,
23.66, 25.52, 27.40, 36.20, 37.88°) and the product isolated has nearly similar peaks
corresponding to lactose with some decrease in the intensity and little peak shift. It
can be seen that the complex has a similar crystalline structure to the parent lactose
(260=12.36, 16.12, 18.82, 19.28, 19.7, 20.56, 21.02, 22.54, 23.56, 25.34, 27.24, 35.88,
37.28°) and [60]fullerene (26=10.68, 17.58, 20.68, 21.60, 27.34, 28.04, 30.74,
32.70°), with the retention of the crystalline structure of lactose’>”’. This type of
behaviour is completely different from the inclusion complex of [60]fullerene with
any crystalline host where the host looses its crystalline nature and becomes
amorphous®>>*. Thus, it was obvious that the crystalline complexes were formed due
to the self-assembly of the disaccharide and the fullerene molecules led to

arrangement of molecules in directional order.
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Figure 5.2.8 X-ray diffractogram of (a) Cg, (b) lactose and (c) lactose-Cgy complex.

5.2.3.7 Transmission Electron Micrograph (TEM) and Static Light Scattering
(SLS)

The unique self-assembly and retention of the crystalline nature of the lactose-
Ceo complex was further confirmed by the transmission electron micrographs (TEM)
as shown in Figure 5.2.9 (a). The lactose-Cgy complex was found spherical in shape
with uniform crystalline aggregates of about 60+£5 nm. The particles size obtained
from static light scattering (SLS) measurements as shown in Figure 5.2.10 also
support the prior inference drawn from the TEM micrographs. Even though the
concentration of complex in aqueous solution was increased, the particle size does not
change and was found to be 60+£5 nm. High resolution TEM (HRTEM) shows a
regular array of the [60]fullerenes with lactose with the lattice spacing between the
fullerene molecules of the order of 0.34 nm (Figure 5.2.9 (a), Inset). This is similar to
the lattice spacing between the [60]fullerene crystal planes in the solid state™ .

Moreover, the lactose-Cso complex shows self-assembly as shown in Figure 5.2.9 (b)

due the strong non-covalent integrations such as van der Waals forces, hydrogen-
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bonding, hydrophilic/hydrophobic interactions, n-m stacking interaction, electrostatic

interactions, donor and acceptor interactions, etc

Figure 5.2.9 (a) TEM micrograph of lactose-Cgy complex; inset: HRTEM image of
Ceo lattice (b) spherical self-assembly of lactose-Cgo complex (c) histogram of lattice

spacing.
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Figure 5.2.10 Particle size of lactose-Cgyp complex by static light scattering.
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5.2.3.8 Molecular Modeling

Different views of space-filling molecular models of the three-dimensional
conformation of the lactose-Cgp complex are shown in Figure 5.2.11. The host and
guest molecules were independently built up, and their geometry was optimized. The
overall structure of these possible models of complex was again subjected to energy-
minimization. The final energy-minimized molecular model indicates that Cg was
surrounded by four lactose molecules in a spherical form. This model also supported
from the results obtained by TEM analysis as shown in Figure 5.2.9, lactose
molecules are arranged spherically around the [60]fullerene. Furthermore, such units

are coming together to form self-assembly about 60 nm and then these self-assembly

coming together to form 500 nm cluster.

£

2
=3

Figure 5.2.11 Space-filling energy-minimized (MM2) molecular models showing

different views of lactose-Cgy complex.
5.2.3.9 Radical Scavenging

The stable free radical has been used to study the antioxidant activities of
phenols and catechol. In these reactions, the antioxidant transfers a hydrogen atom to
the radical, which leads to a decrease of the characteristic UV-Vis absorption intensity
in the spectrum of DPPH. To demonstrate the radical scavenging property of water-
soluble [60]fullerene we utilized the DPPH reaction with lactose-Cgy complex. The
progress of the radical scavenging reaction of lactose-Cgy complex was measured by
taking UV-Vis absorbance at definite interval of time as shown Figure 5.2.12. It was

observed that pristine DPPH in ethanol shows maximum UV-Vis absorbance at 517
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nm, while lactose-Cgp complex in water shows maximum UV-Vis absorbance at 348
nm. When these two solutions were mixed together the maximum UV-Vis absorbance
of DPPH shifted to 527 nm from 517 nm. It could be further seen that the absorbance
of this maximum decreased steadily with time and we can observe that the pink colour
of the radical being bleached gradually. The reaction of DPPH with water-soluble
lactose-Cgp complex proceeded at a comparatively slower rate, the pink color of the
radical being bleached gradually. Nevertheless, the decrease in absorbance is
detectable within minutes of the reaction. To observe the solvent effect on DPPH
scavenging blank experiment was conducted without lactose-Cso complex by mixing
DPPH solution and water. However, there was no considerable change in absorbance

at the characteristic peak maximum was observed even after several hours of contact.
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Figure 5.2.12 Color bleaching UV-Vis spectra of radical scavenging of most stable

free radical DPPH with lactose-Cgp complex.
5.2.3.10 Kinetics of Radical Scavenging Reaction

The lactose-Cso complex has a large number of reaction sites on its z-surface

of Cgp; each Cgp molecule is capable of reacting with a number of DPPH radicals.
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Hence, in terms of molar equivalents, the concentration of Cep in effect is very high
compared to that of DPPH during the initial stages of the reaction, while the
concentration of DPPH would decrease steadily with time, the concentration of
lactose-Cgp complex would practically remain constant. The reaction between lactose-
Ceo complex and DPPH follows the first-order reaction rate law {In [a(a - x) '] = kt}.
The plot of the term In [a(a - x) '] vs. reaction time (¢, min) is shown in Figure 5.2.13,
where a denotes the initial DPPH concentration and (a - x) the concentration of DPPH
at different reaction times, evaluated from the DPPH standard curve, led to a straight
line with a satisfactory correlation of 0.9814. The pseudo-first-order rate constant (k)
was evaluated to be 1.05 x 10~ min"'. However, there was a deviation from linearity
beyond 120 min, indicating that the pseudo-first-order reaction condition no longer
remains valid beyond this stage i.e., the concentration of lactose-Cgp complex begins
to perceptively decrease beyond a certain stage of the reaction. The pseudo-first-order
reaction of DPPH observed in the early stages of the reaction further indicates that

multiple sites of each Cgp molecule reacted with DPPH.
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Figure 5.2.13 Pseudo-first-order rate correlations for DPPH in of reaction between

DPPH and lactose-Cgy complex.
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5.2.4 Conclusions

The present study demonstrated an eco-friendly and low cost protocol for the
aqueous solubilization of fullerenes by self-assembly with disaccharides. The
identification of lactose complex with [60]fullerene suggested that one [60]fullerene
ball was surrounded by four lactose molecule in a spherical nanostructure with
retention of crystalline nature of the parent compounds. The self-assembly was
formed due to the van der Waals force, charge transfer complex and hydrogen
bonding. The solubility and stability of [60]fullerene-disaccharide complex was found
to be higher than the traditional [60]fullerene-cyclodextrins inclusion complex. The
similar observation has been observed for the [70]fullerene-disaccharides. The
preliminary radical scavenging studies with most stable free radical DPPH in aqueous

system suggest that the complex has potential bio-medical application.
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Chapter 6

Surface Immobilization of Carbon Nanotubes by B-Cyclodextrins and Their

Inclusion Ability
6.1 Introduction

The rich chemistry of carbon allotropes and methods for their commercial
mass-production has attracted and inspired scientists of all over the world to evaluate
them for a wide range of applications'>. Among the commercially available carbon
allotropes, carbon nanotubes (CNTs) show exceptional applications in materials
science, nanotechnologies and medicinal chemistry owing to their unique electrical,
mechanical, ultra-light weight and thermal properties’®. The excellent electron
affinity and charge transfer capability make CNTs attractive for a number of various
applications such as adsorbent, catalyst, bio-sensing electrode, solar cell, photo
sensitizer, super conducting material, gas sensor, transistor, hydrogen storage and so

-12
01’17

. However, the vital biomedical applications of CNTs are still under developed
due to major barriers i.e. limited reactivity and water-insolubility owing to their strong
n-m stacking interactions and high aspect ratio'>'®. Thus, the extensive research is
being undertaken to develop new dispersion techniques, which allows using the
properties of CNTs in water and other polar solvents' . Several covalent and non-
covalent strategies have been attempted for the dispersion of CNTs in water and other
organic solvents®'. In covalent approaches, carboxylic acid, halogenated and azide
functionalized CNTs have been effectively attached to the solubilizing agents®. In
non-covalent approaches, CNTs were effectively wrapped by aromatic molecules,

2325 . .
. However, the demerit of using non-covalent

polymers and surfactants
interactions to make CNTs hybrids is that in a competitive reaction medium the
adsorbed molecule could be easily displaced from the CNTs surface™. In general, for
pursuing the practical applications of CNTs, the dispersion of CNTs in different

solvents continues to be a challenge.

Recently, the considerable interest has been devoted for the dispersion of
CNTs?”*®, Despite the several methods described for the preparation of water-
dispersible CNTs in literature; efforts are continuing to find simpler, biocompatible

and more inexpensive routes for functionalization of CNTs in order to elevate their
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dispersibility. The surface modification of CNTs through covalent-noncovalent
functionalization with supramolecular molecules is crucial for developing high
performance materials based on CNTs and supramolecular materials®*. The controlled
covalent-non covalent functionalization of CNTs with cyclodextrins improves their
dispersibility with the simultaneous retention of their unique characteristic

properties®”'. Cyclodextrins has been effectively used for the soft cutting of CNTs™.

Cyclodextrins are well known to serve as good host molecules for the aqueous

solubilization of carbon allotropes®~*

. The covalent attachment of cyclodextrin
molecules on the surface of CNTs is an effective option of bringing the guest
molecule closer to the CNTs surface and thus enhancing the interaction between the
guest and CNTs™. Recently, it was realized that combination of cyclodextrins and
carbon materials by covalent functionalization generates a new class of materials with
more advanced properties and applications than the pristine precursors and non-
covalent interaction®®. The covalent attachment of molecules to CNTs broadens the
range of potential applications of CNTs systems and allows one to tailor the
properties of modified CNTs’. The B-cyclodextrin is most common, cheapest and
widely used among the commercial available cyclodextrins. Selective replacement of
hydroxyl groups with other functional groups have been shown to remarkably
improve the reactivity and solubility of the native B-cyclodextrin. However, presence
of similar hydroxyl groups makes selective modification of B-cylodextrin extremely
difficult, although regioselective modification of B-cyclodextrin was achieved by
using geometry of reagents, which can result in a selectively difunctionalized B-
cyclodextrin to improve water-solubility, moderate inclusion ability and reactive

functionality”.

Investigations of the photophysical properties of photosensitive molecules on
CNTs are of interest as they provide the scientific basis for hybrid materials with

%39 and light harvesting devices*’. Cho et al

potential applications as optical sensors
developed a CNT-chromophore based pH sensor in which a fluorescent dye (pyrene)
was attached to the surface of CNT by a pH sensitive polymeric linker that coils up at
low pH and causes quenching of the dyes’. CNTs have been used as substrates in
immunoassays. CNT-electrodes were decorated with antibodies that can bind

antigens, allowing an electrochemiluminescence-active second antibody to bind,
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thereby enabling detection of the antigen*'. CNT-polymer hybrids and CNT-

phthalocyanine hybrids have been developed as lightharvesting devices*”.

This chapter describes the surface immobilization of CNTs with (-
cyclodextrins along the wall of CNTs using covalent amide linkages. For this purpose,
both B-cyclodextrin and CNTs were functionalized. Thus, p-cyclodextrin was
modified with reactive amino functional groups and CNTs were functionalized to
generate carboxylic groups on the surface. The amine functionality on the primary
side of the B-cyclodextrin was effectively used, as it can react with carboxylic group
of CNTs via amide linkage. The presence of -cyclodextrin on the surface of CNTs
can provide not only excellent water-dispersibility to the CNTs but also site for

inclusion of guest molecules or ions for interaction with the nanotube surface.
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6.2 Experimental

6.2.1 Materials

Selectively diamino-functionalized B-cyclodextrin was synthesized in Chapter 2 used
as reagent. MWCNTs were purchased from Wako Pure Chemical Industries, Ltd. and
purified by refluxing in concentrated (69 %) HNO; for 2 days, followed by washing
with concentrated hydrochloric acid and then water on a Millipore VC membrane
(pore size = 0.1 um). 1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride
(EDC) and phosphotungstic acid was purchased from Sigma-Aldrich Chemical Co.
Rhodamine 6G was a product of Acros Chemical Co. All other chemicals were
commercial products of reagent grade and used without further purification. Water
was purified by distillation and deionized using a Millipore Milli-Q Laboratory
purification system (resistance greater than 18.2 MQ) and used throughout the

experiments.
6.2.2 Measurements

FTIR spectroscopic measurements were recorded on a Nicolet-6700 spectrometer at
10 resolution and 32 scans using a KBr pellet method. Thermogravimetric analyses
(TGA) were done on a TGA Q500 instrument with a heating rate of 10°C/min in the
mixed atmosphere of nitrogen and oxygen in the ratio 60/40. The thermobalance was
calibrated with an alumel alloy and nickel for temperature settings and with a 100 mg
standard for weight accuracy. Sample (5.5 + 0.5 mg) was placed on a tarred aluminum
balance pan and transferred to the furnace at room temperature, where the exact
sample weight was determined. The measurements of energy-dispersion X-ray
spectrometry (EDS) of powders on the carbon tape after gold-coating were performed
on a JEOL JSM-6500F at an operation voltage of 20 kV. Transmission Electron
Microscopic (TEM) images were obtained on a Hitachi H-700 equipped with a
charge-coupled device camera, operating at an accelerating voltage of 100 kV. The
specimens for TEM were prepared by directly dropping the dispersion of
corresponding products onto the carbon-coated copper grids and dried under bulb.
Fluorescence spectra were recorded on a HITACHI F-3010 fluorometer with a 10 mm

path cell.
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6.2.3 Carboxylic acid Functionalization of MWCNTSs

Carboxylic acid-functionalized MWCNTs (CNTs-COOH’s) were obtained by
refluxing 20 mg of purified MWCNTS in 20 cm® concentrated HNO3s/H,SO;4 (3:1, v/v)
for 24h after 2h sonication. After centrifugation, washing several times with water and
drying overnight in vacuum oven at 60°C, the solid obtained was subjected to FTIR
analysis to check the effective surface functionalization of MWCNTSs with carboxylic

groups.
6.2.4 Surface Immobilization of MWCNTs with B-Cyclodextrins

The carboxylic acid functionalized MWCNTSs were immersed into 30 cm’ of a freshly
prepared 10 mM EDC solution to convert the carboxylic groups of MWCNTs into
active ester (2 in Scheme 6.2). After activation for 30 min, 100 mg of diamino [3-
cyclodextrin was added and the reaction mixture was allowed to stir for 24h at room
temperature. The excess of diamino B-cyclodextrin and byproducts obtained during
the progress of reaction were removed by washing with water and dialyzing with a
polymer membrane (MWCO 2K) for 24h. The product, denoted as B-cyclodextrin-
modified MWCNTs, was obtained by centrifugation and drying at 60°C for 24h. The

reaction and mechanism is shown in Scheme 6.1 and Scheme 6.2, respectively.

__—COOH
NH, H,N
HOOC™ | —
HNO, + H,50, o éNH HN‘C . CNH HNC oo CNl-l HN
| _—COOH (\ A
Reflux, 2 days
Y o OH
HOOC™ | Diamino B-Cyclodextrin
—
EDC, H,0
RT, 24h
COOH
MWCNT HOOC C—O 0= C £=00=C
Oxidized MWCNT NH BN, NH HN NH HN
. OH OHl OH OHl
B-Cyclodextrin Modified MWCNT

Scheme 6.1 Synthetic reaction scheme of chemical immobilization of B-cyclodextrins

on MWCNTs.
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Scheme 6.2 Mechanism for the reaction of diamino B-cyclodextrin with oxidized

MWCNT by an activated ester intermediate.
6.2.5 Sample Preparation for Fluorescence Measurement

A 5.0 x 10° M rhodamine 6G solution and a 25 pg/mL B-cyclodextrin-modified
MWCNTs solution were prepared in water. The rhodamine 6G solution (1 mL) was
added to the different volumes (1-9 mL) of a B-cyclodextrin-modified MWCNTs
solution and then adjusted to a total volume of 10 mL by adding water. The mixtures
were stirred and then allowed to equilibrate for 8h before fluorescence measurements.
Thus, the final concentration of rhodamine 6G was constant (5.0 x 10 M) and the
concentration of B-cyclodextrin-modified MWCNTs was varied between 0-22.5

ug/mkL.
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6.3 Results and Discussion
6.3.1 Characterization of p-Cyclodextrins Immobilized on MWCNTSs
6.3.1.1 Fourier Transform Infrared Spectroscopy (FTIR)

B-cyclodextrin-modified MWCNTSs was synthesized by covalent attachment of
oxidized MWCNTs with diamino B-cyclodextrin (Scheme 6.1) through amide
linkages using water-soluble condensation agent EDC. Figure 6.1a shows a FTIR
absorption spectrum of oxidized MWCNTs. The spectrum exhibited bands at 1720
and 1560 cm™ due to -C=0 stretching and -COO" antisymmetric stretching vibration
modes, respectively, indicating the presence of carboxylic acid and carboxylate
groups on the surface of MWCNTs after treatment with acid mixture**. The bands
at 3440 and 1640 cm” come from traces of water. The covalent amide linkages
between MWCNTs and modified B-cyclodextrin were confirmed from the FTIR
spectra shown in Figure 6.1b and 6.1c. In the spectrum of diamino B-cyclodextrin
(Figure 6.1Db), the absorption bands were found at 3368, 2920, 1660, 1155, and 1029
cm’™, which could be assigned to the typical hydrogen bonded —OH stretching, -C-H
stretching, -OH bending band, -C-O stretching and —C-O-C stretching absorption
bands of p-cyclodextrin. Incidentally, the FTIR absorption spectrum of -
cyclodextrin-modified MWOCNTSs exhibited similar absorption bands to -
cyclodextrin, indicating the binding of B-cyclodextrin on MWCNTs and the retaining
of the pristine structure of B-cyclodextrin after the modification with MWCNTs.
Besides, there was disappearance of absorption bands at 1720 and 1560 cm™ of
oxidized MWCNTs was observed. Moreover, the typical peak of amide band at 1674
cm” was hindered over the typical broad peak of B-CD. These results clearly suggest
that carboxylic groups of MWCNTs were completely exhausted by chemical reaction
with diamino B-cyclodextrin, confirming the successful attachment of diamino B-

cyclodextrin onto the surface of CNTs through covalent amide linkages.
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Figure 6.1 FTIR spectra of (a) oxidized MWCNTs, (b) diamino B-cyclodextrin and
(c) B-cyclodextrin-modified MWCNTs.

6.3.1.2 Dispersibility

One of the very convincing and visible evidence of surface modification of
MWCNTs with B-cyclodextrins was the water-dispersibility of these nanotubes. A
comparison of the dispersibility is shown in Figure 6.2. Same quantities of all the
three samples of (a) pristine MWCNTs, (b) oxidized MWCNTs and (c) B-
cyclodextrin-modified MWCNTs were suspended in equal volume of water and
stirred for half an hour and left as it is. Within few minutes the pristine MWCNTs
settled down to the bottom of the petri dish, whereas the oxidized MWCNTs did not
precipitate at short time like one hour but settled down after Sh. In the case of f-
cyclodextrin-modified MWCNTs, the MWCNTs were stable with no visible
precipitation in the aqueous system and product was not settled down even after

several months.
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Figure 6.2 Dispersibility of (a) pristine MWCNTs, (b) oxidized MWCNTs and (c) -
cyclodexrin-modified MWCNTs.

6.3.1.3 Thermogravimetric Analysis (TGA)

To further confirm the surface modification of MWCNTSs, the obtained
product was analyzed by TGA and compared to the starting materials i.e. diamino (-
cyclodextrin and oxidized MWCNTs. Figure 6.3 shows the TGA curves of oxidized
MWCNTs, diamino B-cyclodextrin and B-cyclodextrin-modified MWCNTs. As
shown in Figure 6.3a, the oxidized MWCNTSs showed weight loss at the temperature
range of 500-700°C. On the other hand, diamino B-cyclodextrin (Figure 6.3b)
displayed weight loss in three steps including the weight loss of contaminants (and/or
water) and was completely decomposed up to 500°C. On a TGA curve of the B-
cyclodextrin-modified MWCNTs (Figure 6.3c), the weight loss happened through
some steps up to 630°C. Then weight content of B-cyclodextrin in B-cyclodextrin-
modified MWCNTs was determined by weight comparison in the TGA curves at
500°C, and evaluated to be about 69 wt%. Therefore, the weight content of covalently

bonded diamino B-cyclodextrin was estimated to be ~69 wt%.
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Figure 6.3 TGA curves of (a) oxidized MWCNTs, (b) diamino B-cyclodextrin and (c)
B-cyclodextrin-modified MWCNTs.

6.3.1.4 Energy Dispersive Spectroscopy (EDS)

EDS analysis was also carried out on the pristine MWCNTs, oxidized
MWCNTs and B-cyclodextrin-modified MWCNTs and the results are given in Figure
6.4. The EDS results are quite convincing in the sense that the carbon content is
reducing from the pristine MWCNTs to the oxidized MWCNTs and the B-
cyclodextrin-modified MWCNTs with a corresponding increase in the elemental
content of oxygen owing to effective oxidation of MWCTNs and surface

immobilization of diamino B-cyclodextrins on MWCTNSs.

174



Element Weight% Atomic%

C LUNE .36
0 0.84 0.63

Atomic %

7812

Weight%

48.79

o I 2 3
Full Zcale 100 is Cursar [ {1LE]

Figure 6.4 FE-SEM combined EDS of (a) pristine MWCNTs, (b) oxidized MWCNTs
and (c) B-cyclodextrin-modified MWCNTs.

6.3.1.5 Transmission Electron Micrograph (TEM)

The visible and direct confirmation of successful surface immobilization of
diamino B-cyclodextrins on the surface of MWCNTSs comes from the Transmission
Electron Microscopic images. Figure 6.5 shows the TEM images of pristine
MWCNTs, oxidized MWCNTs, B-cyclodextrin modified MWCNTSs without staining
and B-cyclodextrin modified MWCNTs staining with phosphotungstic acid. From the
TEM images of pristine MWCNTs (Figure 6.5a) and oxidized MWCNTs (Figure
6.5b), we can observe the surface cleaning after treatment with acid mixture at reflux
temperature; acid treatment process can remove extra metal catalyst, amorphous
carbon and carbon nanoparticles which were formed during the course of production
of MWCNTs. In the case of B-cyclodextrin-modified MWCNTs without staining
(Figure 6.5¢) it was difficult to see the surface immobilization of MWCNTs with -
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cyclodextrins although some haziness can be observed on the surface of MWCNTs
ascribed the surface functionalization of MWCNTs with diamino B-cyclodextrin. In
the case of B-cyclodextrin-modified MWCNTs staining with phosphotungstic acid
(Figure 6.5d), results in black stains (high contrast spots) on the surface of MWCNTs.
This is due to the adsorption of phosphotungstic acid on the amide linkages. From the
TEM images it can be seen that the acid treatment and surface immobilization of

MWCNTs with B-cyclodextrins does not damage the surface of MWCNTs.

Figure 6.5 TEM images of (a) pristine MWCNTs, (b) oxidized MWCNTs, (c) B-
cyclodextrin-modified MWCNTs without staining and (d) B-cyclodextrin-modified
MWCNTs staining with phosphotungstic acid.
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6.3.2 Inclusion Ability of B-Cyclodextrins Immobilized on MWCNTs
6.3.2.1 Fluorescence Spectroscopy

One of the efficient methods to confirm the functionality (especially inclusion
ability) of B-cyclodextrin on the CNTs surface is to see if any organic molecule can be
included into the B-cyclodextrin cavity and probed with a suitable technique. Thus,
the fluorescence emission of rhodamine 6G excited at 480 nm in aqueous solutions
containing various concentrations of diamino B-cyclodextrin, oxidized MWCNTs and
B-cyclodextrin-modified MWCNTs, respectively, was recorded. The results of these
measurements are shown in Figure 6.6. The maximum emission intensity was

observed at 554 nm for all systems.
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Figure 6.6 Fluorescence spectra (excited at 480 nm) of rhodamine 6G (5 x 10°M) in
aqueous solutions of (A) diamino B-cyclodextrin, (B) pristine MWCNTs, (C) oxidized
MWCNTs and (D) B-cyclodextrin-modified MWCNTs at different concentrations:
(@) 0, (b) 2.5, (c) 5.0, (d) 7.5, (e) 10.0, (f) 12.5, (g) 15.0, (h) 17.5, (i) 20.0 and (j) 22.5

ug/mL.
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In the presence of pristine diamino (-cyclodextrin, the fluorescence intensity
of thodamine 6G increased with increasing concentration of diamino B-cyclodextrin
as expected (Figure 6.6A). This phenomenon was observed due to the formation of
inclusion complex which due to the rotation of the rhodamine 6G molecule is
hindered, and the relaxation of the solvent molecules is considerably decreased. Both
of these effects can result in a decrease in the vibrational deactivation. The non-polar
cavity of B-CD protects the quenching of the rhodamine 6G emission by water
molecule. The CDs cavity behaves similarly to the organic solvent which gives non-
polar surrounding for the included molecule. This altered microenvironment can
provide favorable polarity for enhanced quantum efficiencies and hence the intensities
of fluorescence increase. Though rhodamine 6G is not a small molecule to include
into a single B-cyclodextrin unit, it can be included into two B-cyclodextrin units
(Scheme 6.3a), thus forming a 2:1 complex with B-cyclodextrin and leading to the
increase in the fluorescence intensity. Meanwhile, the fluorescence intensity was
reduced in the presence of pristine MWCNTs, oxidized MWCNTs and -
cyclodextrin-modified MWCNTs (Figure 6.6B, 6.6C, 6.6D). The mechanism of
fluorescence hypochromic effect of rhodamine 6G by the pristine nanotubes (Scheme
6.3b) can be explained by the wrapping of the rhodamine 6G on six-ringed structure
of the nanotubes surface. This is expected for pristine CNTs in the aqueous solution,
since the strong n-r stacking interaction between the rhodamine 6G and the surface of
the CNTs results in the fluorescence quenching. The similar fluorescence reduction of
rhodamine 6G on oxidized MWCNTs and B-cyclodextrin-modified MWCNTs is the
indication to the fact that though covalent functionalization of the CNTs has taken
place and the modification of the m structure on the surface, the CNTs still retains the

essential property of the nanotubes, as the inner tubes are still intact.

Especially, the reduction of the fluorescence intensity of rhodamine 6G in the
presence of the P-cyclodextrin-modified CNT is a surprising result, because
apparently the rthodamine 6G molecule is not included into the cavities of two B-
cyclodextrins or in other words the 2:1 inclusion complex is not formed in this case
(Scheme 6.3c). This could be derived from the reason that the B-cyclodextrins are
now tethered on the nanotubes surface and are not as mobile or ‘free’ as in the case of

the pristine diamino B-cyclodextrin. Therefore, thodamine 6G molecule is partially
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included into non-polar cavity of B-cyclodextrin and also adsorbed on the surface of

MWCNTs.

(@)

nonpolar-nonpolar interaction 7-7 interaction

nonpolar-nonpolar and n-w interaction

Scheme 6.3 Schematic illustrations of the formation of B-cyclodextrin-dye inclusion

complex and the adsorption of dyes on MWCNTs.

Additional insights were obtained from the analysis of the fluorescence
intensity depending on concentration of rhodamine 6G. It can be seen from Figure 6.7
that the emission intensity at 554 nm of rhodamine 6G decreases for all the three (a)
pristine  MWCNTs, (c¢) oxidized MWCNTs and (d) B-cyclodextrin-modified
MWCNTs. However, the profile of the decrease varies for all three. While the
intensity decreases linearly with concentration of pristine MWCNTs, at the
concentration beyond 2.5 pg/mL for the cyclodextrin-modified MWCNTs, it shows a
linear decrease with a similar slope to that for pristine MWCNTs. However, the initial
decrease with a steeper slope exists at the concentration below 2.5 pg/mL for the -
cyclodextrin-modified MWCNTs. This indicates that the mechanism of the initial
fluorescence hypochromism results from a different origin. The possible mechanism
of the fluoresecence hypochromism at the initial concentration is strong n-n stacking
interaction of rhodamine 6G with well dispersed B-cyclodextrin-modied MWCNTs.
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The schematic illustration of the complexes between rhodamine 6G and -

cyclodextrin-modified MWCNTs is given in Scheme 6.3.
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Figure 6.7 Change in fluorescence intensity at 554 nm of rhodamine 6G (5 x 10° M)
as a function of concentration of (a) pristine MWCNTs, (b) diamino B-cyclodexrin,

(c) oxidized MWCNTs and (d) B-cyclodextrin-modified MWCNTs in water.

The fluorescence hypochromism of oxidized MWCNTs also shows two steps
but the slopes are different from those of B-cyclodextrin-modified MWCNTs. Since
the oxidized MWCNTs has many carboxylic acids on MWCNTs surface, cationic
rhodamine 6G can electrostatically bind with carboxylic acids on MWCNTs in the
initial stage and sequentially may give rise to the m-m stacking interaction with the
surface of the CNT, although the latter interaction should be affected by the

coexisting electrostatic interaction and/or carboxylic acid.
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The hypochromism efficiency can be estimated from the Stern-Volmer
constants which were evaluated from the Stern-Volmer equation given below and

plots given in Figure 6.8.

Stern-Volmer equation
Iy
7 =1+K [Q] (6.1)

Where, Iy and I are the fluorescence intensity of Rhodamine 6G in absence and
presence of quencher [Q], K, and [Q] are Stern-Volmer quenching constant and
concentration of quencher, respectively. These constants are listed in Table 6.1. The
constant for the B-cyclodextrin-modified MWCNTSs was 1.6 and 23 times higher than
that for the pristine MWCNTs and the oxidized MWCNTs, respectively.
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Figure 6.8 Stern-Volmer plots for (a) pristine MWCNTs, (b) oxidized MWCNTs and
(c) B-cyclodextrin-modified MWCNTs.
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Table 6.1 Hypochromism constants for pristine and modified MWCNTs calculated

from fluorescence intensities

Sample Stern-Volmer Constant , (K,) (M'l)
pristine MWCNTs 1036

oxidized MWCNTs 71
B-cyclodextrin-modified MWCNTs 1641
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6.4 Conclusions

The water-dispersible hybrid material denoted as B-cyclodextrin-modified
MWCNTs was achieved by simple conventional covalent bond formation technique.
The successful attachment of B-cyclodextrin on the surface of MWCNTs was
effectively characterized by conventional techniques like FTIR, TGA, EDS and TEM
analyses. This synthetic method provided enough number of -cyclodextrin units on
the surface of MWCNTSs. On one hand the procedure affords easy dispersion of CNTs
in water, and on the other it serves as nanocavities on the surface of the MWCNT for
interaction with the CNT. Then the nanocavities can include either metal ions or
organic molecules, which are sufficiently small to ‘fit’ into the B-cyclodextrin cavity,
as exemplified by the inclusion of rhodamine 6G and support the potential for using

this material for targeting specific sensors.
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Summary of the Thesis

This thesis describes the synthesis of the selectively modified difunctional (-
cyclodextrin without protection and deprotection of the other primary hydroxyl
groups by oxidoreductive reaction. The selectively modified cyclodexyrin derivatives
used as monomers for the synthesis of linear highly water-soluble polymers consisting
B-cycloidextrin as a part of the main-chain of the polymers. Water-soluble
cyclodextrin and polyethylene glycols based polymers were also synthesized by
polycondensation reaction with cyanuric chloride as a linking agent using the
temperature dependent reactivity of three chlorine atoms of cyanuric chloride. The
synthesized cyclodxetrin based polymers were effectively used for the aqueous
solubilization of hydrophobic antiepileptic drug carbamazepine using phase solubility
and dissolution studies. Moreover, the fluorescence properties of pyrene in presence
of cyclodextrin and cyclodextrin based polymers were also studied. The selectively
modified difunctional cyclodextrin derivatives have been effectively used for the
solubilization of the two hydrophobic carbon allotropes fullerenes and carbon
nanotubes. The process involves covalent functionalization of carbon allotropes with

reactive cyclodextrin derivatives.

Chapter 1 gives an introduction to the focus of the thesis and the review of

existing literature on the scientific problems.

Chapter 2 describes the synthesis and characterization of three important
water-soluble B-cylodextrin based monomers by oxidoreductive substitution reaction
without protection and deprotection steps. The B-cyclodextrin has 14 secondary
hydroxyl groups on the wider rim and 7 primary hydroxyl groups on the narrow rim.
Selective modification of cyclodextrins without protection is an extremely difficult
task because of similar functionalities compete for the same reagent and result in
multi functional cyclodextrins, though geometry of reagents has been attempted for
the selective modification of cyclodextrins. The three major substitutions (iodo, azido
and amino) on the primary side of the cyclodextrin was successfully introduced using
bulky disubstituted reagent biphenyl 4,4’-disulphonyl chloride which can react only
two specific primary hydroxyl groups of B-cyclodextrin. The synthesized water-
soluble PB-cyclodextrin based monomers were characterized by conventional

spectroscopic techniques. These three major cyclodextrin monomers which have
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reactive functional groups, enhanced inclusion ability and good water-solubility are
further used for the preparation of water-soluble main-chain polymers and also used
for the aqueous solubilization of two major carbon allotropes fullerenes and carbon

nanotubes.

Chapter 3 describes the synthesis of linear highly water-soluble B-cyclodextrin
based polymers using short linkers (cyanuric chloride, polyethylene glycols, urea and
thiourea) to connect the B-cyclodextrins and selectively modified B-cyclodextrins. The
water-soluble polymers had f-cyclodextrins in the main-chain. The controlled
conditions were used to prevent the crosslinking of monomers. The synthesized
polymers were purified by ultrafiltration using MWCO=1K membrane and solid
polymers were isolated by freeze-drying. The physico-chemical properties of the
synthesized polymers were characterized by FTIR, NMR spectroscopy, XRD and
Thermogravimetric analysis (TGA). As expected the synthesized B-cyclodextrin
based polymers have more aqueous solubility as compared to parent B-cyclodextrin.

Thus, such types of polymers are quite useful for the drug delivery applications.

Chapter 4 describes the inclusion complexation (ICs) of water-insoluble drug
(carbamazepine) and pyrene with parent B-cyclodextrin and synthesized J-
cyclodextrin based polymers. The inclusion formation of carbamazepine with f-
cyclodextrin and B-cyclodextrin based polymers were characterized by UV-Vis, FTIR
and NMR spectroscopic techniques. The formation of 1:1 inclusion complex of
carbamazepine was found from phase solubility diagram. The aqueous solubilization
of carbamazepine achieved was 0.7 mg/mL as compared to 0.1 mg/mL. The
formation of 1:1 inclusion complex of pyrene with B-cyclodextrin and B-cyclodextrin
based polymers were characterized by fluorescence analysis using Benesi-Hildebrand
equation and plots. Furthermore, the dynamic process of inclusion complex of pyrene

was estimated using a competitive guest molecule adamantol.

The Chapter 5 is divided into two parts. The first part of the Chapter 5
describes the aqueous solubilization of [60]fullerene by covalent as well non-covalent
functionalization of [60]fullerene with the selectively diazido fuctionalized f-
cyclodextrin. This is the time that covalent as well as non-covalent interactions of
[60]fullerene with the modified B-cyclodextrin has been attempted for the
solubilzation of [60]fullerene in aqueous media. The solubility of the B-CD-
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[60]fullerene adduct in water was measured and it was found to be 6.5 mg mL™,
which is greater than that of conventional 2:1 inclusion complex of B-cyclodextrin.
The previously described methods only deal with the non-polar interaction of the
[60]fullerene molecule with cyclodextrins. However, a competitive guest molecule in
the biological media can displace [60]fullerene from the cyclodextrin cavity.
Tethering the [60]fullerene molecule to the cyclodextrin molecule is an effective
option of overcoming this problem and also the advantage of more [60]fullerene
surface area. The B-CD-[60]fullerene adduct was stable enough from that fullerene
was not extractable which have been characterized by simple comparison of
extraction of [60]fullerene from 2:1 inclusion complex of B-CD inclusion complex.
The evidence for the both covalent and non-covalent interactions between selectively
modified B-cylodextrin and [60]fullerene comes from the FTIR, UV-Vis, NMR and
thermogravimeric analysis of the P-CD-fullerene adduct. Supramolecular self-
assembly and morphology behavior of adduct was investigated by SEM, TEM, XRD

and AFM characterizations.

The second part of the Chapter 5 describes the aqueous solubilization of
[60]fullerene/[70]fullerene which was also achieved by self-assembly with
disaccharides in mixed homogeneous solvent system. The complexation of extremely
water-insoluble [60]fullerene/[70]fullerene dissolved in non-polar solvent and
extremely water-soluble disaccharides dissolved in polar solvent resulted in a highly
water-soluble [60]fullerene/[70]fullerene-disaccharide self-assembled complex. The
interaction between [60]fullerene/[70]fullerene and disaccharides were found to be
non-covalent, characterized by FTIR, UV-Vis, NMR, XRD and TGA analysis. This
study demonstrated a low cost protocol for the aqueous solubilization of
[60]fullerene/[70]fullerene self-assembly by disaccharides as optional to the use of
cyclodextrins that are many times more expensive. The identification of the complex
suggested that [60]fullerene/[70]fullerene molecule was surrounded by four lactose
molecules. The morphology and particles size (self-assembly behavior) of the
complex was determined by Transmission Electron Micrograph (TEM) and Static

Light Scattering (SLS).

Preliminary studies of radical scavenging on the most stable free radical 2,2’-
diphenyl-1-picrylhydrazyl (DPPH) suggested that the prepared water-soluble
[60]fullerene/[ 70]fullerene has potential biological applications.
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Chapter 6 describes the aqueous dispersion of multiwall carbon nanotubes by
covalent immobilization of selectively functionalized B-cyclodextrin. The diamino-
functionalized B-cyclodextrin and carboxylic acid-functionalized CNTs were used to
covalently bind them via amide linkages using 1-ethyl-3-(3-dimethylamino propyl)
carbodiimide hydrochloride as a water-soluble condensation agent at room
temperature. The obtained highly dispersible product denoted as B-cyclodextrin-
modified MWCNTs was characterized by FTIR and energy dispersive X-ray
spectrometry. The thermogravimetric analyses indicated that 69 wt% B-cyclodextrin
was attached on the surface of CNTs. Moreover, the fluorescence sensitizing of
rhodamine 6G suggested that the B-cyclodexrin-modified CNTs have potential

medicinal use.

190



List of Publications

1. Aqueous solubilization of [60]fullerene by selectively modified B-cyclodextrin
Vinod I. Bhoi and C. N. Murthy
Fullerenes Nanotubes and Carbon Nanostructures, 2011, 19(7), 668-676.

2. Surface immobilization of carbon nanotubes by B-cyclodextrins and their inclusion
ability
Vinod I. Bhoi, Toyoko Imae, Masaki Ujihara and C. N. Murthy

Journal of Nanoscience and Nanotechnology, 2012, accepted

3. The self-assembly and aqueous solubilization of [60]fullerene with disaccharides
Vinod I. Bhoi, S. Kumar and C. N. Murthy

Carbohydrate Research, 2012, 359, 120-127.

4. Studies on the pyrene-f-cyclodextrin and B-cyclodextrin polymer guest-host
inclusion complexes by absorbance and fluorescence spectroscopy
Vinod I. Bhoi, K. V. R. Murthy and C. N. Murthy, International Journal of

Luminescence and Its Applications, 2012, 1(2), 82-85

191



List of Presentations

1. Fluorescence studies on the pyrene/cyclodextrin based polymer guest-host
complexes

Vinod I. Bhoi, K. V. R. Murthy and C. N. Murthy

4™ International Conference on Luminescence and Its Applications, February 7-10,

2012, Indian Institute of Chemical Technology, Hyderabad

2. Studies on the pyrene-cyclodextrin based polymer guest-host complexes by
fluorescence spectroscopy

Vinod I. Bhoi, K. V. R. Murthy and C. N. Murthy

XXVI Gujarat Science Congress, February 26, 2012, The M. S. University of Baroda,
Vadodara

3. Surface immobilization of carbon nanotubes by B-cyclodextrins and their inclusion
ability

Vinod I. Bhoi, Totoko Imae and C. N. Murthy

Advances in Polymers Science & Nanotechnology: Design and Structure (PSNDS-
11), December 16-17, 2011, Applied Chemistry Department, The M. S. University of
Baroda, Vadodara

4. Fluorescence studies on the pyrene/cyclodextrin based polymer guest-host
complexes

Vinod L. Bhoi, K. V. R. Murthy and C. N. Murthy

Western Indian Research Scholars Meet (WIRSM-11), September 17, 2011,
Department of Chemistry, The M. S. University of Baroda, Vadodara

5. Functionalization of [60]fullerene using modified B-cyclodexyrin

Vinod L. Bhoi and C. N. Murthy

XXV Gujarat Science Congress, February 26-27, 2011, Gujarat Council of Science
City and Gujarat Science Academy, Ahemedabad

6. Studies on the B-cyclodextrin based polymers for drug delivery applications
Vinod I. Bhoi and C. N. Murthy
11™ International Conference on Frontiers of Polymers & Advance Materials, Macro-

2010, December 15-17, 2010, Indian Institute of Technology Delhi, Delhi

192



7. Nanoencapsulation as a tool to enhance the aqueous solubility of the poorly water-
soluble drugs by cyclodextrin-based polymers

Vinod L. Bhoi and C. N. Murthy

6™ All Gujarat Research Scholars Meet (AGRSM), January 31, 2010, Department of
Chemistry, The M. S. University of Baroda, Vadodara

(Awarded 2" Prize for Oral presentation)

8. Synthesis of highly water-soluble B-cyclodextrin based polymers for aqueous
solubilization of [60]fullerene

Vinod L. Bhoi and C. N. Murthy

Recent Advances in polymer Technology, RAPT-2009, December 28-29, 2009, North

Maharashtra University, Jalgaon

9. Synthesis and characterization of a highly water-soluble polyfullerene via the
cycloaddition with a selectively functionalized cyclodextrin

Vinod I. Bhoi and C. N. Murthy

And

10. Synthesis and characterization of highly water-soluble [-cyclodextrin based
polymers for aqueous Solubilization of Carbamazepine

Vinod I. Bhoi and C. N. Murthy

National Seminar on Emerging Trends in Polymer Science and Technology, Poly-

2009, October 8-10, 2009, Saurashtra University, Rajkot

11. Regioselective method for the synthesis of selective funtionalized f-monomers
Vinod I. Bhoi and C. N. Murthy
45™ Annual Convention of Chemistry 2008 and Internation Conference on Recent

Advances in Chemistry, November 23-27, 2008, Karnataka University, Dharwad

193



	A Front Title page.pdf
	Chapter 1D.pdf
	Chapter 1.pdf
	Chapter 2D.pdf
	Chapter 2.pdf
	Chapter 3D.pdf
	Chapter 3.pdf
	Chapter 4D.pdf
	Chapter 4.pdf
	Chapter 5D.pdf
	Chapter 5.pdf
	Chapter 6D.pdf
	Chapter 6.pdf
	Summary of the Thesis.pdf
	List of Paper Pub and Conf.pdf

