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PREFACE

Photoinduced Electron Transfer (PET) plays a central role in
photobiological processes such as photosynthesis and has drawn much interest in
view of designing photochemical molecular devices and light energy conversion
systems. The most important requirement in the design of such systems is the
assembly of a donor and an acceptor at fixed distances and proper orientations.
The supramolecular approach wherein the donor and acceptor are assembled by
non-covalent interactions has attracted considerable interest in the study of PET
reactions. Cyclodextrins (CDs) are ideal molecular receptors for building
supramolecular functional systems in aqueous solution. CDs are cyclic
oligosaccharides with hydrophobic cavities capable of encapsulating suitably sizéd
organic molecules from aqueous solutions. Because of their water solubility,
guest-encapsulation properties and ability to mimic natural enzymatic systems,
CDs are now increasingly used in the design of supramolecular photoinduced
electron transfer (PET) systems. First chapter of this thesis is a review of the
literature dealing with the use of CD as an assembler of donor-acceptor systems
for PET reactions.

Previous studies have already established that PET from a CD-appended
chromophore to encapsulated guest is feasible. However, several important aspects
of PET in CD-appended systems remain unaddressed. For example, the magnitude

of the electronic coupling between the CD-appended chromophore and the

viil



encapsulated guest, dependence of the electron transfer rate on free energy change
and influence of the CD cavity on the reorganization energy of the encapsulated
guest, etc are some of the important aspects that need to be addressed. In the
second chapter of Lhé thesis an attempt is made in this direction. In this chapter we
have studied the PET between ¢-cyclodextrin-appended pyrene (PYCD) and a
few acceptor molecules in aqueous solutions. The pyrene moiety in PYCD is
blaced above the small rim of the CD and is fully exposed to water. The acceptors
selected were monocyclic organic molecules and upon dissolution in water in the
- presence of PYCD, a fraction of the donor—‘acceptor systems are present as
supramolecular dyads and the remaining fraction as free molecules. Free energy
dependence studie;s showed that electron transfer in the supramolecular dyads
;follow the Marcus equation. The donor-acceptor coupling and reorganization
le,nergy were determined from fits of the data to the Marcus equation. The
«electronic coupling was found to be similar to those reported for hydrogen bonded

:'_lystems. It appears that actual A, values in these systems are somewhat lower

ﬂhn values calculated using the continuum model. Our experimental design also

| |

allowed, for the first time, a visual demonstration of the inverted region using

fbe raw fluorescence lifetime data.

Acceptors employed in Chapter 2 have low association constants and hence
ill‘signiﬁcant fraction of PET took place through the diffusion-mediated route. In
*bgical ET systems the diffusion component is absent and an important aim of

ix



our research in this area is to reduce the diffusion-mediated component of ET. To
achieve this we require acceptor molecules, which fit the CD cavity rather tightly
with high association constants. We observed that pyromellitic diimide (PMDI)
derivatives associate better with B-CD. Chapter 3 of the thesis deals with the study
of self-assembly and PET processes of an anthracene donor appended B-CD and
PMDI acceptor. Anthracene appended B-CD (termed ANCD) was synthesized
and characterized by usual spectroscopic techniques. Self-assembly of ANCD and
PMDI was studied by absorption, fluorescence, induced circular dichroism, NMR
and cyclic voltammetry. PET processes in the self-assembled ANCD:PMDI dyad
were studied by fluorescence quenching and laser flash photolysis. At [PMDI] <
10_4 M, the equilibrium is in favour of the free molecules and under these
conditions fluorescence quenching is negligible and diffusion mediated electron
wansfer involving the triplet-excited state of anthracene predominates. At higher
concentrations of PMDI, the equilibrium is Ilargely in favour of the
supramolecular dyad and intra-ensemble PET processes predominate. The
e;pen'mentally determined electron transfer rate constants agreed very well with
those calculated using the Marcus equation. It was observed that a fraction of the
ion pairs survived the fast back electron transfer and persisted for more than 200
jis.

During the course of our study we observed that the synthesis and

putification protocols of CD-appended systems are very tedious. Hence

X



developing a methodology to co-encapsulate the donor and acceptor into a CD
cavity appeared very attractive. A useful strategy in this context was to search for
donor (or acceptor) molecules that can selectively bind to the rim or to the outside
of CD cavity. The acceptor (or donor) molecule can then be encapsulated into the
CD cavity, leading to the formation of CD-based, non-covalent ternary systems
capable of undergoing photoinduced electron or energy transfer reactions. Chapter
4 of the thesis is an attempt in this direction. Our studies with PMDI derivatives

showed that these molecules complexed with native B-CD in a non-inclusion
. manner wherein the PMDIs lie just outside of the narrow rim of B-CD. In this
conformation the 3-CD cavity is mostly empty opehing up the possibility of co-

iclusion of a donor molecule in the cavity. The very high affinity of adamantane

B
A
;

moiety for B-CD cavity and the propensity of PMDI for rim binding with the

rim of $-CD cavity were utilized in the design of CD based non-covalent

system. Formation of the ternary ensemble was studied using NMR, ICD

MALDI-TOF experiments. In the ternary system described here CD act as a

i’ eaffold to keep the donor and acceptor moieties at a fixed distance. Steady state

X1



aqueous solution and study of PET prc;ccsscs in such systems is an extremely
important task in the context of understanding and mimicking natural

photosynthetic process.

Note: The numbers of the various compounds given in each chapter correspond to

those given under the respective chapters.
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Chapter 1

Photoinduced Electron Transfer in Cyclodextrin-
Appended Donor-Acceptor Systems — An Overview

1.1. Introduction

Photoinduced Electron Transfer (PET) involves the transfer of an electron
from a donor (D) to an acceptor (A), with either D or A placed in one of its excited
states, ultimately leading to the formation of a charge-separated (CS) state. PET
plays a central role in photo biological processes such as photosynthesis and in
various light driven physicai and chemical processes. Photosynthesis in green
plants involves absorption of light by the antenna molecules, followed by a series
of electron transfer reactions between donors and acceptors that are placed at
specific distances and orientations relative to one another by the surrounding
protein matrix, ultimately leading to storage of the absorbed photon energy in the

-form of chafge separation. The energy stored in the charge-separated state is
utilized for the reduction of CO; to glucose and in this-process water is oxidized to
molecular oxygen. A fundamental understanding of the procéssés taking place in
natural photosynthesis is required for the development of efficient systems for the

conversion and storage of solar energy.
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L3

The photosynthetic apparatus in both bacteria and plants consists of two
distinct units called antennae and the reaction centre. Antennae are the light
gathering complexes consisting of chloréphyl]ous pigments as well as carotenoids
arranged in the protein matrix. These pigment-protein complexes absorb light and
efficiently transfer the excitation to the reaction centre. The reaction centre
consists mainly of organic donor and acceptor molecules embedded within a
protein matrix. The photosynthetic reaction centre of purple bacteria
Rhodospeudomonas w',(d_tjs comprises of four bacteriochlorophylls (BCl), two
bacteriopheophytins (BPh), two quinones, namely ubiquinone and menaquinone,
and a non-heme iron atom.' The spatial arrangement of these components within
the reaction centre is shown in Figure 1.1. It may be noted that with the exceptibn
of the iron atém, the constituents occur in pairs and the reaction centre has
approximate C, symmetry. Of the four BClI molecules, two are positioned very
close. Hence they are strongly coupled electronically and are termed “special pair”
of BCls. |

The phofosynthetic process within the react-ion centre begins with the
excitation of special pair BCls by excitation transfer from the antennae units. The
singlet excited state of the special pair transfers an electron to the
bacteriopheophytin (BPh L) on the L side of the branch within 3 ps leading to the
formation of special pair radical cation and BPh radical anion.” It is believed that

BCI L plays a role in this electron transfer reaction. The M branch of the reaction
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centre is almost inactive n the electron- transfer process. The BPh radical anron
decays in 200 ps moving the electron to the menaquinone from where it i1s further
transported to the ubiquinonz in about 100 ps. The positive charge remaining on
the special pair is quenched by electron transfer from an iron porphyrin on the
outer side of the membrane. The net result of this multistep electron transfer is the
generation of a tralns—membrzme CS state with a quantum yield of near unity. Since
the positive and negative charges are separated by the thickness of the lipid
bilayer, back electron transfer, which leads to the wastage of stored energy, is

precluded.

Special pair

Figure 1.1. Arrangement of the chromophores, electron donors and electron acceptors in the

bacterial reaction centre of Rhodospeudomonas virdis.



4 Chapter |

Considerable effort has been, devoted to mimicking the natural
photosynthetic process in the laboratory and this area of electron transfer
chemistry is known as artificial photosynthesis. Extremely high quantum yield of
the PET processes in the natural systéms is attributed to the high degree of
organization of the donors and acceptors in the reaction centre. It was believed that
some degree of ofganization could be achieved by covalently linking the donor
and acceptor. Following this approach a large number of covalently linked dyads,
triads, tetrads etc. were synthesized and studied as model systems for artificial
photosynthesis and these studies have contributed a great deal to our
understanding of the fundaméntal processes taking place in photosynthesis.” Few

examples of covalently linked D-A systems are given in Figure 1.2 A-B.

o]

COQCHchzozccHz 4@

o

Figure 1.2 A. Structure of a Donor-Acceptor Dyad.



PET in CD Based D-A Systems 5

Cl

Figure 1.2 B. Structure of a Donor-Acceptor-Acceptor Triad.

In these systems donors and acceptors are covalently assembled to build linear
arrays of the type D-A, Dy-D;-A, D-A-A;, Dy-Dj-Aj-Az, D-A-Az-A; etc.
Following light absbrpt_ion, séquential electron transfer occurs whereby the
electron moves in one direction and thé holes move in the opposite direction. This
leads to increased q:.;antum yield and lifetime for the CS state. Triads and tetrads
with microsecond lifetimes for the CS state have been designed in this way.

In the covalent approach, the donor and acceptor moieties are linked by
chemical bonds. In the natural photosynthetic reaction centre, the constituents are
held together by non-covalent interactions, which also help in the mediation of
electron and energy transfer processes. Awareness of these interactions has led to
a surge of interest in the use of non-covalent t;inding \interactions termed -

. . 4
supramolecular interactions - to assemble chromophore-quencher systems.” The
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complexity involved in covalent synthesis. also encouraged the non-covalent
approach.

Non-covalent or supramolecular assembling of components relies on the
principles of molecular recognition. Non-covalent interactions of interest in this
context are coordinate bonds, hydrogen bonds, van der Waals interactions,
aromatic 7-stacking, ionic interactions etc. A large number of donors and
acceptors were assembled using these interactions and PET processes taking place
in them were studied in the past decade. Selected examples are given in Figure 1.3
A-B. Dependence of PET rz(tes’o_n factors such as free energy, distance and
temperature in hydrogen-bonded D-A systems were studied in detail in our own

laboratory.’

N—H- -0 0 Si—
)

N--H—N N
aY

N—H- -0 0 Si—

3

Figure 1.3 A. Example of 2 Hydrogen-bonded D-A system.
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COoMe

MeO,C

Figure 1.3 B. Example of a D-A system assembled through cocrdinate bond.

A major drawback of this approach is that non-covalent interactions
mentioned above fail to perform in aqueous environments. Biological electron
tranéfer processes occur in aqueous environments and mimicry of natural systems
requires self-assembly in water. Encapsulation in cyclodextrin cavity is one of the
most important methods available for self-assembly in water. In the present thesis,
several important aspects of photoinduced electron transfer reactions in
cyclodextrin based D-A systems are reported. In order to put our work in proper
perspective, a review of the literature that makes use of CD as an assembler of D-
A systems is attempted here. Origin of the present work and outline of the thesis is

then briefly discussed.
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Cyclodexr.rin's (CDs) are a family of cycl{c, water-soluble oligosaccharides
made up of a-(+)-glucopyranose units, ;vhich adopt a “C, chair conformatior-lﬁ
They are shaped like truncated concs: The most common CDs consist of 6, 7 or 8
glucose units and these are named a-, B- and y-CD, respectively. A schematic
representation of the CDs, along with approximate sizes of the inner and outer
cavities, are shown in Figure 1.4. Because of their bucket like shape, they exhibit a
narrower and larger cavity entrance or rims. The former bearing the primary
hydroxyl groups is referred to as the primary rim and the latter bearing the
secondary hydroxyl groups is referred to as the secondary rim. The cavity interior

is lined with the H-3 and 'H-S_., hydrogens and the O-4 oxygen atoms, thus

conferring a hydrophobic character to the cavity.

B-CD

Figure 1.4

The hydrophobic cavity enables CDs to form inclusion complexes with

\

suitably sized organic molecules. Several factors contribute towards the driving
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force for encapsulétion. In an aqueous solution, the slightly apolar cyclodextrin
cavity 1s occupied by water molecules which are energetically unfavored (polar-
apolar interaction), and therefore can be readily replaced by appropriate “guest
molecules” which are less polar than Water. Substitution of high enthalpy water
molecules by an appropriate guest contributes significantly towards the driving
force for encapsulation. Other contributing factors are the van der Waals
interactions and possible hydrogen bonding interactions between the CD and the
guest. Geometrical factors also play an important role. The -, B- and y-CDs with
different internal diameters are able to accommodate molecules of different sizes.
Larger molecules also complex with CDs, but in these cases only small segments
of the molecules are encapsulated into the cavity.

CDs are optically transparent in the UV and visible region of the spectrum
where organic and inorganic molecules absorb. They are water-soluble, non-toxic
and environmentally friendly. Some of the CDs, particularly B-CD are
manufactured in large amounts because they find applications in a variety of areas
such as cosmetics, drug formulation, food technology, toiletry, pesticides, phase
transfer catalysts etc. CDs can be modified by introduction of suitable groups on to
the rims through reaction at the hydroxyl groups. Substitution reactions can occur
at the primary or secondary rims. On a given fim, substitution can occur at one or

more hydroxyl groups, or a given organic fragment can link two hydroxyl groups
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like a bridge. The hydrophobic area available in modified CDs is different from
native CDs and these derivatives also fipd several applications.’

The most important attribute of CDs is their ability to form complexes _with
other molecules and almost all applications of CDs, either in research or in
industry, are related to complex fofmation. In the CD complexes, the guest
molecules are either completely or partially encapsulated in to the CD cavity and
hence CD comblexes are known as inclusion complexes. Most commonly CDs
form 1:1 complexes with guests, but 1:2, 2:1 etc. type complexes are also known.

Consider the formation of a complex between a guest (G} and CD.

K, '
GoCD (1)

 G+CD
where, GoCD represents the inclusion complex and K, is the equilibrium
association constant for complex formation. Several experimental techniques are
available for the study of CD complexation and determination of K, values. For
example, the 'H NMR chemical shifts (& ) of the guest molecule quite often
exhibit changes upon complexation with CD. A quantitative study of the
dependence of Adon CD concentration can yield K, values. Likewise, changes in
the absorption spectra, fluorescence spectra or fluorescence lifetimes could be
used to study the complexation process. In this context, circular dichroism spectra
proved to be a valuable tool. Achiral molecules do not exhibit circular dichroism

spectra, but upon complexation with CD they exhibit induced circular dichroism|
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(ICD). The sign and intensity of ICD i)ands can give valuable informatiox; :
regarding the complexation. In this thesis all the above methods are used to study
complexation of guests with CDs.

The advantages of easy availability, potential utilizations and good
economic reasons play a very important role in the growing interest in CDs for
industrial applications. CDs can be used in drug formulations either as complexing
agents or as auxiliary additives (such as carriers, diluents, solubilizers etc). The
main use of CDs in both food technology and cosmetics is for the molecular
encapsulation of flavours anJ fragrances. Pesticides can be complexed with CDs
‘L,gnd this encapsulation may resl;lt in interesting effects, which lead to the
jformulation of poorly soluble or volatile and unstable pesticides. CDs find various
;-agplications in research also. Several chemical reactions, both in solution and solid
state, are accelerated or inhibited by CDs. CDs are used as chiral NMR shift
reagents. CDs and their soluble or insoluble polymers are used as mobile phases in
fchromatographic applications. CD-based systems find applications as catalysts,
s@nsors, molecular machines, enzyme-mimics, and molecular wires.? Of particular
lititerest is the role of CDs as an assembler of D-A systems for energy and electron

‘ttansfer reactions. A detailed account of this aspect is presented below.
1 ]
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1.2. Photoinduced Electron and Energy Transfer in CD-based
Donor-Acceptor systems

CDs have been used in the past as constrained media to carry out
photochemical reactions both in solution and in the solid state.” In this thesis CD is
used as an assembler of donor and accebtor systems for PET reactions. A -large
body of experimental data is available in this area and the remaining part of this
chapter is a SUI’VB)./ of the literature in this area. A general strategy employed in all
these studies is to link one of the components to the primary or secondary rim of
the CD and then assemble the second component through encapsulation in the
cavity. Several variations of this theme are available and in the following section a
few of them are presented.

Kuroda and co—wérkers were among the first to design donor-acceptor
systems based on CDs. The syétem they designed consisted of a porphyrin (P)
sandwiched between the primary rims of two B-CD units through covalent bonds
as shown in Figure 1.5. The porphyrin performed the roles of sensitizer and donor
and quinones (Q) encapsulated into the open cavity of CD acted as acceptor in this
study. The authors employed benzoquinone (BQ), naphthoquinone (NQ) and.
anthraquinone-2-sulfonate (AQ) as acceptors.m Fluorescence from the porphyrin
unit in 5 was quenched upon the addition of NQ and AQ and this is attributed to,
electron transfer from 'P* to Q. The authorg observed that quenching by BQ was

very inefficient and this was attributed to weak binding of BQ to the cavity.
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Figure 1.5

Hamachi and coworkers have studied photoinduced electron transfer in the
protein-based and non-covalently linked donor-sensitizer-acceptor triad.''
Incorporation of synthetic dyad or triad systems consisting of cyclodextrins into a
protein matrix could be an alternative approach for construction of an excellent
photochemical system. This semisynthetic approach was used in the reconstitution
of apo-hemoproteins like apomyoglobin with chemically modified protoporphyrin
derivatives. Protoporphyrins was attached to CDs and reconstitution of these with

Myoglobin yielded 6 as shown in Figure 1.6.
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The triad consisted of B-CD-appended Zn-myoglobin 6 (Zn-Mb-CD), an
adamantane-modified Ru(bpy); (Ad-Rubp), and a bis(viologen)cyclopha_ne
(BXV*) 7 as shown in Figure 1.6. Photoexcitation of the Ru(bpy); at 460 nm
leads to initial electron transfer from Ru(bpy), to the cyclic viologen, followed by
a second electron transfer from Zn porphyrin to Ru(bpy)s to yield the final charge

separated state. Estimated quantum yield of CS state was 0.03 and its lifetime was

640 ns.
o | '.: O/ \Or \or A ’\O

) O N
S el S

ahie \J YA NN

; ox_/ououo\_/c (PFala

| - 7 BXV4+

6(Zn-Mb-CD) . Ad-Rubp

Figure1.6

Tung and coworkers have studied photoinduced electron transfer between
p-nitrobenzoyl-B-cyclodextrin 8 (NBCD), which acts as the acceptor, and various
naphthalene derivatives (NP) as donors (Figure 1.7).'* Significant fluorescence

quenching was observed for the naphthalene derivatives when NBCD was added
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fo it and this was attributed to the occurrence of electron transfer. Decay of 'NP”
in water was monoexponential in the absence of NBCD. The decay became
biexponential when NBCD was added. Biexponential decays arise due to the two

types of electron transfers shown by arrows in Figure 1.7.

Figure 1.7

In another example, Liu, Guo and coworkers studied the PET reaction
between NBCD and porphyrin-linked adamantane 9 (ZnPC,A)."”> Since the
adamantane unit has high affinity for 3-CD, simple mixing of the two moieties
lead to self-assembly of the D-A system as shown in Figure 1.8. By the uge of
redox potentials and excitation energy, AGgr values for all the porphyrin
compounds were calculated. AGgy values were found to be negative indicating that
electron transfer may take place between ZnPC,A and NBCD. Detailed steady
state and time resolved fluorescence studies revealéd twolpathways for electron

transfer, static and dynamic. The static component arises due to electron transfer in
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the seif-assembled system. The rate of PET determined for the complex was 1 x
10° s* and this value was found to be vefy close to that of a covalently linked

porphyrin-nitrobenzene dyad.

Figure 1.8

The introduction of photoactive metal centres on to cyclodextrin receptors
opens up new possibilities for the design of various energy and electron transfer
systems. These are known as metallocyclodextrins. Capping of a-CD with
photoactive Ruthenium(Il) centre was carried out for the first time by the use of
difunctionalized 2,2’-bipyridyl ligand (Figure 1.9).'* Luminescence from the metal
complex 10 was quenchéd upon addition of 1,4-benzoquinone (BQ). Stemn-
Voélmer plot showed positive deviation from linearity, which indicated that both

static and dynamic quenchings are taking place in the system. Quenching was
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attributed to electron transfer from the triplet excited metal complex to BQ,
-although the radical ion products could not be detected by transient absorption

spectroscopy.

(OMe);y

10

Figure 1.9

Pikramenoﬁ and coworkers synthesized terpyridine functionalized
eyclodextrins and their ruthenium complexes (11) and investigated the electron
ransfer quenching of these systems with several quinones (Figure 1.10)."° The
ruthenium emission intensity at 640 nm was quenched upon addition of quinone.
The luminescence quenching was attributed to an intercomponent electron transfer
from the appended ruthenium centre to the quinone guest. Control experiments
using [Ru(ttp),;])[PFs] and quinones under the samf; conditipns showed no effect on

the ruthenium luminescence. The same authors have successfully demonstrated
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PET from the Ru terpyridyl to self-assembled Os terpyridyl as shown in Figure

1.10.

H 1 0 o

Figure 1.10

Keyes and coworkers have synthesized Ruthenium and Rhenium
substituted B-Cyclodextrin systems where a fullerene moiety is noncovalently

included between two metallocyclodextrins as shown in Figure 1.11.'® Fullerene is
not fully included in to the cavity and the system is stabilized by intermolecular H-
bonding between adjacent PB-Cyclodextrins and water. Photophysical and
electrochemical properties- of model complexes in the absence of Cg were
examined and compared with the Ceq bridged dirr;er centres. Inclusion of fullerene

centres induced significant changes in the photophysical properties of the CD
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appended chromophores. The lifetime and-quantum yield of the emission of the
complexes were significantly reduced upon the inclusion of Cg to these
complexes. On the basis of thermodynamic considerations, this reduction in
_ lifetime was attributed to either energy or electron transfer as shown in Figure

1.11.

O
N/ku-h
Energy

transfer
Electron
: transfer
20
G8
. 13
12
Figure 1.11

In the case of Ru-Cgy complex, the quantum yield was reduced by nearly an
order of magnitude upon fullerene inclusion, with a concomitant decrease in
lifetime of approximately. 80%. In addition, a-weak shoulder on the emission
centered around 710 nm appears. This emission was assigned to Cgq fluorescence

arising as a result of energy transfer from Ru complex. The Re analogue also
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exhibits comparable reduction in quantum yield and lifetime, but no new emission
were observed at longer wavelengths iﬁdicating that no energy transfer was
involved in this system. The quenching in this case was attributed to electron
transfer. The rate constants were determined from the luminescence lifetimes and
the values obtained were 1.3 x 10® s and 7 x 107 s for the Ru and Re complexes,
respectively. These large rate constants indicated efficient communication
between excited metal centres and encapsulated fullerene across the cyclodextrin
bridge.

Increasing the number of guest interaction sites in cyclodextrin recognition
systems was ano ier ir'i'fé'rf.:st,i‘ng area of study. Pikramenou and coworkers
described an assembly of CDs using coordination principles to yield complexes
with multiple cyclodextrin recognition sites around a central metal core.
Qctahedral meta} centres and nine-coordinate lanthanide ions were used to.
spatially organize CDs functionalized with bidentate bipyridine units 14 (B-CD-
mbpy) and tridentate tolyl terpyridine units 16 (J-CD-ttp). Addition of Fe(II) to a
methanolic solutiotri of 14 results in a deep red color due to the formation of the
[Fe(B-CD-mbpy);)*" complex 15 (Figure 1.12)." Likewise the Fe(II) complex 17
and Eu(IIl) complex 18 were prepared as shown in Figure 1.13. 18 exhibited
strong red luminescence due to Eu ion upon excitation at the ligand band. The ttp
units acted as light harvesting centres for collecting energy and transferring it to

the lanthanide centre. The metalloreceptors described here can take part in
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photoactive processes occurring in more than one direction in space through the

metal core and the guests.

i

+ Fe(ll)

Bl

[Fe(B-CD-mbpy)3J*
15

Figure 1.12

y Yjurn)

17

-CD-ttp)2J2+ [Eu(B-CD-ttp)3)**
17 18

[Fe(

"@

Figure 1.13
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Another example which demonstrated the importance of multiple

recognition sites was furnished by De Cola and coworkers. They synthesized

ligand 19 and using this prepared Ru(bpy);** complexes 20 and 21, bearing two

and six B-CD units, respectively on their ligands as shown in Figure 1.14."® In

these systems the ruthenium complexes acted as electron donors while the
cyclodextrins functioned as binding sites for viologen acceptors as shown in
Figure [.14. Every viologen is bo‘;llnd by two CDs in a cooperative mode leading
to higher binding constants. Hence PET could be observed even at very low

concentrations of viologen guests. Long alkyl chains were needed for efficient

binding between the two cyclodextrins. For viologens with only one alkyl tail the

o}

quenching was inefficient.




PET in CD Based D-A Systems 23

J HN 5] .‘ 5/
Figure 1.14

Harada and coworkers constructed a supramolecular system with the
components shown in Figure 1.15." Electron acceptors 22 and 23, having
viologen moieties attached to a B-CD through cinnamic and hydrocinnamic
- groups, respectively, were synthesized. Earlier studies indicated that CDs with
flexible hydrocinnamic groups could form intra- and intermolecular inclusion
complexes while rigid cinnamic group inhibits formation of intramolecular
complexes. Both 22 and 23 form stable 1:1 complexes with 5,10.15,20-tetrakis(4-
ca.rboxylphenyl)—ZlH,23.H-porphyrin 24 (TCPP) although binding constant for 22
87 x 10° M) with TCPP is greater than that for 23 (2.5 x 10* M™).
Enhancement of binding constant of 22 is due to the rigid double bond, which

‘prevents self-inclusion. The extraordinary stability of the 1:1 complexes of 22 and
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23 with B-CD is attributed to the cooperative effect of electrostatic attraction and
charge transfer interactions. The binding constant of TCPP with §-CD alone was
only 7.4 x 10° M. Steady state and time resolved studies indicated that efﬁqiem

PET occurs from the TCPP to the acceptors 22 and 23.

Figure 1.15

Pikramenou and coworkers have developed a light harvesting system using

the encapsulation technique.20 The Ru(bpy)32+ system 25 shown in Figure 1.16
has two bpy groups with a-CD attached to them and one bpy group with a B-CD.
Since adamantane exhibits high selectivity for B-CD and alkyl chains prefer a-CD,
mixing 25 with the adamantane substituted Os complex 26 and alkyl chain
attached anthracene 27 in 1:1:2 ratio led to the self-assembled system 28 shown in
Figure 1.16. There are two anthracene chromophores in 28, which when excited
funnels their excitation out to the Ru centre, which in tum transfers '}t to the Os

centre. The authors have used ultrafast techniques to probe the energy transfer
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process. Each of the excited states were monitored and the energy hopping

mechanisms in the assembly were studied carefully. The rate of energy transfer

process was 1.8 x 10" s in step @ and 9 x 10°s™ in step b. This type of strategy

allows the construction of unidirectional wires of nanoscale dimensions.

N =
1 _}RGIIN + 1 N“::) !
/™
07N - o
@—U—&.}—\bv |
0
Ru(cB) J Os-ada Anth
25 26 27
enargy transfer @)
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o N-OdN

A "G‘\N}_b Y
=
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Anth-Ru(e,f)Os-ada
28

Figure 1.16

De Cola, Pikramenou and coworkers have presented a Ruthenium
tris(bipyridyl) cyclodextrin “wheel” [Ru(B-CD-mbpy);}** (29) that could act as
energy donor or acceptor.”' Metal-complexes based on Osmium(Il) and

Indium(III) terpyridine species with biphenyl or adamantyl tails were employed as
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guest molecules (30-31) (Figure 1.17). When Os(II) based guests with biphenyl -
linkers were employed, excitation of ruthenium moiety leads to energy transfer

from Ru to the Os(1I) unit at a rate of 8.3 x 10'% s,

N

enargy transfer

Figure 1.17

In the case of Iridium complex, with biphenyl linker, excitation of Ru centre did
not lead to energy or electron transfer. Excitation of the Ir Vcomplex, however, led
to energy transfer from Ir to Ru centre at a rate of 3.3 x 10° s'. In both cases,
changing the tail from bipher;yl to adamantane lead to a decrease in the rates. This

is attributed to the electronic interaction between CD and biphenyl or CD and
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adamantyl groups. Aliphatic spacers are known to reduce the energy transfer rates

much more than conjugated spacers in covalently linked systems.

13. Origin of the Present Work

In the preceding section we have presented a survey of the experiments,
| which utilized the principle of encapsulation to assemble D-A systems capable of
undergoing photoinduced energy or electron transfer. Extension of the principle to
more and more complex situations resulted in the development of complex
systems such as shown in Figure L.16. Strictly speaking, all these systems have
focused more on the self-assembly than on the energy or electron transfer process.
Our primary interest is in the PET process and an e-xamination of the literature in
this perspective brings.fonh the following deficiencies.

| Although the previous studies have established that electron transfer from a
CD-appended chromophore to an encapsulated guest is feasible, several important
aspects of electron transfer in these systems remain unaddressed. For example, one
can ask the following questions: (1) Does the electron transfer process in these
systems conform to any established electron transfer theory? What happens after
PET? Does it result in long-lived charge separation? Most importantly, one can
ask if we can use CDs to enhance the yield and lifetime of charge separated states.
To answer these and similar other questions, systematic studies of the
encapsulation processes and also of the rates of the PET reactions in these sys‘tems

are required. The present thesis 1s an attempt in this direction.
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PET in weakly interacting D-A systems is most generally explained using
the Marcus theory. The second chapter of thq thesis is an attempt to see if the PET
process in CD-based systems conforms to the Marcus theory. According to
Marcus theory the plot of reaction rate (k) vs free energy change (AG®) is bell-
shaped with a normal and inverted region.‘Thus, a straightforward procedure. to
establish the conformity to Marcus theory is to study the AG® dependence of ke in
these systems. For this purpose we have prepared a pyrene attached o-CD and
employed it as sensitizer and donor. A series of benzene derivatives capable of
encapsulation in the a-CD cavity are used as acceptors. Using these systems, a
AG® range of O to -1.5 eVé.‘bulQ_Pe achieved. Results of the ke, vs AG® study are
presented in Chapter 2 of the thesis.

A very important objective of PET studies is to achieve high yield and long
lifetime for the CS state. In order to study the charge separation process we havé
selected an anthracene appended B-CD as donor. The selection was made because
anthracene can be easily excited using 355 nm laser light and the anthracene
radical cation generated is easily observable. Our investigations showed that
pyromellitic diimide has very high affinity for B-CD and is a suitable acceptor in
PET reactions. The third chapter of the thesis is an in-depth study of selffassembly

and PET processes in the anthracene-appended B-CD-pyromellitic diimide system.
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In almost all the PET systems based on éD, one component is attached to
CD by a covalent bond and the other component is assembled through the
Encapsulation ability of the CD. The synthesis and purification of chromophore
appended CD 1s a challenge in atself. In this context development of alternate
strategies for assembling supramolecular D-A systems that does not involve
synthesis and purification of CD-appended systems gain considerable importance.
The fourth chapter of the thesis is an attempt in that direction. We have observed
that an adamantane attached pyrene donor and a pyromellitic diimide with a
pyridinium ion end group could be self assembled into a native §-CD to give a
temary system which is capable of undergoing PET reaction. Details of this study

are presented in Chapter 4 of the thesis.
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| Chapter 2
|
Free Energy Dependence of Photoinduced
Electron Transfer Rates in a-CD appended Donor-
Acceptor Systems

R

2.1. Abstract

o-Cyclodextrin-appended pyrene (PYCD) was synthesized and fully
characterized. Photoin;i‘u'c’éda.gjgctron transfer (PET) between PYCD and a few
acceptor molecules were investigated in aqueous solution. The pyrene moiety in
PYCD is located above the narrower rim of the a-CD and is fully exposed to
water. The acceptors were monocyclic aromatic molecules and, upon dissolution
in water in the presence of PYCD, a fraction of the donor—acceptor systems
existed as supramolecular dyads and the remaining fraction as free molecules.
Free-energy-dependence studies showed that electron transfer in the
supramolecular dyads followed the Marcus equation. The donor—acceptor
coupling and the reorganization energy were determined from fits of the data to
the Marcus equation. The electronic Coupiirfg was found to be similar to those
reported for hydrogen-bonded systems. It appears that the actual A,,, values are

somewhat lower than values calculated with the continuum model. The
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experimental design has also allowed, for rheﬁfsz time, a visual demonstration of
the inverted region on the basis of the raw fluorescence lifetime dala.
2.2, Introduction

During the last decade, a large number of donor—acceptor (D-A) systems
were assembled using the encapsulation ability of CDs. Some of the systems are
capable of undergoing PET reactions and a brief survey of these systems are
presented in Chapter | of this thesis. Although these studies have established that
electron transfer between CD-appended chromophore and an encapsulated guest is
feasible, several itmportant aspects of electron transfer in these systems remain
unaddressed. The obviouskquesiiron is whether the electron transfer in CD based
systems conform to any established electron transfer theory? Cyclodextrin based
systems belong to the group of weakly interacting donors and acceptors and
electron transfer in such systems are best explained by the Marcus equation which
relates the rate of electron transfer (k) to the free energy change as given In
equation (0,

ko= (270R) Ho' (47Ake T) 7 expl-(AGY + A)Y4 AkgT] (1

where, # is Planck’s constant divided by 2m, /1, is the coupling matrix element,
Ais the reorganization energy, kg is the Boltzmann constant, 7 is the absolute
temperature and AGY is- the frec energy change. The recrganization energy A is the
energy required to structurally reorganize the donor, acceptor and their solvation

spheres upon electron transfer. Depending on the relative values of AG® and 4,
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equation (1) envisages three typical kinetic regimes for electron-transfer reactions:
i) a normal region (AG® >-1) where electron transfer is thermally activated and is
favoured by an increase in the driving force, ii) an “activation-less” regime (AG® =
-A) where the rate is maximum, and iii) an “inverted region” for éUOngly
exergonic reactions (AG® <-1), where the rate actually decreases with increase in
driving force. The existence of an inverted region was the most important
prediction of Marcus theory. Although definitive evidence for its existence was
lacking for a long time, the inverted region is now well established in fixed-
distance c:lect:ron-t.ranslféfhr'r”‘e'a{.‘,,tions.2

A major objective of this chapter is to investigate whether PET processes in
CD based systems could be described by Marcus theory. We were also interested
~ in determining the ‘magnitude of electronic coupling between the CD-appended
chromophore and encapsulated guest as well as the reorganization energy for the
PET reaction. Study of the dependence of &, on AG® is the most straightforward
strategy to achieve this aim. Herein we describe a study of the free-energy
dependence of the PET reaction between o-CD-appended pyrene (PYCD) and
encapsulated acceptors. The reaction involves the excitation of the pyrene moiety
to the singlet state, v;'hich then transfers an_electron to the acceptor encapsulated in

the a-CD cavity. Pyrene was selected for this study because of its long lifetime.

The acceptors employed are mono- or |,4-disubstituted benzene derivatives and
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these molecules could provide a AG® range of = 0 to -1.5 eV. Since all the
quenchers are monocyclic benzene derivatives, the reorganization energy
associated with their one-electron reduction are expected to be similar. Thus the

systems selected form a truly homogeneous series for a free encrgy-dependénce
study. The study was performed in water so as to resemble the biological electron-
transfer conditions more closely. The molecules employed for the study are shown

in Chart 2.1.

HO OH

(OH)+2
PYCD

Acceptors (Guests in the cavity)

CN COOCH; COCH,
ci COOCH,

CBN (-2.4) DMP (-207) DCB(-1.97)  ACP (-1.46)

CHO

¢ 09 9

COOCH;,
B2A (-1.28) N8B (-1.15) CNB (-1.06)  MNB (-0.95)

Chart 2.1
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23. Results and Discussion
2.3.1. Synthesis and Characterization of PYCD

The strategy for the selective functionalization of the narrower rim of a-CD
is well established in the literature’, and we adapted this procedure for the
Asynthesis of PYCD. The reaction involved heating of 1-bromomethylpyrene with
a-CD in lutidine as shown in Scheme 2.1. The crude product was obtained in 30%

yield and this was purified by repeated column chromatography over silica gel.

Br 'u%-_
+ [ N 2,6-Lutidine

B 150 °C, Ar

(OH)¢2
PYCD

Scheme 2.1

The structure of PYCD was assigned based on spectral evidence. For
example, the MALDI-TOF showed a peak at m/z 1209.2, which corresponds to
! [PYCD+Na]* (Figure 2.1). The peak corresponding to native CD is not observed.
| The extinction coeffi/cient (calculated assuming a molecular weight of 1186) of the
PYCD absorptidn maximum is very close to that of ihe unsubstituted pyrene, and

. this confirms that only one pyrene unit is attached to the CD ring.
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Figure 2.1. MALDI-TOF Spectrum of RYCD.

The 'H NMR spectrum of PYCD exhibited peaks due to the a-CD part at §

= 3.3-5.7 ppm and the aromatic residue at & = 7.8-8.4 ppm as shown in Figure

2.2. Integration for proton signals showed 1:1 stoichiometry for @-CD and pyrene.

The regiochemistry (ie., position of attachment of pyrene on the CD) was

assigned based on a comparison of ""C NMR chemical shifts of PYCD with those

in earlier reports (vide infra). a-CD is built up of six glucose units, and PYCD has

a pyrene attached to one of these glucose units. '*C chemical shifts of the pyrene-

attached glucose unit are expected to differ somewhat relative to those for

unsubstituted glucose units. Within the pyrene-attached glucose unit, C chemical

shifts are expected to vary depending on the position of attachment.
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fFigure 2.2. 'H NMR spectrum of PYCD in DMSO.

When an alcohol is alkylated, the ’C NMR chemical shifts of the - and y-
;i':n atoms are known to move downfield by approximately 10 and 1 ppm,
“pcctively, and that of the B-carbon atom is known to move upfield by = 2 ppm.
'Souza and co-workers® used this argument to assign the regiochemistry of
‘nos‘ubstituted cyclodextrins. They assumed that, if C6-OH is substituted, the C6
. bon is expected to shift downfield by = 10 ppm, C5 is expected to shift upfield

_‘,s 1 ppm, and C4 is expected to shift downfield by = 0.3 ppm. “C NMR
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spectrum of PYCD is shown in Figure 2.3. There are five intense peaks in the
carbohydrate region. Based on a comparison with the spectrum of a-CD and
literature precedence, these intense peaks are assigned to the carbon atoms in the
five unsubstituted glucose units at 0= 102.09 (C1), 82.23 (C4), 73.45 (C3), 72.23
(C2 and C5), and 60.19 ppm (C6). In addition to this, there are eight smaller
peaks. The small peak at 6= 71.02 ppm is assigned to the CH, group attached to
pyrene. Six of the remaining seven peaks can then be assigned to the six carbons
in the pyrene-attached glucose ring. Of these, the peak at 6= 69.34 is assigned to
the C6 carbon and this signal is 9.15 ppm downfield from the normal value
because of attachment to the byxg_pe unit. The other signals were: CS at o= 71.29
(0.94 ppm uphield), C4 at 82.61 (0.4 ppm downfield), C3 at 73.05 (0.4 ppm
upfieid), C2 at 72.59 (0.36 ppm downfield) and C1 at 102.52 ppm (0.43 ppm
downfield). Because the C6 signal is shifted by more than 9 ppm and C5 is shifted
by nearly | ppm, this confirms that the pyrene is attached to the C6 carbon, which
is on the narrower rim of a-CD. The above assignments are consistent with those
given by D’Souza and co-workers.” A small signal at & = 60.68 ppm (0.49 ppn
downfield from unmodified C6 signal) remains unaccounted. D’Souza and co

workers” also observed such a peak, but they have not assigned it.
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When a relatively large molecule, such as pyrene, is attached to the narrower rim
of a-CD, the CH,OH groups projecting out of the narrower rim may experience
steric crowding. This effect may be greater on adjacent glucose rings. In
consideration of this, we tentatively assign this signal to the C6 carbon atoms of
the glucose unit(s) adjacent to the one to which pyrene is attached.

Several examples of pyrene attached to y-CD are reported in the literature
and some of these are useful as sensors of organic molecules in aqueous
solutions.” In these systems, pyrene is hosted by the y-CD cavity. Because of its
refatively large size, pyrene cannot be hosted in the cavities of - and B-CDs.”
Nevertheless, size consideratio-rﬁlg cannot rule out partial inclusion of pyrene within
the o-CD cavity in PYCD. Absorption and emission spectral studies described
below, however, suggested that the pyrene moiety in PYCD is fully exposed to

water.
2.3.2. Photophysical Properties of PYCD

The absorption and emission spectra of PYCD in water are shown in Figure
2.4. The absorption spectral profile and extinction coefficient of PYCD closely
resemble those of pyrene in common solvents. This indicates that there is only
negligible interaction between pyrene and o-CD moieties in PYCD. The emission
spectrum of PYCD was superimposable on the emission spectrum of 1-

pyrenemethanol in water (as shown by the dotted line in Figure 2.4), which again
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indicated that the pyrene moiety is fully exposed to water in the most stable
conformation of PYCD. On the basis of the absorption and emission maxima, the
- excitation energy (Eoo) of PYCD was calculated and the value obtained was 3.5
| eV. The fluorescence decay of PYCD was monoexponential with a lifetime of 204

0s.

—_
o

o
Flu. Intensity, a. u.

&g 10*mol dm®*cm™

0 N Y =T ~=()
300 350 400 450 500
Wavelength, nm

ure 2.4. Absorption (—) and emission {- - -} spectra of PYCD in water, and the emission

m{.....) of 1-pyrenemethanol in water.

!_ 3. Interaction of Acceptors with PYCD

The acceptor molecules employed in the study are 4-chlorobenzonitrile
(BN), dimethylterephthatate (DMP), 1,4-dicyanobenzene -(DCB),\ acetophenone
?ACP)‘ benzaldehyde (BZA), nitrobenzene (NB), 4-chloronitrobenzene (CNB),

!

i .
'Pd methyl-4-nitrobenzoate (MINB). Structures of the acceptor molecules are

jown in Chart 2.1. The reduction potentials of all these molecules are known in
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the literature® and thé values are also given in Chart 2.1. These molecules have
been employed as acceptors in several photoinduced electron-transfer reaction'-s.
Earlier workers have documented photoinduced -electron-transfer reactions
between pyrene and most of the quenchers listed in Chart 2.1 by means of
fluorescence quenching and/or laser flash-photolysis techniques.7 The onset of
absorption for all these acceptors is below A = 320 nm as shown in Figure 2.5.
This indicates that singlet energies of these molecules are-higher than that of
pyrene. Hence singlet—singlet energy transfer from pyrene to the acceptors would
be endothermic and thi_s_{e_liminates the possibility of pyrene fluorescence being

e

quenched by these acceptors b”;r*f,h'e energy-transfer mechanism.

250 300 350 400
Wavelength, nm

Figure 2.5. Absorption spectra of acceptors employed in the study.
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The known dimensions of a-CD and calculated dimensions of one of the
acceptors is shown in Scheme 2.2 It is clear from Scheme 2.2 the all the quencher
molecules in Chart 2.1 could be included into the a-CD cavity with their long
molecular axis parallel to the Cg-axis of @-CD. In fact, inclusion behaviours of
several mono- and I,4-disubstituted benzene derivatives in &.-CD (including some
molecules shown in Chart 2.1) were studied, both theoretically and
experimentally.® These compounds were found to associate with a-CD in water

~ with association constants (Ky) in the range 50400 M.

&

e

57 A \
)

6.64 A

4.7 A

Scheme 2,2. Molecular dimensions of o-CD and CNB.

All the acceptor molecules were soluble in water in the 104-10° M
concentration range. Upon addition of the quenchers to aqueous PYCD solutions,
the long wavelength absorption of PYCD reme'lined unaffected as shown in Figure
26 A. This indicates that the pyrene moiety in PYCD has no ground state

interactions with the acceptors.
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Figure 2.6. (A) Changes in the absorption spectrum of P\YCD (i) (5 x 106 M) with varying

concentrations (8-40 x 104 M) of CBN (ji-vi); {B) Changes in absorption spectrum of CBN (i) (4 x:
10+ M) with varying concentrations (1.0-2.5 x 106 M) of PYCD (ii-iv); (C) Change in absorption

spectrum of CBN (8 x 10+ M} in the absence (—) and presence (.....) of native a-CD (1 x 10-5M).
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On the other hand, the absorption spectra of the; quenchers undergo slight changes
upon addition of small amounts of PYCD as shown in Figure 2.6 B for
CBN/PYCD system. Because tlhe pyrene moiety of PYCD also absorbs in the -
same region, the spectral shifts of the CBN moiety could not be analyzed to obtain
K, values. In Figure 2.6 C., absorption spectra of CBN, in the absence and presence
df native o.-CD are presented, which clearly shows the association of CBN with o-
-CD. Other quencher molecules also exhibited similar behaviours. Figure 2.6 seems
to suggest that PYCD interacts with the quenchers, but the interactions are with
the d—CD part of PYCD and\\ttll'}ta" pyrgne moiety remains unaffected by this
interaction. Inclusion of the acceptors prc,)bably occurs through the wider rim of «-
\CD, which is away from the pyrene moiety. Park et al. have recently shown that
encapsulation of guest molecﬁles in CDs preferably takes place through the
secondary face.”

2.34. Fluorescence Quenching

2.34.1. Steady State Experiments
All the acceptors shown in Chart 2.1 quench the fluorescence of PYCD in
aqueous solutions. Figure 2.7 shows an example where the fluorescence of PYCD

is progressively quenched with addition of increasing amounts of DCB.

£
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02 0.4
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Figure 2.7. Fluorescence spectra of PYCD in the absence (a) and in the presence (b-f) of DCB.

Concentration of DCB varied from 1-4 x 10 M. Inset is a plot of /o/f for this quenching.

“a

~

The Iy/I plot for the fluorescence quenching shown in the insert in Figure 2.7
exhibits an upward curvature at higher concentrations of the quencher. Upward
curvature in the Stern-Volmer piot indicates the presence of more than ﬁne
quenching pa.thway.10 Similar behaviours were observed with other quenchers
also. We have already ruled out the possibility of quenching by energy transfer.
Hence, quenching reactions in all the systems were attributed to electron transfer
from pyrene moiety to the acceptors. The upward curvature in the Stern-Vélmer.
plot prompted us to suggest that 2 types of electron transfer quenchings are taking
place in these systems.

The model shown in Scheme 2.3 can explain the different types of electron
transfer quenching mechanism operating in the P\\’CD/acceptor systems. Up on

mixing the acceptor A with PYCD in aquegus solution, a fraction of A undergod



Free Energy Dependence Study ’ 51

encapsulation in the cavity of PYCD to give AD.PYCD and an equilibrium as
shown in Scheme 2.3 1s established. When irradiated, the pyrene moieties in free
i’YCD and ADPYCD ure excited. As shown in Scheme 2.3, free *PYCD is
quenched by free moving A molecules in a bimolecular, diffusion-mediated
electron-transfer reaction. The, excitation in AD>*PYCD, on the other hand, is
quenched by the encapsulated A, in a fixed-distance, unimolecular electron-
transfer reaction. The unimolecular and bimolecular components of the electron-
transfer reactions can be eva]uatcd_separately by fluorescence lifetime quenching

«

gxperiments.

o8 o 05
S .‘ . £ 55 (-
|

PYCD

th hy . 6&93/

| & ~
i r. QQ“
e |

Bimolecular quenching Unimolecular quenching
Rate = &, M-' 5! Rate = &, s

Scheme 2.3. Scheme showing unimolecular and bimolecular quenching pathways for a-CD-

appended pyrene.
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2.3.4.2. Time Resolved Fluorescence Experiments

Fluorescence decay of PYCD was monoexponential in the absence of
acceptors and lifetime (%) obtained from single photon counting experiment was
204 ns. Addition of an acceptor resulted in unimolecular and bimolecular
quenching pathways. As a result the fluorescence decays became biexponential.
Fluorescence decay profiles of PYCD were collected in the presence of different
concentrations of all the ab‘éwtqfs. Decay profiles are presented in Figure 2.8 A-

H. The biexponential nature of the decay is very evident from these figures.

10°%

~ - - - 10— - —
200 400 600 800 200 _ 400 600 800
Time, ns Time, ns

10" R ] B 10'k i L

0 200 400 600 800 200 400 600 800
Time, ns Time, ns

Figure 2.8 A-D: Fluorescence decay profiles of PYCD with various Acceptors (A) CBN (B) DMP

(C)DCB (D) ACP
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Figure 2.8 E-H: Fluorescence decay profiles of PYCD with various Acceptors (E) BZA {F) NB (G)
CNB (H) MNB. '

The short lifetime component (7;) of the decay arises due to intra-ensemble
slectron transfer and the long component (%) is due to diffusion mediated electron
ransfer. Hence the biexponential fluorescence decays can be expressed by
xuation (2), H

I, = Yaspyep) exp(-t/T)) + Ypyco) exp(-/ 1) (2)
vhere Y a-pycpy 16" the mole fraction of the encaps;llated species and Jpycp is the

nole fraction of free PYCD. The above assumptions lead to equations (3) and (4).
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0 = (ko + ko). (3)
7 = (ko + ky[A])" “@
where, ko (= /%) is the intrinsic decay rate of the probe, k., is the unimolecular
rate constant of electron transfer within the encapsulated segment, k, is the
bimolecular quenching rate constant for the unassociated PYCD molecules and
[A] 1s the concentration of the acceptor. According to equations (2)—(4), the short
lifetime componént (7)) 1s independent of the acceptor concentration and the long
lifetime component ( 7;) is dependent on the acceptor concehtration. From the short
lifetime component, the rate constant for electron transfer within the encapsulated
complex ADPYCD c;iﬂ be gz_ﬁpulated with equation (5).
ke =117 - /5 (5)
k, for the bimolecular process can be obtainéd by the usual Stern-Vo6lmer method.
Wn=1+knlA] (6)
According to equation (6), a plot of %/7 versus acceptor concentration will give a
straight line, the slope of which when divided by % gives k. Thus, the rate
constants k., and k, can be obtained from the same set of experiments. The
equilibrium association constant, K, for the encapsulation process shown in
Scheme 2.3 can also be determined from these experiments. ¥ a-pycp) and Zpyco)

values, obtained from fitting the lifetime data, are proportional to the

concentrations of the associated and unassociated fractions, respectively. Since the
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concentration of the acceptor is large compared to that of the associated complex,

we can write equation (7),

X(aoPYCD)

B XevemlAl @

a

A plot of ¥a-pveny Xpvep; versus [A] will be linear and gives K, as the slope.

The bimolecular decays obtained for all systems were analyzed to obtain 7,

-

%, Yaspyen)y, and Yevepy. These, along with the ,1'2 values obtained for the fits are

presented in Table 2.1 A-H. Notice that 7 values were < 1.2 for all the fits.

Table 2.1. Fluorescence lifetimes (7 and zﬁ.'fraetional contributions {zaspvco) and ypyen))

and 7* values obtained in the fluorescence quenchirig of PYCD by various quenchers.

Table 2.1 A: Fit parameters for PYCD/CBN system

[CBN, 10° M T,0S  Zaoeyco) %, NS Zeven) e
0 - - 204 100 1.1
0.15 11.7 4.1 200 95.9 1.1
0.25 11.5 5.8 198 94.2 1.0 »
0.35 1L.5 7.4 196 92.6 1.1

0.45 11 8.5 193 . 915 1.2
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Table 2.1 B: Fit parameters for PYCD/DMP system
[DMP],10°M 5,08 faspvey) %, 1S Xpveny 7
0 204 100 1.1
0.05 2.4 7.7 198 923 1.0
0.15 2.4 9.5 190 90.5 1.2
0.35 2.2 12.4 182 87.6 I.1
0.55 2.2 15.5 172 84.5 1.1
Table 2.1 C: Fit parameters for PYCD/DCB system
[DCB], 10° M 7, NS AAsPYCD) T, NS Apycny 2’2
B 0 204 100 1.1
0.15 1.4 4.1 196 95.9 1.]
¢ 0.55 1.3 9.5 183 90.5 1.1
0.95 1.4 14 170 86 [.1
1.05 1.3 ) 167 ‘ 85 l.1




Free Energy Dependence Study

57

Table 2.1 D: Fit parameters for PYCD/ACP system

[ACPL10°M  7,ns  Zaspvcp %, NS ApYCD) Ve
0 204 100 1.1
0.12 1.2 9.3 175 90.7 1.2
0.4 1.2 . 11.1 154 89.9 1.1
0.5 1.1 12.6 144 87.4 1.1
0.6 1.2 14 136 86 1.1
Table 2.1 E: Fit parameters for PYCD/BZA_ systém
' [BZAL10°M 5,05 Zasevenm) %, NS ApycD) x
0 204 100 1.1
0.04 2.4 4.7 196 95.3 1.2
0.05 24 5.4 194 94.6 1.1
0.07 2.4 6.2 191 93.8 1.1
0.09 23 7.0 189 93 12
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Table 2.1 F: Fit parameters/for PYCD/NB system
[NB], 10° M T, NS A(ASPYCD) T, NS APycp) Ve
0 204 100 1.1
0.03 13.3 4.0 195 96 1.1
0.07 13.0 4.4 160 95.6 1.0
0.10 13.2 5.0 187 95 1.0
0.13 12.9 5.5 182 94.5 1.0
Table 2.1 G: Fit parameters for PYCDIE;\;B system
[CNBL10°M 7, ns HASPYCD) Ty, NS Aeven) Ve
0 204 100 1.1
0.1 28.6 2.8 188 97.2 1.1
0.2 28 6.0 172 94 1.0
0.3 28 8.8 161 91.2 1.1
0.4 28.5 12.5 151 87.5 1.1
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21 H: Fit parameters for PYCD/MNB system

[MNB], 10°M 7, ns

Z(ASPYCD) 0, NS Arryco) Zz
0 204 100 1.1
0.05 40 3.0 194 97 10
0.1 39 42 187 95.8 1.1
0.15 40 53 178 94.7 1.1
0.2 40 6.2 172 93.8 1.1

An examination of the fit parameters given in the Tables 2.1 A-H confirms

the following. (1) For all PYCD/acceptor systems, 7, values were independent of

acceptor concentration (within the hmits of experimental error) and }a-pvep)

increased with acceptor concentration; (2) % and Ypycp values decreased with

increase in acceptor concentration. We also noted that the short lifetime

component disappears upon addition of methanol (15% by volume) to the above

solutions. The role of methanol is to prevent the hydrophobic interaction between

PYCD and acceptors, thereby preventing the encapsulation process. The

mimolecular fluorescence quenching component will be absent in this case. These

indings further confirmed that the excited state processes taking place in

’YCD/acceptor systems are adequately explained by Scheme 2.3.
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Schemé 2.3 lists three important rate constants namely ke, kq and K,. kg
values were calculéted using equation (5) by employing 7; and % values shown in
Table 2.1. k, values were obtained from plots of %/7 vs acceptor concentration. As
per equation (6) straight Jines are expected. Representative examples of these are

given in Figure 2.9. &, values are obtained {rom the slopes of these plots.

1.6

1.4

1‘0/ 7,

124"

1.0

0.0 0.5 1.0
[Acceptor], mM

Figure 2.9. @/ = plot for the lifetime quenching of PYCD by CBN (@), DCB (O), DMP (4 ), ACP
(&) and MNB (%).

Plots of Y a-pyepy Xipvcp) against acceptor concentrations gave straight lines
some examples of which are given in Figure 2.10. K, values are obtained from the
slopes of these plots. Values of k., k,, and K, obtained by the analysis menticned

above are givén in Table 2.2 for all systems.
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Figure 2.10. Plots of zasevco/xpveo vs JAcceptor] for CNB (4 ), DCB (A), CBN (O) and BZA
(%),

23.5. Calculation of AG%values.

With redox potentials of pyrene and acceptors measured in acetonitrile, the
free-energy change for electron-transfer AG® can be calculated using equation

(8)."?

AG'=E _Ed_EO_LZ_L+I_ 11 e (8)
ox re 0 2 p ra 37 ES ESd

where E,, is the oxidation potential of the pyrene moiety in PYCD and E 4 are the

rduction potentials of the acceptors, rp and r, are the radii of the pyrene and
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acceptor moieties, respectively, & is the dielectric constant of water, and d is the

distance separating the pyrene and acceptor units.

Table 2.2. Free energies (AG®), Association constants (Ka) and Rate constants (ke and kq) for the

PYCD/Acceptor systems

D-Asystem K,M' AG’ (eV) kg 10°M's" ke, 1075

PYCD/CBN 145  -0.11 5.3 8.3+0.3
PYCDDMP 193" *-.044 15.7 43.1 2.0
PYCD/DCB 140 -0.53 10.4 73.5£2.5
PYCD/ACP 179  -1.07 38.0 86.6 + 3.8
PYCD/BZA 461  -1.22 425 42.0+0.9
PYCDNB 172 -1.35 429 7.1£0.10
PYCD/CNB 375  -1.44 4238 3.0 +0.04
PYCD/MNB 236  -1.55 44.0 2.0 +0.03

The oxidation potential of PYCD in water was measured and we obtgined
the value as 0.9 V versus SCE. The reduction potentials of the acceptors, however,
could not be measured in water because the reduction potentials of most of them
lay outside the -range possible in water. Hence we were forced to use the redox

potentials of pyrene and the acceptors measured in acetonitrile or DMF and make

the necessary corrections for the difference in solvation by means of the fourth
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Lerm in equation (8). We used rp = 3.6 A, ry = 35 A for monosubstituted

&
H
i

;benzenes, and r, = 4.0-4.5 A for disubstituted benzenes. These values were

t

%obtained with AM1 methods."” In order to calculate d, we assumed that the
Eacceptors are centrally positioned in the a-CD cavity and that the midpoint of the
jipyrene moiety in PYCD is positioned =2 A above the narrower rim of a-CD as
%hown in Scheme 2.4. This giveé a d value of 6 A for the intra-ensemble electron
transfer. For diffusion-mediated electron transfer, d may be slightly different;
however, the same values were assumed for the sake of simplicity. AG® values
ithus calculated are presented in Table 2.1t can be seen that AG® values for the

selected systems spanned a range of = O to -1.5 eV.

=
®
<EB)

Scheme 2.4
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2.3.6. Free Energy Dependence of k?t and kq.

Figure 2.11 is a plot of the bimolecular quenching rate constant, kq versus
AG® (see Table 2.2 for actual values). It can be seen that, as the driving force for
the reaction (-AG®) increases, k, first increaees, reaches a maximum, and then stéys
nearly invariant with further increase in the driving force. This type of behaviour

is known as Rehm—Wcller behaviour.

10
10 ACP NB MNB
, o BZA CNB
1 9 e
10°- Apce
= cB
\\CU'
. 8
10"~
0 -1 -2

Figure 2.11. Plot of bimolecular quenching rate constants (kq) vs AG°. The solid line is a fit using

equation (9).

In one of the first major experiments carried out to test the Marcus theory,
Weller and co-workers measured the ﬂuorescenee quenching rate constants for a
large number of D-A systems wherein the free energy varied from +6 to -60 kcal

M™.'* They observed that the rate constant rapidly rises in the normal region, then
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reaches the diffusional limit and remains constant. This behaviour, known today as
the “Rehm—Weller behaviour” is exhibited by a large number of D-A systems and
it seems to be the rule for processes of luminescence quenching through electron
fansfer in homogeneous solution.”” In the Rehm—Weller formalism, the overall
quenching rate constant k, in a bimolecular electron-transfer reaction is expressed
by equation (9)'?, where AG" is the free energy of activation for electron transfer

and is given by equation (10).

K giry
k. =
17 1 £ 0.25[exp(AGT/RT) + exp(AGY/RT)] 9)

.

O\ 2
+ <A2° v) +(AG,MY?

.AGO# in equation (10) is the free energy of activation when there is no driving

AG# B AGO 172

(10)

force for the reaction.

We have attempted to fit the k, values obtained to the Rehm-Weller
equation. To do this, values of AG," and kg were required. We have assumed a
value of 0.19 eV for AG,". For similar systems in water a value of 6.6 x 10° is

normally used for the diffusion coefficient. The solid Wine In Figure 2.4\ is a fiv o
equation (9) using these values. Notice that there 1s good agreement between the
observed values and the calculated fit, which confirms th'at quenching of the CD-

appended pyrene by free moving acceptors in solution, obeys the Rehm-Weller
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formalism as observed for numerous other. diffusion mediated quenching
reactions.

Figure 2.12 is a plot of unimolecular rate constant ke versus AGY. It can be
seen from Figure 2.12 that as the driving force increases (i.e., AG® becomes more
negative), k., increases initially, reaches a maximum. and then decreases. This is
typical of Marcus type electron transfer and the data obtained fitted the Marcus

equation very nicely (vide infra).

-2

Figure 2.12. Plot of electron-transfer rate constant ke versus AGC. The solid curve is the computed

curve of equation (1).
Thus we conclude that the intra-ensemble photoinduced electron transfer between
the CD-linked pyrene and encapsulated acceptors followed Marcus type;

behaviour. The photoinduced electron transfer in CD-appended chromophores B,

thus similar to those in hydrogen-bonded systems, where the unimoleculat."
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.

component follows Marcus-type behaviour and the bimolecular component obeys

the Rehm-Weller pattern.'®

2.3.7. Electronic coupling and Reorganization energy

Our results show that photoinduced electron transfer in the supramolecular-
CD dyads foilows Marcus-type behaviour (Figure 2.12). The data in Figure 2.12
can be fitted to equation (1) to give H, and A values. We have attempted to fit the
data to equation (1) by means of various combinations of H,; and A and the best fit
was obtained witl;;i/.'a'ﬂueg”qf H, =3 cm' and A = 0.8 eV. The fit is shown in
Figure 2.12 (solid line). Notice that therg is good agreement between the observed
values and the calculated fit, confirming the Marcus-type electron transfer taking
place in these systems.

Although a few examples of photoinduced electron transfer in CD-
appended systems are reported, values of H, and A4 have not been determined in
any of these cases. Therefore, we are not able to compare our results with those in
similar systerns. The H,) values obtained are small, but similar to values reported
for hydrogen-bonded donor—acceptor systems.'’ Considering the fact that the
donor and acceptor are not linked directly and that they most probably have a

through—sﬁace interaction, the low value obtained seems reasonable.
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The reorganization energy A obtained from the best fit is 0.8 eV. A is the
sum of inner shell (4;,) and outer shell (4,,) reorganization energies. Ay, is given

by equation (11),"® where &p 1S the optical dielectric constant of the solvent.
a2 [ 11 .
/1011( = Ae ( 2"9 + 2',A d ) < Eop £, > (11)

This expression gave A, = 0.7 eV for our systems. This suggested that 4;, is only

0.1 eV for these systems. This value of A, seems to be somewhat lower than
expected. [n our previous\s\;udies with hydrogen-bonded systems, we obtained A,
= 0.2 eV for similar donor—a;:-;:g;'\)-i'd'r systems.'® Other groups also have used A, =
0.2 eV for small aromatic donor-acceptor systems.'” Because A, is solvent-
insensitive, a similar value was expected here. We use the following argument to
explain the low Qalue calculated for A, A, was obtained with equation (11),
which gives Ao, expected, if both product ions are stabilized by solvation with
water molecules. In the present systems, the pyrene moiety is fully exposed to
water and the pyrene radical cation formed as a result of PET will be stabilized by
solvation with water. However, the acceptor radical anions formed inside the o-
CD cavity are not exposed to water molecules and hence they may not be
stabilized by solvation. Thus the actual /L,m-for the present systems will be

somewhat lower than the 0.7 eV obtained from equation (1!). If we assume that

Ain is 0.2 eV, then A, will turn out to be 0.6 eV. This may be the correct picture
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and based on these arguments we can suggest that encapsulation of the acceptor
fragment in 0.-CD results in a lowering of the outer shell reorganization energy by
0.1 eV (compared to that in pure water). Fukuzumi et al. reported results similar to
this for photoinduced electron transfer between DNA-bound donors and
intercalated acceptors.'® For intramolecular photoinduced electron transfer in these
systems, the reorganization energy was found to be reduced by 0.1 eV compared

to that of the intermolecular process.

23.8. The Inverted Region

RO

The most important aspect of Marcus theory was the prediction of an
inverted region in électron transfer réactions. This aspect of Marcus theory was
controversial from the time the theory was proposed in 1956 until John Miller's
group at. Argonne National Laboratory found experimental proof of it in 1986.
Marcus won the Nobel Prize for Chemistry in 1992 for his contributions to the
theory of electron transfer reactions in chemical systems. Though long
ooﬂtroversial, the presence of inverted region kinetics is now well established in a
ﬁrge number of charge shift and charge recombination reactions.

-

In most of the published examples of the inverted region in intramolecular
dectmn transfer reactions, the forward reaction, is restricted to the normal region
@J back electron transfer restricted to the inverted region most probably due to
[

|
JI! limited range of free energies available for these reactions. The bulk of
o

|
i
{
!
|
|
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experimental observation has shown that intermolecular photoinduced charge
separation reactions follow the Rehm-Weller behaviour and observation of the
inverted region is restricted to thermal charge recombination or charge shift
reactions. Several authors have tried to answer the question as to why the invertéd
region is generally not observed in PET reactions. In the following section an
overview of their results is attempted.

The classical Marcus theory was reanalyzed in the 1980’s to include the
influence of quantum effects, notably electron tunneling.?® This treatment
increases the rate constant\;ﬁénfxgg ‘thermally activated process becomes slow but
it was concluded that this treatment cannot account for the discrepancies of the
Marcus and Rehm-Weller type plots. Because of this, the absence of the inverted
region in photoinduced electron transfer reactions between neutral partners was
attributed to the formation of products in the electronically excited state.”! If this
happens, the actual reaction free energy would be smaller by the excitation energy
of the products and will be insufficient to fall within the inverted region. This
hypothesis appears quite reasonable because the excitation energies of the radical
products are small and these states may be accessible at large driving forces. No -
experimental evidence e€xists to prove this hypothesis. The presence of »
electronically excited molecular ions could in principle be ascertained by the:

J,!
observation of their luminescence, but this is generally very weak and beyond the |
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detection limit of most currently available instruments. Thus. the intermediacy of
glectronically excited products remains unproven but is not unreasonable.

The lack of experimental evidence for the formation of products in the
excited state has prompted investigators in this area to put forward new theories 1o
explain the absence of inverted region in photoinduced charge separation
reactions. The most comprehensive and most debated among these theories is the
Mataga-Kakitani (MK theory), which emphasized the role of solvent in controlling

1

electron transfer processes in polar.solvents.™ This theory suggests that the

difference in the Marcus and Rehm-Wci\le:r\"behuviour 15 due to the electric field
which acts on the solvent. In the case of 1ons or 1on pairs, the electric field leads to
pﬂal dielectric saturation ol polar solvents and this will restrict solvent motion.
Computer simulations of molecular dynamics following the Monte-Carlo method
predicted dielectric saturation up to a distance of about I A from the solvent
molecular envelope.™ n the case of neutral reactants, no such dielectric saturation
would exist and the solvent motion remains unhindered resulting o the
observation of diffusion controlled rate constants.

The existence of dielectric sapltx‘zl_1i0r1 is not established beyond doubt. Some
authors claim that the dielectric saturation becomes -important only i the
neighbourhood of small ions like Li* in water and is negligible in the solvent shell

. . . . . 4
of larger molecular ions such as those involved in electron transfer reactions.’

Another complication of M-K theory is that it fails to explain the observation of
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the inverted region in non-polar solvents. Dielectric saturation is applicable only to
polar solvents and if the M-K theory is correct, inverted region should not be
observed in non-saturable solvents such as toluene. Because of all these factors,
the MK theory is not considered as the right approach in understandhing the
difference betwgen Marcus and Rehm-Weller behaviours.

Recently Tachiya and Murata made a distinction between the Marcus and
Rehm-Weller types of electron transfers.” According to them the Marcus equation
gives the first order rate constant for a donor-acceptor pair with a fixed separation,
while the Rehm-We“lTéibeglftion gives a second order rate constant. They have
calculated the second order diffusion mediated rate constant by using a recently
developed theory of diffusion mediated reactions which takes in to account the
donor-acceptor distance of the first order rate constant. This theory also predicted
an inverted region at very large driving forces, but this could not be verified
experimentally.

Rau and co-workers have suggested that the inverted region is not observed
in electron transfer reactions because of the distance dependence of electron
transfer rates in the inverted region.”® This can be explained as follows. In the case
of freely moving molecules there will be several quencher molecules around a:’:
given probe. In this situation the distance ‘between the probe and quenchers is not ;
fixed but variable. In the Marcus theory, the maximum rate constant (minimum]E

J

activation energy) occurs when the free energy of the reaction is equal to the
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!:
i- reorganization energy (AG’ = -1). For a_probe-quencher system in the normal
{ ]
‘} [fegion, the maximum rate constant occurs at contact distance. For a system in the
‘. inverted region, AG’ < -4 at contact distance. The reorganization energy A, which
is the sum of outer and inner shell reorganization energies, is distance dependent
and is expected to be larger at larger separation distance (this comes from the
1distance dependenée of the outer shell reorganization energy). Hence at some
particular distance apart, AG® = -4 for the systems in the inverted region. The rate
will be maximum at this separation distance and electron transfer will occur from
this distance. Thus for systgms having large driving forces, at very short distances,
teny,
in particular at van der Waals contact, the free energy could bring the system
vithin the inverted region,.but electron transfer would take place at some larger
disance where AG = -4 and rate ié maximum. This has the effect of truncating the
observed rate to the maximum value possible in a soivent, which will be equal to
kg for the solvent. The inverted region will not be observed for bimolecular
reactions if this situation actually exists.
We have recently studied the free energy dependence of electron transfer in
g few donor-acceptor systems assembled through hydrogen bonding interactions.'®
Our study showed that when diffusion is prevented, the inverted region can be
observed, ard when diffusion of the partners' is allowed, Rehm-Weller behaviour

is observed. The non-observance of the inverted region in charge separation

reactions is thus attributed to diffusion in the region of moderately large driving
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forces. The results reported here for photoinduced electron transfer in o-CD
appended systems are very stmilar to those obtained for hydrogen-bonded
systems. This confirms our suggestion that the non-observance of the inverted
region in PET reactions can be attributed to diffusion limiting of the reaction rates.

It is to be mentioned here that a few reports claimed the observation of
inverted region in bimolecular PET reactions.”” Some of these claims were
questioned later.® Recently Fukuzumi et al. carried out pulse-radiolytic studies to
determine the rate constants of electron transfer from fullerenes (Cgq, Cre and Cyg)
to a series of arene radical cations in dichloromethane solution.”” The driving force
dependence of k&, shé\\;éécl-faépronounced decrease towards the highly exothermic

region, which they claimed as the first definitive conformation of the inverted

region in truly intermolecular electron transfer reactions.
2.3.9. Visual demonstration of the inverted region

A very important aspect of the present study is that the raw fluorescence
data obtained provide a direct visual observation of the inverted region. Figure
2.13 A-H shows the fluorescence decay profiles of PYCD in the presence of
different acceptors arranged in the order of increasing driving force (decay curves
shown in Figure 2,13 A-H are taken from decay curves presented in Figure 2.8 A-
H). Values of AG" are also shown in the plots. The biexponential nature of the

fluorescence decays can be distinguished by the naked eye in all cases. The intra-
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ensemble PET rate constant k., is obtained from the short lifetime component 7; as
pér equation (3). As 1/f>>1/%, ky = 1/7;. This means that the faster the initial
decay, the higher is the k., value. An examination of the decay profiles in Figurc'
213 A-H reveals the following: as we proceed from A—B—C, the steepness of
the initial decay component (shown in the box on the curve) increases, indicating
ﬁat ke, increases from A—C. This corresponds to the normal region of the Marcus
parabola. The steepness of the initial component is a maximum for C and D,

indicating that these systems correspond to the top of the parabola.

10*4 \ A i P 10* \ B
‘ CBN@PYCD | : DMP@PYCD
10’ AG =-0.11 eV 104 AG =-0.44 eV

@ 3]
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Figure 2.13 A-D. Fluorescence decay profiles of PYCD in the presence of CBN, DMP, DCB, ACP
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Figure 2.13 E-F. Fluorescence decay profiles of PYCD in the presence of BZA, NB, CNB, MNB

As we proceed further from D—E—-F->G—H, the steepness of the initial
component decreases, indicating that &, decreases from D—H. This segment
represents the inverted region. The experimental fluorescence profiles thus serve
as a visual demonstration of the Marcus parabola in electron-transfer reactions
(note that the acceptor concentrations are slightly different for the plots; however,
this is immaterial because the short lifetim_e is independent of the acceptor
concentration;

Although the inverted region is now a well-established aspect of Marcus

theory, papers dealing with the observation of an inverted region in newer systems
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p—

'*¥(references 30 list only

§oontinue to appear frequently in the current literature
papers that have appeared in the last three years). Visual observation of the
inverted region as shown here was never reported earlier.

When log (counts) is plotted against time (or channel number), bimolecular
decays can be clearly distinguished by the naked eye if 7j<<7. For systems at the
bottom of the Marcus parabola, both in the normal and inverted regions, 7 is
relatively large and the differences between 7; and 7, are small. In the inverted
tegion, diffusion-mediated quenching is maximum, and hence 7, decreases rapidly
with quencher concentration. This le\agg ‘to- further decreases in the difference
between 7, and 7, in the inverted region. In the hydrogen—bonded systems studied
earlier, %~ 100 ns and quencher concentrations required were in the (1-5) x 10~
M range.'® Because of this, the condition that 7;<<7 was achieved only for
systems near the top of the Marcus parabola. In the present system with the
cyclodextrin-appended pyrene, % 1s 204 ns and quencher concentrations employed
were about ten times less. Because of this, the condition that 7,<< 7 was achieved
for all the systems studied and this enabled a visual observationrof the Marcus
parabola from the raw fluorescence lifetime data. Most of the earlier observations
of the inverted region.actually involved thermal electron-transfer reactions, which

are generally not amenable to studies by fluorescence quenching.”’ Thus, in these

kcxperiments, the Marcus parabola was built up from different types of
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experiments, the normal region constructed on the basis of fluorescence quenching
experiments and the inverted region constructed from flash photolysis or pulse
radiolysis experiments. Because of this, a visual demonstration of the inverted
region could not be achieved from raw data. In our previous experiments with the
hydrogen-bonded systems and also in the present system, the complete Marcus
parabola was constructed from photoinduced forward electron-transfer reactions.
In the present case, we are able to visually demonstrate the existence of the
inverted region and also the total Marcus parabola on thé basis of fluorescence

decay curves and this constituted a very straightforward demonstration of the

~

R

inverted region. e
2.4. Conclusions

We have studied the free-energy dependence of PET reactions between 0-
cyclodextrin-appended pyrene and small acceptor molecules in aqueous solutions.
A fraction of the acceptors associate with PYCD, leading to the formation of
supramolecular dyads. Upon excitation, both unimolecular and diffusion-mediated

electron transfers take place. The former component is attributed to electron)

transfer in the supramolecular dyad and this component followed the Marcus
equation. The dynamic component is attributed to the freely diffusing PYCD ,
acceptors, and this component obeyed the Rehm-Weller equation. Similar (g
hydrogen-bonded systems, the CD-appended systems also enabled us

simultaneously observe Marcus and Rehm-Weller behaviours. The M

[Sron
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equation was used to determine dor_lor—acceptor coupling and the reorganization
energy in the supramolecular dyad systems. Electronic coupling was found to be
similar to those reported for hydrogen-bénded systems. It appears that actual Ay,
values are somewhat lower than calculated values. An important success of the
study is that it enabled us to visually demonstrate the whole Marcus parabola on
the basis of raw fluorescence lifetime data.

25. Experimental section

25.1. General techniques
.

'"H and *C NMR spectra were recorded on a 300 MHz Bruker Avance DPX
spectrometer. FT-IR spec&a were recorded on a Shimadzu IRPrestige-21 FTIR
spectrometer. MALDI mass spectrometry was conducted on a Perspective
Biosystems Voyager DEPRO MALDI-TOF spectrometer in a matrix of o-cyano-
4-hydroxybenzoic acid. Absorption spectra were recorded on a Shimadzu-3101PC
UV/Vis/NIR scanning spectrophotometer. Fluorescence spectra were recorded on
a SPEX Fluorolog F112X spectrofluorimeter. Fluorescence lifetimes were

determined with an Edinburgh Instruments FL90OCD single-photon counting

system and the data were analyzed by Edinburgh software.
,‘ 2.5.2. Materials
" Synthesis of PYCD: PYCD was synthesized by adopting a general procedure for

the selective functionalization of a single primary OH of a-cyclodextrin.® 1-
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Bromomethylpyren.e (0.3 g, 1.05 mmo}) was added to a solution of a-CD (1.0 g,
1.05 mmol) in 2,6-lutidine (90 mL), and the mixture was heated to 150 °C under
an argon atmosphere for 3.5 h. Lutidine was then removed under vacuum, and the
solid was washed several times with ethyl acetate and purified by chromatdgraphy
(silica gel, methanol). The crude product was obtained in 30% yield and this was
purified by repéated column chromatography over silica gel to get the pure
product in less than 10% yield. 'H NMR (300 MHz, [D(,]VDMSO) S (ppm): 3.3-
3.7 (m, 36H), 4.5-4.8 (m, 13H), 5.5-5.8 (m, 12H), 7.8-8.4 (m, 9H); '*C NMR (75
MHz, [Ds] DMSO) &{ppm): 60.19, 60.68, 69.34, 71.02, 71.29, 72.23, 72.59,
v
73.05, 73.45, 82.22, 82.61, 102.10, 102.52, 124.02, 124.59, 124.83, 125.45,
125.96, 126.50, 127.09, 127.59, 128.51, 128.86, 130.47, 130.63, 130.75, 130.89,
131.69, 132.24; FT-IR (KBr) v, 1033, 1076, 1151, 1205, 1242, 1296, 1330,
1361, 1406, 1597, 1653, 2839, 2908, 2933, 3566 cm’'; UV/Vis (Water): [Amax, nm
(eM' cm™")]: 342 (43000); MS (MALDI-TOF): m/z 1209.2 [M+Na]".
Quencher molecules: All quencher molecules were commercial samples from -
Aldrich. These were purified by standard methods before use. Stock solutions of‘f
acceptors were prepared as follows: a small amount (10-20 mg) of the acceptors !
§

were stirred in water for 2 h. These were then centrifuged and filtered.y

<

Concentrations of acceptors in the solution were. estimated by means of the.

measured extinction coefficients in acetonitrile. Solutions used for the
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fluorescence lifetime experiments were dea.erated by purging with argon for 20 -

mia before use. The fluorescence lifetifnes were measured with dilute solutions

{OD = Q.1 at the excitation wavelength 342 nm), and the emission was monitored

‘at 373 nm. |
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Self-Assembly and Photoinduced Electron Transfer
Processes in a §-Cyclodextrin-Appended
Anthracene - Pyromeliitic Diimide Dyad System

31. Abstract

An anthracene appended [-cyclodextrin (ANCD) and a pyromellitic
diimide derivative (PMDI) wé;';@ym&gsized and characterized, Self-assembly of
these molecules into a supramolgculdr dyad was studied by means of various
techniques. Our studies suggested that PMDI is eﬁcapsuiared in the CD cavity
with the aromatic part at the centre and the 2-propyl end at the narrower rim,
among the overhanging primary OH groups, and the N-ethylpyridinium end
situated at the wider rim exposed to water. Photoinduced electron transfer (PET)
in the system was studied by fluorescence quenching and laser flash photolysis
techniques. At [PMDI] < 107 M, the equilibrium is in favour of the free
molecules, and under these conditions fluorescence quenching is negligible and
diffusion mediated electron’ transfer involving the triplet excited state of
anthracene predon;inates. At higher concentrations. of PA{DI, the equilibrium is
largely in favour of the supramolecular dyad and intra-ensemble PET processes

predominate. The experimentally determined electron-transfer rate constant
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agrees very well with that calculated by using the Marcus equation. It was
observed that a fraction of the ion pairs survived for more than 200 us.
3.2. Introduction

In Chapter 2 of the thesis we have presented a study of the free energy
dependence of electron transfer in Cyclodextrin-based donor-acceptor systems.
This study has established that electron transfer between a CD-appended
chromophore and encapsulated guest is adequately described by the Marcus
theory. This enabled us to determine the electronic coupling between the CD-
appended chromophore and encapsulated guest molecules. This study has, for the
first time, revealed thhz-;t-;mm g_ncapsulation process leads to a reduction in the
solvent reorganization energy for the electron transfer reaction. It is now possible
to predict the rates of PET reaction in CD—baSed systems with reasonable accuracy
based on knowledge of AG” and A values.

A very important objective of PET studies is the conversion of solar energy
into usable chemical potential.' This is possible only if the products of the PET
reaction, namely the radical cation of the donor and radical anion of the acceptor,
are long-lived and formed with high quantum efficiency.2 Steady state and time-
resolved fluorescence experiments carried out in Chapter 2 of this thesis give
information only about the rates of PET reactions and do not provide any
informatior; about the fate of the charge separated (CS) state. Detection and

monitoring of the radical cation and radical anion products are essential follow up,
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-
itr:ps in PET studies. Laser flash photolysis studies, which could provide

hformation about the yields and lifetimes of transient intermediates, are very
’iseful in this context.

| We have subjected the systems described in Chapter 2 to laser flash
;l')ihotolysis, but encountered a few difficulties in that process. (1) The pyrene
¢hromophore, which acts as the sensitizer and donor in the study, has practically
po absorption in the two laser wavelengths (355 and 532 nm) available in our
daboratory. PYCD could be excited using 355 nm laser light, but this required very
high concentration of PYCD. (2) R\z‘laical“q_nions of acceptor molecules employed
in the study had very weak absorption and ére very difficult to observe in the flash
photolysis experiments. (3) Association constants for .PYCD—acceptor systems
were low and this has necessitated the use of very high acceptor concentrations.
‘Thus for the laser flash photolysis experiments, high concentrations of PYCD and
acceptors were used. Under these conditions we could not distinguish between
radical ions formed through unimolecular and bimolecular pathways. In fact this is
ia problem associated with all types of noncovalently bonded donor-acceptor
ssysfems, where a dynamic equilibrium exists between the free and complexed
'forms. In the natural photosynthetic system the donors a.nd acceptors are kept at
fixed distance and the diffusion component is absent. In synthetic systems the
 diffusion component always exists. We propose that the diffusion component

could be minimized by adopting two strategies: (1) Increase the association
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constant for complex formation and (2) employ low concentration of the sensitizer
and higher concentrations of quenchers so as to push the equilibrium to the side of
the complex. Under these conditions all the sensitizer molecules are comple;;ed in
the ground state and upon excitation the intra-ensemble processes would be
favoured over the intermolecular processes.

The present chapter deals with the design and study of a CD-based PET
system wherein we addressed some of these issues. The pyrene chromophore was
replaced by an anthracene (AN) unit, which can be easily excited using the 355
nm laser light. Associa\t\iéjif*cqggtants are generally lower for a-CD and hence we
replaced it by a §-CD. It is knoWn that association constants are higher if the guest
fits tightly in to the CD cavity.” We have probed the association process between

B-CD and several cdmmonly employed acceptor molecules and found that

pyromellitic diimides (PMDI) fit the B-CD cavity rather tightly and the
association constants are reasonably high. The radical anion of PMDI has good
absorption around 700 nm and hence this acceptor is well suited for laser flash
photolysis studies.

The present chapter describes the self-assembly of a B-CD based
supramolecular dyad, wﬁerein an anthracene (AN) moiety covalently attached to

the smaller rim of B-CD acts as the donor and a pjromellitic diimide (PMDI)

derivative encapsulated within the B-CD cavity acts as the acceptor. Anthracene
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attached B-CD is designated here as ANCD. Self-assembly of the dyad was
studied by absorption, fluorescence and 'H NMR spectroscopy, and by circular
dichroism and cyclic voltammetry (CV). PET reactions in the supramolecular
dyad were studied by fluorescence quenching and laser flash photolysis. Our
results suggest that the design of the supramolecular dyad can result in the
formation of a long-lived charge-separated (CS) state in moderate yield. Structures
of ANCD and PMDI are shown in Chart 3.1. This chart also shows the structures
of (9-anthrylmethyl)triethyl ammoni}Jm chloride (AMTAC) and adamantyl-

ammonium chloride (ADAC), which séi'%duas control systems in some of the

experiments.

o o — + Cr
>——N N—/— N/
o o . Br
PMDI ADAC

Chart 3.1. Structure of molecules employed.
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3.3. Results and Discussion

3.3.1. Synthesis and Characterization of ANCD and PMDI

ANCD was synthesized by adapting a well-known strategy developed for
the selective functionalization of the narrower rim of CDs (Scheme 3.1). A sirrﬁlar
method was employed in Chapter 2 for the synthesis of PYCD. The crude product
was obtained in about 30% yield and this was purified by repeated column

chromatography over silica gel. Yield of pure ANCD was < 10%.

o )

HO OH
0™Ho, om T ©
C“ Lutidine '
DMF, 150° C :

(OH)14 (OH)q4

Scheme 3.1. Synthesis of ANCD.

The structure of ANCD is assigned based on spectral evidence. The
MALDI-TOF mass spectrum of ANCD (Figure 3.1), for example, showed a peak
at m/z: 1325, which corresponded to [ANCD+H]". The peak corresponding to

native §-CD Was not observed in the MALDI-TOF spectrum.
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Figure 3.1. MALDI-TOF Spectr_tim of ANCD.
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The 'H NMR spectrum of ANCD exhibited peaks due to the B-CD part at &
= 3.2-5.7 ppm and the aromatic residue at 6 = 7.5-8.6 ppm as shown in Figure
3.2. The peaks in the rénge 05.4-5.7 are due to 2-OH and 3-OH, §4.4-4.8 are due
to 6-OH and 1-H and all the remaining protons of the CD group appeared in the
$3.2-3.8 region.

The regiochemistry of ANCD was assigned based on a comparison of the
C NMR chemical shifts (Figure 3.3) with those reported for similar compounds

and also based on our own experience with PYCD reported in Chapter 2.
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Figure 3.2. "TH NMR spectrum of ANCD.

B-CD has seven glucose units and in monosubstituted B-CD systems, the PC NMR
chemical shifts of six of the glucose units remain relatively unaffected by the
substitution. The '*C NMR chemical shifts of the AN-attached glucose unit are
expected to be modified as described in Chapter 2. The *C NMR spectrum of
ANCD exhibited six intense signals and eight small peaks in the carbohydrate

region.
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Figure 3.3. 13C NMR spectrum of ANCD. (A) Cyclodextrin part (B) Aromatic Part.
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Based on a comparison with the literature, the six intense signals are assigned to.
those in the six unsubstituted glucose rings at = 102.34 (C)), 81.57 (C4), 73.12
(C3), 72.48 (CS), 72.09 (C2) and 59.98 ppm (C6). The small peak at & = 64.65
ppm is assigned to the CH, group attached to AN. Six of the remaining seven
peaks must be due to the six carbon atoms in the AN-attached glucose ring. Of
these, the peak at = 68.85 ppm is assigned to the C6 carbon and this signal is =
8.87 ppm downfield from the normal value because of attachment to the AN

residue. The other signals were: C5 at = 70.73 (1.75 upfield), C4 at 82.05 (0.48

S

downfield), C3 at 73.52 (O.éf“‘i‘iownfield), C2 at 71.8 (0.29 upfield) and CI at
102.58 ppm (0.24 ppm downfield). As the C6 signal is shifted by nearly § =9
ppm and CS is shifted by 6= 1.75 ppm, we confirm that the AN moiety is attached
to the C6 carbon atom, which is on the narrower rim of 3-CD. A small signal at
0=60.31 ppm remains unaccounted. We assign this to the C6 carbon atoms of the
glucose units adjacent to the one to which AN is attached. (When a relatively large
molecule like AN is attached to the narrower rim of 3-CD, the CH,OH groups
projecting out of the narrower rim may experience steric crowding. This effect
may be more on adjacent glucose rings and hence their chemical shifts may be
affected. A similar situation was encountered in Chapter 2 of this thesis, while

assigning ""C NMR shifts of PYCD).
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PMDI was synthesized by adapting a standard procedure (Scheme 3.2).*
Pyromellitic dianhydride (1) was treated with both the amines to give the
disuBstituted derivative 2 in 30% yield. 2 was .then converted into the bromo.
derivative 3 in 65% yield, by treatment with aqueous HBr. The water-soluble
pyridinium derivative 4 was obtained in 73% yield by refluxing 3 in pyridine for

12h . The final product and intermediates are completely characterized by 'H, '°C,

IR and HRMS.
0 0O . 9 P
) o H2N-CH(CHg)o!Hald-CHy-CH,-OH >_N Wahs
( DMF, 160 °C, 6 h
(8] (4] . o °
1 ' 2
HBr
o ° 0 O @/~
- v Pyrdine }NMNI’Q
- 2
. PMDI (4)

Scheme 3.2
-3.3.2. Photophysical Properties and Conformation of ANCD

ANCD has an anthracene unit attached to 3-CD. The AN moiety acts as the
sensitizer and donor. The role of B-CD is to encapsulate the acceptor and bring

about the D-A assembly. Determination of actual conformation of ANCD is very
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unportant in this context. The conformation is expected to be in between the two
extremes, namely, 1) an extended conformation in which the AN moiety is fully
stretched out into solution and 2) a folded conformation in which the AN moiety is
folded back, so as to become encapsulated fully or partially in the CD cavity as

shown in Scheme 3.3.

L~

L

Extended Conformation Folded Conformation

Scheme 3.3. Scheme showing the extreme conformations of ANCD.

In the extended conformation, the AN residue is fully exposed to water and the
spectral characteristics are expected to be similar to those of a water-soluble AN
derivative, such as AMTAC. Figure 3.4 A shows the absorption spectra of ANCD
and AMTAC in water. The absorption spectrum of AN in the relatively non-polar
solvent THF (AN/THF) is also shown for comparison. The emission spectra of
ANCD and AMTAC in water and AN in THF are compared in Figure 3.4 B. The
absorption spectra 2-1re characterized by four vibrational bands. The vibrational
band maxima in ANCD (334, 350, 368 and 388 nm) are in between the values for
AN/THF (326, 342, 360 and 379 nm) and AMTAC in water (338, 355, 373 and

393 nm).
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Figure 3.4. A} Absomption and B} emission spectra of AN in THF (—), ANCD in water (—} and
AMTAC in water (—).

When the emission band maxima are compared, ANCD (391, 412, 436 and 468
nm) appears closer to AMTAC in water (392, 411, 435 and 466 nm) than to

AN/THF (382, 402, 373 and 453 nm). The band shapes, however, exhibited some
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difference. For example, the intensities of the first and second emission bands are
comparable in ANCD and AN/THF. In AMTAC the first band is lower in
intensity. Thus, the absorption and emission spectra suggest that the AN residue in
ANCD is not fully exposed to water.

Circular dichroism spectroscopy was employed to obtain further insight
into the conformation of ANCD. Achiral molecules included in the CD cavity or
attached to the rim of the C-S%dften exhibit induced circular dichroism (ICD)
spectra, the sign and intensity of which are very sensitive to the orientation of the
achiral molecule. The orientation is usually deduced from ICD spectra by using
the rules derived for ICD of chiral supramolecular systems, which were initially
derived for CD complexes5 and then generalized for complexes of chiral
macrocycles.® The rules predict the following: 1) The sign of ICD is positive fora
transition polarized parallel to the axis of the macrocyclic host and negative for
that polarized perpendicular to the axis. 2) The sign of ICD is reversed when a
chromophore moves from the inside of the host cavity to the outside, while
keeping the direction of tl-le transition moment unchanged. 3) The absolute value
of ICD is greater when a chromophore exists on the outside of the narrower nm
than when it is on the outside of the wider rim. 4) The ICD value of a.transitioné*

|
polarized perpendicular to the axis of a macrocycle is -1/2 of that of a parallel{

i

polarized one and the sign of ICD changes at 54.7°. These rules were successfullji;

1

applied for the conformational analysis of several CD-appended chromophorcs.7 ‘l]
f
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The long-wavelength absorption of AN in the 300-400 nm region is
polarized along its short axis.® The length of the AN molecule is larger than the
diameter of B-CD, and hence AN can enter the B-CD cavity only with its long axis
parailel to the B-CD axis as shown in the folded conformation of Scheme 3.3. In
this conformation, the transition moment of the 300-400 nm absorption would be
perpendicular to the B-CD axis and one would expect a negative ICD signal. It
should be noted that AN is attached to B-CD at the 9-position, and this makes it
difficult for complete in_;l_usion of the AN moiety within the cavity.

ANCD in water exﬁiﬁﬁs-a weak negative ICD signal in the 300400 nm
region as shown in Figure 3.5. The ICD signal was independent of concentration,
suggesting that the signal is due to an intramolecular process. Intermolecular
- processes such as inclusion of the AN part of one molecule into the B-CD part of
another molecule can thus be ruled out.

According to rules 1 and 2 above, negative ICD can resuit from two
orientations: 1) The AN moiety is included within the B-CD cavity with its long
axis parallel to the B-CD axis. 2) The AN moiety is held outside the cavity with its
long axis perpendicular.to the B-CD axis. In order to make a distinction between

these two possibilities, the ICD of ANCD was recorded in the presence of ADAC.

ADAC has a high affinity for encapsulation in B-CD (Ka=l.l x 10° M.
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Figure 3.5. ICD spectrum of ANCD (1.2 x 10-4 M) in water.

If the AN residue is inside the B-CD cavity, ADAC is expected to displace it to the

outside as shown in Scheme 3.4, leading to a reversal in the sign of the ICD signal.
SN O,
NH, D

Scheme 3.4. Scheme showing the displacement of anthracene from the 3-CD cavity upon the

addition of ADAC.

If the AN residue is residing outside the cavity, encapsulation of ADAC is not

expected to affect its orientation. When ADAC was added to ANCD solution, the
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positive ICD spectrum shown in Figure 3.6 was obtained. ADAC has no .
absorption in this region and hence is not expected to contribute to the ICD signal,
" We propose that ANCD exists in a conformation in which the AN moiety is
partially encapsulated in B-CD with the long axis nearly parallel to the B-CD axjs
(angle between the two axes < 54,78%) and when ADAC is added, it is displaced to

the outside of the smaller rim as shown in Scheme 3.4,

325 350 375 400

Wavelength, nm
Figure 3.6. ICD spectrum of ANCD (1.2 x 104 M) in water in the presence of ADAC (3 x 103 M).

Photophysical and electrochemical parameters for ANCD relevant to our

study are presented in Table 3.1.
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Table 3.1. Relevant photophysical and electrochemical parameters of ANCD.

Parameter Symbol Value
Singlet energy Eq 32eV
Fluorescence quantum yield P 0.71
Fluorescence Lifetime z 6.8 ns
Fluorescence decay constant ky: 1.04 x 10° 5!
Rate constant for intersystem kst 29x10"s"
crossing el
Triplet energy Er 1.85eV
Triplet quantum yield PD; 0.21
Triplet decay constant ky 2.1x10%s™
Oxidation potential E,, 1.14 V (vs SCE)

The singlet state parameters were obtained from absorption spectra, emission -
spectra and emission lifetimes. [n order to obtain the triplet-state properties, laser
flash photolysis experiments were carried out. Figure 3.7 shows the transient
absorption spectrum of ANCD in water. The spectrum was very similar to the
transient spectrum of AN in acetonitrile, and exhib'ited an absorption maximum at
420 nm and showed a lifetime of 47 ps. The 420 nm absorption was assigned to

the T-T absorption of AN based on its quenching by oxygen.
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Figure 3.7. Transient absorption spectrum of ANCD in water recorded at 6.3 s following the laser

fiash. Insert shows the decay profile at 420 nm.

Relevant parameters obtained from flash photolysis (kst, & and k) are also
summarized in Table 3.1. The triplet-state energy of ANCD is assumed to be same
as that of AN, and the value taken from the literature'® is given in Table 3.1.
Notice that ¢ + &y < 1, indicating a small percentage of non-radiative processes
laking place in ANCD. This aspect is neglected in subsequent discussions. As the
AN residue acts as donor in the PET reaction (see below), the oxidation potential
Ex) of this moiety is an important parameter. Attempts were made to record the
syclic voltammogram of ANCD, but a good oxidation péak could not be obtained.
I.Hence, the E,, of ANCD is assumed to be same as that of 9-alkylanthracene, and a

A

ialue taken from the literature'' is given in Table 3.1.
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3.3.3. Properties of Electron Acceptor

PMDI is employed in this study.because it is a good electron acccptor.and
its molecular size matches well wiih the cavity dimensions of B-CD. The use of
PMDI derivatives as electron acceptors in PET reactions is well documented in
the literature.”> The solubility of PMDI in water is very poor. We attached a
pyridinium group to one of its nitrogen atoms to make the water-soluble derivative
pyromellitic N-(2-propyl)-N’-(N-pyridinium)ethyl diimide (termed PMDI) for use |
in this study.

PMDI was fgl\[r_}d to interact with native B-CD in aqueous solution.

T

Addition of B-CD to an aq:g'éus solution of PMDI (1 x 10™* M) results in a blue

shift of the absorption maximum along with slight enhancement in the absorbance

as shown in Figure 3.8. A clear isosbestic point was also observed.

0.4
e
{
0.3 8
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2 0.
0.0l— ’ _ _
-280 300 320 340
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Figure 3.8. Absorption spectra of PMDI (1 x 104 M) in the p‘resence of various concentrations of
B-CD (1.14 x 104 ~ 5 x 103 M).
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Formation of the isosbestic point indicated that the following equilibrium exists in

the solution,

PMD! + B-CD #=— PMDISB-CD (1) _

where, PMDISB-CD represents the 1:1 inclusion complex.

334. Interaction of ANCD with PMDI: Self-Assembly and
Characterization of PMDISANCD dyad

Upon mixing aqueous solutions of ANCD and PMD], the B-CD-based

supramolecular dyad (designated as PMDIDANCD) is formed spontaneously.

Tl

The self-assembly process was- sthdhd by using ICD, '"H NMR, MALDI-TOF, CV
and fluorescence techniques. The scli?—assembly process could not be studied by
absorption spectroscopy because the absorption due to AN masks the PMDI
absorption. Compared to B—CD, the solubility of ANCD is very poor in water and
this imposed some constraints in determining the association constant.

An aqueous solution of PMDI did not exhibit circular dichroism. ANCD
exhibited a weak negative ICD signal in aqueous solution (Figure 3.5). When
PMDI is added to a solution of ANCD, the weak negative signal due to ANCD is
replaced by a strong positive ICD signal with a maximum at 312 nm as shown in
Figure 3.9. The ICD maximl'lm corresponds to PMDI absorption and this clearly
indicates that PMDI is associated with the B-CD part of ANCD. The lowest-
energy absorption (314 nm) in PMDI derivatives is known to be polarized along

the long axis connecting the two imide nitrogen atoms."” As per the ICD rules
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described earlier, the strong positive signal indicates that PMDI enters the B-CD
cavity with its long axis parallel to the B-CD axis, with the isopropyl group inside

the cavity and the pyridinium moiety projecting out into the aqueous environment.

0 L] 1 v 1]
300 325 350 375 400
Wavelength, nm

Figure 3.9. ICD spectrum of a mixture of ANCD (1.3 x 10+ M) and PMDi (3 x 10 M).

A parallel orientation in which the pyridinium moiety remains inside and the
isopropyl group remains outside is ruled out, based on the
hydrophilicity/hydrophobicity properties of these groups. When PMDI enters the
cavity, the AN residue, which is partially included within the cavity, has to be

displaced. A weak positive ICD signal can result at 4 > 350 nm if the displaced

AN remains just outside the B-CD cavity. The signal above 350 nm is very weak
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end does not give any information about the conformation of the displaced AN
moiety.

A positive ICD signal from PMDI may alsp arise if it remains outside the
caﬁty with its long axis perpendicular to the B-CD axis. We have discarded this
conformation for the following reasons. If PMDI lies on a rim, it can do so only at
!hl.t larger rim because the smaller rim is crowded due to the presence of an AN
residue. The ICD signal intensity will be very low in this case (rule '3). In such a
conformation, the absorption polarization is perpendicular to the CD axis, leading
to further reduction in the ICD signal “i&r‘:'tensity (rule 4). The ICD signal obtained is
very strong and does not support this '-conformation. The ICD signal shown in
Figure 3.9 decreases upon additi.on of ADAC, and this clearly indicates that
PMDI‘ is actually included within the cavify.

Further evidence for the encapsulation of PMDI in the cavity of ANCD is
obtained from Cyclic Voltammetric studies. Square-wave voltammogram of
PMDI in presence of 1:1 concentration of ANCD is shown in Figure 3.10 and
Cyclic voltammogram is shown in Figure 3.11. The voltammograms of PMDI
consisted of two reversible reduction peaks at -0.58 and -0.74 V (versus SCE).
Addition of ANCD resulted in-a reduction of the peak current, which is indicati\}e

of complex formation between the two species.
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Figure 3.10. Square—wavevoltammogram of PMDI (1.3 x 10-3 M) in the absence (a) and presence
(b)of ANCD (1.3 x 105 M),
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Figure 3.11. Cyclic Voltammogram of PMDI (1.3 x 10-3 M) in the (a) absence and (b) presence of
ANCD (1.3 x 103 M)

Association of an electroactive guest with a bulky host, such as B-CD,
always results in substantial reduction of the effective diffusion coefficient,
leading to a decrease in the current associated with the redox process.' In addition

to the decrease in current, addition of ANCD also resulted in a slight shift (0.04 V) |

1
|



wupramolecular Dyad ) 111

i the second reduction peak to a more négative E\; value. A negative shift in the
reduction potential indicates destabili»zation of the reduced state (or reduction has
become more difficult). It has been suggested that the redox process in an included
guest will occur only after the dissociation of the inclusion complex,l5 leading to a
positive shift in the oxidation potential and a negative shift in the reduction
potential. These results suggested that PMDI is included in the cavity of ANCD
with one of its imide groups deeply buried inside the cavity and the other imide

group relatively exposed to water and accessible for reduction at the electrode.

-
~

Further evidence for te association of PMDI with ANCD was obtained
from 'H NMR spectroscopic stu/dies. The 'H NMR spectrum of PMDI in D,0 is
shown in the lower panel of Figure 3.12. The assignments of the different signals
are also indicated (the large peak around 6 = 4.8 ppm is due to HOD present in
D,0) in the figure. Upon addition of ANCD, noticeable changes are observed in
the chemical shifts of several protons. The CH; protons of the isopropyl group
(labeled a) appeared as a doublet at 6 = 1.47 ppm. Upon addition of ANCD, the
doublet changed into a broad singlet and shifted upfield. The CH proton of the
isopropy! group (labelled b), which originally was a multiplet, shifted upfield and
changed into a broad s;inglet. The CH, groyp attached to the imide nitrogen
(labelled d) also showed similar changes. The most observable change, however,
was that of the aromatic pyromellitic imide proton (labelled c). This proton

underwent an upfield shift of about 0.4 ppm. The protons in the pyridinium ring (f,
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g and h) did not exhibit any change, and a}1y change in the e signal is obscured b§
the B-CD protons of ANCD. The new peaks that appear in the aromatic region are.

due to the AN moiety of ANCD.

a c
H,yC o H o
\ d e 4=
b/CH—N N-CH,—CH,—N,, , h
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Figure 3.12. '"H NMR spectra of PMDI in D20 in the presence of an increasing concentration of
ANCD.

Figure 3.13 shows the changes observed in the chemical shifts (Ad) for the
various protons. It can be seen that even at the highest possible concentration of
ANCD, the Ad values have not reached a plateau region. Hence, a K, value could,

not be determined from the data in Figure 3.13.
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figure 3.13. Plot of A &against ANCD conceniration.

Further evidence for the formation of the supramolecular dvad is provided
by MALD]-TOF spectroscopy. The MALDI-TOF spectrum of a 1:1 ANCD /

PMDI mixture cxhibited peak at m/z = 17684, which corresponded to the

‘molecular mass of the dyad (Figure 3.14).
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ES.M. MALDI-TOF spectrum of 1:1 concentration of ANCD and PMDI.
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The dimensions of the B-CD caviiy taken from the literature'® and the
molecular dimensions of PMDI obtéined from AMI calculations,” along with
results from the ICD, CV and 'H NMR studies were put together to obtain a clear
picture of the structure of the inclusion complex PMDISANCD. Relevant
molecular dimensions and a possible structure of the inclusion complex are shown

it Scheme 3.5.

78 A

PMDISANCD

Ka
ANCD + PMDI «——— PMDISANCD

Scheme 3.5. Inclusion of PMDI into ANCD. Molecular dimensions are also shown.

As the smaller rim of ANCD is capped by AN, PMDI may enter the cavity
through the wider rim with the hydrophobic N-(2-propyl) end going into the cavity
and the hydrophilic N’-(2-ethylpyridinium) end remaining outside at the wider

rim, as shown in Scheme 3.5. The 'H NMR signals for the @ and b protons have
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broadened considerably, indicating that free rotation of the 2-propyl group is
constFained. The distance between the farthest hydrogen atoms in the 2-propyl
group (obtained from AMI) is 4.32 A. The diameter of the smaller rim of the B-
CD cavity is 5.6 A. The AN moiety and six CH,OH groups are also present at the
smaller rim and hindrance to free rotation of the 2-propyl group is interpreted to
mean that this group is situated very close to the narrow rim and flanged by the
overhanging CH,OH and AN residues. The ¢ proton experienced the maximum

shift, which indicates that this proton.js near the centre of the B-CD cavity. The d-
.

£

proton signal is also affected and we suggest that this group is present near the

wider rim of ANCD. The protons in the pyridinium ring (f,-g and h) are unaffected
and }t can be safely assumed that the pyridinium ring is present outside the cavity
fully exposed to water. Ah of these assignments are consistent with the
Iconformation shown in Scheme 3.5. The imide group at the pyridinium end is near
the wider rim slightly exposed to water and the imide group at the 2-propyl end is
buried inside the cavity, supporting the results from CV studies.

Since the diameter of the smaller rim of the B-CD cavity is only 5.6 A,
encapsulation of PMDI in this fashion would lead to the displacement of the AN
residue, as shown in Scheme 3.5. The edge-to-edge distance between the PMDI
and AN residues is an important parameter in the electron transfef process and we

assume that this distance is very small (< 2 A).
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3.3.5. Photoinduced Electron Transfer between ANCD and PMDI

When aqueous solutions of ANCD and PMDI are mixed, a fraction of the

molecules exist as PMDISANCD as shown in Scheme 3.5. Photoexcitation of the

~

system would then lead to., unimolecular and bimolecular electron-transfer
processes, as demonstrated previously for a-»CD—appended systems in Chapter 2
and also for hydrogen bonded systems.'® An important difference in the present
study is that the triplet éxcited state of the AN chromophore is also involved in the

electron-transfer process.
3.3.5.1. Fluorescence-quenching experiments

Fluorescence of ANCD is quenched very efficiently by millimolar

concentrations of PMDI as shown in Figure 3.15.

4
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Figure 3.15. Fluorescence spectra of ANCD in the absence (a) and in the presence (b-f) of PMDL

Concentration of PMD! varied from 1 x 104 -3 x 103 M.
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luorescence quenching can occur by way of energy transfer or electron transfer
nechanisms. As the singlet energy of PMDI is greater than the singlet energy of
AN, quenching by energy transfer mechanism is ruled out and the quenching is
itributed to electron transfer from the singlet excited state of AN to PMDI, as

jhown in equation (2).

PMDI_

'ANCD + *ANCD + PMDI” (2)

The change in free energy assogjated with this electron-transfer process can be
talculated by using the Weller equat;;;ﬁ*‘réquation (3)].
AG s, = Eoy — Ereq— Eg— e*led (3)

In equation (3), E,, is the oxidation potential of AN, E.4 is the first reduction
potential of PMDI, Es is the singlet energy of AN, € is the dielectric constant of
water and d is the distance separating the donor and acceptor. Since & for water is
very high, the last term can be neglected in the calculation. Substitution of the
évarious values gave AGO(S) = -1.48 eV. The highly negative AGO(S, value suggests
that the singlet-state mediated electron-transfer process lies in the Marcus inverted
region.

The singlet-state quenching process can oceur by a wunimolecular
jxmechanism (intramolecular quenching within PMDISANCD), a diffusion
L

‘mediated mechanism or a combination of these mechanisms. For CD-appended

|
{
Lsystems, the diffusion coefficient (kyi) in water is determined to be 6.6 X 10° M™!
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5" If the quenching occurred by the diffusion mechanism, the maximum

possible rate constant kq = kgigr. By definition, k,% = Ksy, in which Kgv i_s the
Stern—Volmer constant. Substituting kg and 7%, we obtain Kgy = 45 M. By
definition, the reciprocal of Kgy gives the concentration (of the quencher) required
to quench 50% of the fluorescence.” This calculation revealed that 2.2 x 102 M
PMDI is required for 50% quenching, if quenching is to occur by the diffusion
mechanism. Figure 3.15 shows that nearly 75% of the fluorescence is quenched by
3 x 10° M PMDIL. We propose that in the concentrations employed for the
fluorescence quenching experiments, the diffusion-mediated reaction does not
contribute significantly to singlet-state deactivation.

The fluorescence quenching data in Figure 3.15 can be analyzed in the
following way to obtain the rate constant for electron transfer kg s,. In the absence
of diffusion-mediated quenching, the observed fluorescence quantum yield
(Preobsy) can be related to the fluorescence quantum yields of the uncomplexed
(@) and complexed (Prepmpi-ancn;) forms by equation (4)‘21

Drobs) = (1-00) B + A DrpmpIsANCD) (4)
In equation (4) «is the fraction of associated molecules. Equation (4) could be
simplified to equation (5).%
| | I , 1

- (5)
P - Priopy " B-PrpMmpbanch) * KB -Prpmpbancoy[PMDI
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According to equation (5), plot of [/ @r - Prps) vs 1/[PMDI] should be a
straight line. The association constant X, and the fluorescence quantum yield of

the complex Prpmpisancn could be obtained from the intercept and slope of such

a plot.

Figure 3.16 is a plot of 1/(Dr - Dry) vs I/[PMDI] for the above
quenching. A straight line is obtained which supports equations (4) and (5).
Dividing the intercept by slope, we obtained K, = 1800 M and D pMDISANCD) =

0.214. The rate constant for electron transfer ks, within PMDISDANCD can be

obtained by using equation (6): -

1 P '
ke[(S)z _:L'_ k £ >,_ 1] (6)
P [N PrpmDIoANCD)

Substituting the values, we obtain k) = 3.4 X 10% s

04+ . -
0 6 ' 12
1/[PMDI], 10°M"

Figure 3.16. Plot of 1/{®r - Prens)) vs 1/[PMDI].
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Further insight into the mechanism of fluorescence quenching was obtained
by fluorescence lifetime experiments. In the absence of any quencher, the
fluorescence decay of ANCD was monoexponential as shown in Figure 3.17 a.

The decays become biexponential in the presence of PMDI as shown in Figure

3.17b-e.

104

10°4

log Counts

Time, ns

Figure 3.17. Fluorescence decay profiles of ANCD in the absence (a) and presence (b-€) of

different concentrations (1-8 x 104 M) of PMDL. (f} is the lamp profile.

All the fluorescence decay profiles were fitted by using the biex ponential

function equation (7).

()

I = Z(PMD):;AN(?D)GXP(-I/T!) + }{’(ANCD)eXP('I/ 5)

where, Fpmpioanco 1S the mole fraction of the complexed species and ¥anco) 18

the mole fraction of free ANCD. Values of 7y, %, Ypmpiancny AANCD) along with

& values obtained from the fit are given in Table 3.2.
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The short lifetime component 7; arises due to electron-transfer quenching
within the ensemble PMDISANCD and hence 7) = (kg+keys)) s in which ke, is
the rate constant for electron transfer within PMDISANCD. k",‘(s’ can be
calculated by using equation (8) as described in Chapter 2.

kel(S) = 1/1’1 - ]./'q) (8)

Table 3.2, Fluorescence lifetimes (71 and ), fractional contributions { ¥emoisancoy and Zanco)) and

# values obtained for fluorescence lifetime quenching of ANCD by PMDI.

(PMDI] i, NS Z(PMDISANCD) T2, DS ZANCD a

0 -3"‘%; 6.8 100 1.2
[x10°M 24 8.36 68 9164 1.1
2x 10'M 2.5 13.09 6.7 86.91 1.1
Ix10°M 25 16.06 6.7 8394 12
5x 10*°M 2.5 38.91 6.7 61.09 1.1
8x 10* M 2.6 4998 6.6 50.02 1.1

The value of 4., thus obtained was (2.5 + 0.1) x 10® 5. The kexs) value
calculated from steady-state quenching (see above) was very close to this value. It
can be noticed from Table 3.2 that the long lifetime component 7, = %, which
indicated that the contribution due to diffusion-m;adiated gquenching of the singlet

excited state is negligible.
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K, for the encapsulation process can be calculated from the fractional
contributions X pmpisanco) and Zancp) As the concentration of PMDI is large

compared to that of the complex, we can write equation (9).

B X(PMDISANCD)
* = Yanco[PMDI] ®

Figure 3.18 shows a plot of X pmpisancp/Xanco) against [PMDI]. The plot
was linear and gave K, = 1390 M"'. This value is somewhat smaller than the value

obtained from the steady-state fluorescence method (see above).

=L
o/
¢

X.(PMDI SANCD) /X ANCD
o
(@)

©
o

5 10
[PMDI], 10°M

o

Figure 3.18. Plot of pmoisanco / yanco against [PMDI]

Electron transfer within PMDISDANCD is an example of non-adiabatic
electron transfer involving a weakly interacting donor and acceptor for which the
rate constant can be obtained by using equation (10), which is a modified form of

the Marcus equation.22



:ﬁupramolecuiar Dyad 123

fox = QM) Hodghs D23 5" (10)

x expl-(A+AG +mh W (4 Apkg )]

fIn equation (10}, 5 is Planck’s constant divided by 2w, H, is the coupling matrii
ielement, A, is the outer-sphere reorganization energy, ks is the Boltzmann
fo.onstant, 7T is the absolut.e temperature, AG® is the free energy change for the
reaction, s = A/hv, m is an integer, and 4 is the inner-sphere reorganization
jenergy. In Chapter 2 with o-CD appended pyrene and encapsulated acceptors we
obtained Hy, = 3 cm’'. Using Hy #3gm™, 4, = 0.8 ¢V, 4 = 0.2 eV, hv=0.15 eV,
IT=298 K and AG® = -1.48 eV, we obtain ke, = 3.83 x 10° s”'. Notice that this
value is very close to the values obtained from steadf state (3.4 x 10% 1) and time

resolved (2.5 x 10° s'') fluorescence quenching measurements.

13.3.6. Laser Flash Photolysis Studies

Laser flash photolysis of ANCD resulted in the formation of the AN triplet
state absorbing at 420 nm as shown in Figure 3.7. We observed that the triplet is
i quenched by PMDI. The quenching rate constane (kqmy = 1.6 X 10° M sy was
obtained by plotting the observed pseudo-first-order rate constants against
[PMDI1] as shown in Figure 3.19. The triplet energy of PMDI (2.45 eV} is 0.6 eV
higher than the triplet energy of AN.* Hence, quenching\ by an energy transfer

mechanism is ruled out. Based on the evidence obtained from flash photolysis
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experiments, we attribute the quenching to an electron-transfer process that takes

place from the triplet state of AN as shown in equatton (1 1):

PMDI

*ANCD *ANCD + PMDI”* (11)

161

0 L) 1
0 3§ 9
[PMDI], 10° M

Figure 3.19. Plot of kcbs against [PMDI].

The change in free energy for electron transfer from the triplet state (AG%r)) can
also be calculated from equation (3), by substituting the triplet energy Et instead
of E5. We obtained AGU(T) =-0.12 eV. The kT, value obtained is much lower than
the diffusion limited value, probably because of the low driving force for this
reaction. As mentioned previously, "ANCD was quenched by oxygen. In order to
make a comparison, the rate constant for oxygen quenching &£,(O;) was determined
as follows. The &, values were determined .at three different concentrations of

oxygen, namely, 0 M (Argon atmosphere), 2.9 x 10* M (air saturated aqueous
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solution) and 1.39 x i0° (O, saturated aqueous solution).?“4 kons Values were the-n
plotted against oxygen concentration.and &,(O;) was obtained from the slope of
this plot. ko(O2) value thus obtained was 9.0 x 10° M s’', indicating that
quenching of >ANCD by oxygen is five times more efficient than quenching by
PMDI.
PMDI has ﬁo absorption above 350 nm and hence AN can be selectively
excited in the presence of PMDI by using the 355 nm laser light. The
_‘ photéproccsscs taking place in the system are expected to depend on the position
' of the equilibrium sho%dnhS:heme 3.6. At lower concentrations of PMDI, the
equilibrium is inA favour of intefmolecular reactions involving ’ANCD. At higher
concentrations of PMDI, \;'e expect the equiIibrium to shift to the intra-ensemble
process as shown in Scheme 3.6.
In order to understand these processes in detail, transient absorption spectra
of ANCD were recorded at several different concentrations of PMDI. Figure 3.20
A and B show the transient absorption spectra taken at [PMDI] = 7 x 10 and 5 x

10° M, respectively. In both cases the spectra exhibited maxima at 420 and 720

nimn.
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Scheme 3.6. Photoprocesses taking pface in the ANCD-PMDI system.

The 720 nm absorption is due to PMDI™* and AN*" ** and the 420 nm
absorption is due to "ANCD and AN**. At low [PMDI], the 420 nm band due to
*ANCD is very strong (Figure 3.20 A). Kinetic traces taken in a small time
window show decay of the triplet at 420 nm and a matching growth of the radical-
ion products at 720 nm (insets in Figure 3.20 A), confirming that the products _
originate through the triplet pathway shown in equation (11).

The quantum yield (@) for the formation of the CS state was estimated by

assuming that the absorption at 720 nm is due to equimolar amounts of PMDI”

and AN™* (see experimental section for details).
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Figure 3.20. Transient absorption of ANCD (7 x 105 M} in the presence of A) 7 x 105 M PMDI
recorded at 0.46 s and B) § x 103 M PMDI recorded at 1.0 us following the laser flash. Insets
show the decays at 420 and 720 nm.

&., was found to increase with [PMDI] and reach a maximum at [PMDI] = § x
10 M as shown in Figure 3.21. This result suggests-that the yield of the radical
ion products increases with an increase in the fraction of the PMDISANCD

complex.
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Figure 3.21. Plot of @5 at 720 nm against PMDI concentration.

In the transient spectrlnLﬁé‘Ren at [PMDI] = 5 x 10” M (Figure 3.20 B), the 720
nm band is much stronger than the 420 nm band, indicating that the contribution
from the triplet state is small. At 420 nm, the decay exhibited a fast component
due to decay of AN and a very slow component due to decay of AN™" (see inset in
Figure 3.20 B). Notice that the absorption due to the radical-ion products at 720
nm is very long-lived and persists even after 200 ps.

Results from the fluorescence quenching and flash photolysis experiments
can be summarized as shown in equations (12-17) to describe the various intra-
ensemble processes taking place in the system. Complex formation will not affect
the fundamental photophysical rate constants kg, kst and kp. Complex formation,
however, leads to electron transfer processes from siﬁglet as well as triplet states

characterized by rate constants ke, and keqmy. The kes) value obtained from
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lifetime experiments is given in equations (12-17). The rate constant for electron
transfer from the triplet state within the ensemble k., could not be determined
experimentally. This value was calculated by using equation (10) and by
employing the same parameters described earlier along with AGOm = -0.12 eV.
. This treatment gave k)= 2.22 X 10° s and this value is shown in equation (17).
The quantum yield of the various intra-ensemble processes can be obtained
by using the k values. For example, @ys) - keysy(kews) + kr + kst) and so on. The
values so obtained are: \c_éel(s,(complex) = 0.65, &r(complex) = 0.076,
&, m(complex) = 0.069. Thus,‘;-,‘l 9% of the excited AN in the PMDISANCD
complex decays by electron-transfer processes. According to the arguments we
have presented, at [PMDI] = 5 x 10° M, ANCD is present mostly as the complex
PMDIDANCD and within the complex more than 70% of excited AN decays by
electron-transter processes. The value of @, however, is only 0.105 under these
conditions as shown in Figure 3.21. This suggests that a significant fraction of the

radical ions formed underwent back electron transfer (BET) before they could be

detected.
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PMDISANCD —2Y » pMDIS!AN'CD  (12)
K
LAN*'CD . —E—  PMDISANCD 1
PMDIS!'AN'CD | om — | C (13)

k
PMDIS' AN'CD . - 14
= 5508y "PMDISAN"CD  (14)

k
PMDIS!AN*CD —I— p 3IAN® 15
Sox 1071 PMDID'ANCD  (15)

PMDIo>®AN"CD 2.ll><<—TlO“.s , PMDIDANCD (16)
PMDIS!AN'CD  — e, “PMDISAN*CD  (17)
52x105s!

An important observation here is that a fraction of the CS state survives for
more than 200 pis. Gex;;r-a‘fioq,of a long-lived CS state is an important aim in the
study of PET reactions.® Long-lived decz_iy, as shown in Figure 3.20 B, is
generally associated with intermolecular processes. Covalently bound donor-
acceptor dyads .in general (with the exception of Cgo-based systems) exhibit very
short lifetimes, although a claim to the contrary has been made rccently.27 For a
few CD-based dyads for which data are available, the CS-state lifetimes were
extremely small.?® In this context it was important to know if the long-lived CS
state (shown in insets of Figure 3.20 B) has any contribution from the intra-i
ensemble electron-transfer processes. Laser flash photolysis in oxygen—saturatedg

: ]
solutions suggested that a fraction of the long-lived CS state actually originated!

through the intra-ensemble pathway. !
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The concentration of oxygen in oxygen-saturated aqueous solutions i_s 1.39
x 10° M.” We have already shown that for 3ANCD, kq for oxygen is five times '
larger than k, for PMDI. Under conditions in which [O;] > [PMDI], quenching of
"ANCD by PMDI is not expected to be efficient. Laser flash photolysis of the
system under the conditions described for Figure 3.20 A was carried out after
| saturating the solution with oxygen. Under these conditions the only transient
~observed was a fast-decaying triplet. It shouid be mentioned that in addition to
~ tiplets, oxygen also quenches radical anions very efficiently, but radical cations
are generally not azxenqhsd The presence of oxygen is not expected to affect the
intra-ensemble processes. As the absorption due to AN™" at 720 nm was absent, we
conclude that under the conditions uséd for Figure 3.20 A, only intermqlecular
electron transfer quenching was possible, and this process was inhibited
completely by the oxygen present in the solution.

We carried out oxygen quenching experiments at [PMDI] = 1.0 x 10° M. If
we assume that K, = 10° M"' and [PMDI],, = [PMDI]; (in which [PMDI]; is the
actual concentration and {PMDI],, is the equilibrium concentration of PMDI), it
can be shown that [PMDIDANCD]/[ANCD] = | under these conditions. 50% of
ANCD is presen.t in the free form and undergoes triplet-mediated electron transfer
and the remaining 50% is present as the complex and undergoes intra-ensemble
electron transfer. It can be shown that nearly 78% of all the PET reactions occur

within the ensemble and the remaining 22% occur through the intermolecular
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triplet pathway. Saturating the solution with oxygen is expected to remove most_of
the intermolecular electron transfers and any radical ions observed under these
conditions could be considered as arising from the intra-ensemble pathway.

Figure 3.22 shows the kinetic traces at 420 and 720 nm for the oxygen-
saturated ANCD (7 x 10" M) solution in the presence of 1 x 10> M PMDI. At
420 nm, the initial fast decay is due to the triplet and the long-lived residual
absorption is due to AN*". At 720 nm, the fast decay is assigned to oxygen
quenching of PMDI™ and the residual absorption is due to AN*", By using the
residual absorption, (b;t\il'a&&a_lculated and the value obtained was 0.056. In the
absence of oxygen, @, was 0.08. This study prompted us to suggest that more
than 50% of the CS state observed under érgon-saturated conditions originated
from the intra-ensemble pathway at high PMDI concentrations.

The reason for the long lifetime of the CS state is not exactly understood. -
The following factors, however, can contribute. 1) A small fraction of the radical-
ion products arise through the triplet pathway [eq. (17)]. BET in the triplet ion pair
is spin forbidden and hence slow. 2) AN and PMDI units in PMDISANCD are
separated by a small distance and if there are no water molecules in this space, the |
BET has to occur either through space or through several bonds of the B-CD :

framework, leading to low BET rates.
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Figure 3.22. Kinetic traces at 420 (a) and 720 nm (b) for the oxygen-saturated ANCD (7 x 10 M}

solution in the presence of 1 x 10 M PMDI.
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3) The PMDI” formed is polar and may exhibit a tendency to move out to the
polar aqueous environment, leading to jan increase in distance between AN*" and
PMDI". Control of BET by this latter mechanism has been suggested in a few
cases.” 4) For the AN-PMDI system studied here, AGO(BET, =-1.72and A= 1eV.
Thus, the BET process occurs in the deep inverted region and this can also result
irc an enhanced lifetime for the CS state. Fukuzumi and co-workers have recently
ohserved a long lifetime for the CS state in a t—complex formed between co-facial
frece-base bisporphyrin and the acridinium ion." The long lifetime of the CS state
was attributed to inverted rfagion effects in this case.

3.4. Conclusion -

A supramolecular dyad PMDIDANCD with the AN donor covalently
attached to B-CD and a PMDI acceptor encapsulated within the B-CD cavity was
assembled. The encapsulation process was studied by UV/Vis, ICD, 'H NMR, CV,
MALDI-TOF and fluorescence  techniques. The association  constant was
determined by three methods. The results suggested that the PMDI moiety is
encapsulated with the aromatic ring at the centre of the cavity. The N-(2-propyl)
end of PMDI is at the narrower rim and the N-ethylpyridinium end is at the wider
rim exposed to the aqueous medium. PMDI gquenches the singlet and triplet

excited states of AN by an electron-transfer ;mechanism. The radical cation of AN :

and radical anion of PMDI were observed in flash photolysis experiments. At
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[PMDI] < 10™ M, the system exists as t:ree molecules and fluorescence quenching
. is negligible. AN radical cations aﬂd PMDI radical anions are formed even under
these conditions, and this is attributed to diffusion mediated triplet quenching. At
higher concentrations of PMDI, the equilibrium is largely in favour of
PMDISANCD and intra-ensemble PET processes are favoured. The rate constant
for electron transfer within the ensemble from the singlet excited state of AN was
measured. The experimentally determined rate constant agreed very well with that
calculated using the l}d_arcus equation. A fraction of the CS state was very long
lived, suggesting that thl;ﬁ(;"ﬁ&‘.covalent approach is useful in the design of artificial

photosynthetic systems. -

3.5. Experimental section

3.5.1. General techniques

NMR spectra were recorded using a 300 MHz Bruker Avance DPX
spectrometer. MALDI mass spectrometry was conducted on a Perspective
Biosystems Voyager DEPRO MALDI-TOF spectrometer in a matrix of o.-cyano-
4-hydroxycinnamic acid. High-resolution mass spectra were obtained by using a
JOEL JMS600 mass spectrometer. Absorption spectra were obtained using a
Shimadzu 3101PC UV/Vis—NIR scanning spectrophotometer. ICD spectra were
obtained using a JASCO J-810 circular dichroism si;ectropolarimeter. Steady-state
ﬂuorescence experiménts were performed with a SPEX Fluorolog F112X

spectrofluorimeter by using optically dilute solutions. The fluorescence quantum
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yield of ANCD in water was determined by the relative method employing ‘an
optically matched solution of AN in ethanol as reference (P = 0.27)."' The
following equation was used [eq. (18)], **

A ODy n*
@F = qu S—

) (18)
AR O[) HR

where, the subscript R refers to the reference, OD is the optical density at the
excitation wavelength, n is the refractive index of the solvent and A is the area
under the fluorescence spectrum. CV experiments were performed by using a BAS
50W voltammetric anaiﬁ%f.‘*&olutions of the compounds (1 x 107 M) in water
containing 0.} M potassium nitrate were th(_)roughly deaerated and used for CV
experiments. Time-resolved fluorescence experiments were performed by using an
IBH picosecond single-photon counting system employing a 401 nm nano-LED
excitation source and a Hamamatsu C4878-02 microchannel plate (MCP) detector.
Laser flash photolysis experiments were performed by using an Applied
Photophysics Model LKS-20 laser kinetic spectrometer by using the third
harmonic (355 nm) from 4 GCR-12 series Quanta Ray Nd:YAG laser. Quantum
yields of the triplet (@) and CS (&s) states were determined by relative

actinometry employing a solution of benzophenone (BP) in benzene as reference.

equation (19) was used for calculating the quantum yialds.33
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AODM Ep
M=K — (19)
AODR EM

In equation (19), the subscript M refers to the state under consideration (triplet or
CS state) and R refers to BP; AOD is the end-of-pulse optical density of transients
and £the extinction coefficients of transients. For BP, values of @& = 1.0 and & =
7600 M cm™ at 530 nm™ were used. For calculating @y, the reported extinction
coefficient of the triplet—triplet absorption of AN (&r = 45,500 M' cm™ at 420

nm)> was used. For the calculation of Pcs, known extinction coefficients of the

~

AN radical cation (& ;l’ﬁOO M cm™ at 720 nm)*® and PMDI radical anion
(&evmr = 41,700 M cm™! at 720 nm)** were employed. Rate constants (k) for the
various processes Were obtained from ¢ and % values by using standara
equations.”” Solutions for laser flash photolysis studies were deaerated by purging
with argon for 20 min before experiments. Unless stated otherwise, all
experiments were performed at 20 °C.

3.5.2. Materials

Synthesis of ANCD: ANCD was prepared as shown in Scheme 3.1. 9-
Bromomethylanthracene (0.4 g) was added to a solution of B-CD (1.7 g, 1.49
mmol) in 2,6-lutidine (40 mL) and dry DMF (5'10 mL) and the mixture was heated
at 150 °C under an argon atmosphere for 3.5 h. The solvents were removed under |

vacuum and the solid was washed several times with ethyl acetate and purified by
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chromatography over silica gel by using methanol/ethyl acetate 1:1 as the eluent.
The product was further purified by chromatography (Sephadex column) by using
deionized water as the eluent. The crude product was obtained in about 30% yield
and this was purified by repeated column chromatography over silica gel. Yield of
pure ANCD was < 10%.

'H NMR (300 MHz, [Ds] DMSO) &(ppm): 3.2-3.8 (m, 42 H), 4.4-4.8 (m, 15 H),
5.4-5.7 (m, 14 H), 7.5-8.6 (m, 9 H); °C NMR (75 MHz, [Ds} DMSO &(ppm):
59.98, 60.31, 64.65, 68.85, 70.73, 71.80, 72.09, 72.48, 73.12, 73.52, 81.57, 82.05,
102.34, 102.58, 124.86, 7»&5‘.22,*_126.48, 126.74, 127.7, 127.93, 128.77, 129.40,
130.47, 130.99 ppm; FT-IR (KBr) vp,: 1031, 1080, 1153, 1246, 1334, 1365,
1448, 1587, 1662, 2895, 2939 cm™'; UV/Vis (Water): [ Aax. N (€, M cm™)]: 368 -
(8,500); MS (MALDI-TOF): m/z = 1325 (M + H)".

Synthesis of PMDI: PMDI was obtained by the 3-step reaction shown in Scheme
3.2.

Preparation of 2: Pyromellitic anhydride (1 g, 4.6 mM) was dissolved in DMF (9
ml.). Isopropylamine (0.27 g, 4.6 mM) and ethanolamine (0.28 g, 4.6 mM) were
added and the mixture refluxed for 6 h. Cooled and poured in to ice cold water and
the precipitate formed was filtered, dried and chromatographed over silica gel. The.
product was eluted in 5% MeOH-CHC]l; and the pure product was obtained in

29% yield.
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'H NMR (300 MHz, [Ds] DMSO) 5(ppm3: 1.42 (d, 6H), 3.58-3.63 (t, 2H), 3.67-
371 (¢, 2H), 441 (m, 1H), 8.15 (s‘, 2H); “C NMR (75 MHz, [Ds}] DMSO)
d{ppm): 19.76, 40.91, 42.97, 57.81, 116.95, 136.86, 136.91, 166.19, 166.41; FT-
IR (KBr) Vgt 3332, 1722, 1776, 2945, 2983 cm''; HRMS: m/z = 303.16 (M™).
Preparation of 3: 2 (0.15 g, 0.49 mM) was added to a mixture of aqueous HBr (1
ml) and Conc. H,SO, (0.4 mL). Conc. H;50, (0.4 mlL) was again added and the
solution refluxed for 3 h. The mixture was cooled and the product was extracted
with dichloromethane and recrystallized from dichloromethane-methanol mixture
e
to get the pure product in 65‘,’;;J"‘)'{icld.
'"H NMR (300 MHz, [Ds] DMSO) &(ppm): 1.42 (d, 6H), 3.72-3.76 (t, 2H), 4.03-
407 (t, 2H), 4.41-4.45 (m, 1H), 8.2 (s, 2H); *C NMR (75 MHz, [Ds} DMSO)
J(ppm): 19.74,. 29.71, 40.33, 42.97, 117.32, 136.50, 137.18, 165.95, 166.10 cm'';
FT-IR (KBr) Vo 2983, 2941, 1774, 1724. HRMS: m/z = 365.13 (M").
Preparation of PMDI: A mixture of 3 (100 mg, 0.2 mM) and Pyridine (1.5 mL)
was refluxed for 8 h and cooled. The crude product was washed with hexane and
chloroform and was recrystallized from dichloromethane-methanol mixture. The
yield of the product was 73%.
'H NMR (300 MHz, D,0) &(ppm): 1.47 (d; 6 H), 4.41 (t, 2 H), 4.52-4.56 (m, |
H), 4.98 (t, 2 H), 8.09 (t, 2 H), 8.23 (s, 2 H,), 8.63 (1, 1 H), 8.96 (d, 2 H); "C NMR

75 MHz, [Ds] DMSO) o (ppm): 19.75, 40.34, 42.99, 59.58, 117.29, 128.09,
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136.67, 136.99, 145.47, 146.20, 166.05, 166.10; FT-IR (KBr) Vi 1631, 1709,
1768, 2985, 3055 cm™: UV/Vis (Water): [Anee nm (€ M cm™]: 314 (2840);
HRMS: m/z = 364.02 (M").

The 9-chloromethylanthracene used in the study was purchased from Aldrich and
converted to AMTAC by adapting standard procedures. I-Adamantylaminc was
purchased from Aldrich and converted to ADAC by treatment with aqueous
hydrochloric acid. AN and BP were purchased from Aldrich and recrystallized
before use.
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Chapter 4
Self-Assembly and Photoinduced Electron Transfer
Processes in a Donor-Cyclodextrin-Acceptor Type
Ternary System

41. Abstract

In this chapter self-assembly of an adamantane-attached pyrene donor and

~
~

a pyromellitic diimide d?éépwr into a B-CD scaffold to yield a donor--CD-
acceptor type ternary system, ils reported. The propensity of pyromellitic diimides
for rim binding with the primary side of p-CD and the high affinity of adamantane
moiety for B-CD cavity are utilized in the design of this ternary system. Self-
assembly of the ternary system did not involve synthesis or purification of CD-
appended systems. B-CD has three functions in the self-assembled system, namely,
partial encapsulation of donor, 'rim-bina'ing of acceptor and serving as a rigid
spacer between donor and acceptor. Formation of the ternary complex was
established using 'H NMR, induced circular dichroism (ICD) and MALDI-TOF
data. PET in the terr;ary system was studied by steady state and time resolved

fluorescence experiments.
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4.2, Introduction

In the earlier chapters we have employed chromophore appended CDs to
assemble supramolecular D-A systems for PET reactions in water. Photo-
excitation would then lead to electron transfer between the appended chromophore
and encapsulated guest. The hydrophobic nature of the CD cavity acts as the
assembler of the D-A system here. This approach suffers from two major
disadvantages: (1) The CD assembles only one component and the other
component needs to be assembled by covalent linkage; (2) Synthesis and
purification of the _'c}blmrgciphor&appended CD is a very tedious process. These
reactions generally proceed with modest yields. But purification of the CD
appended chromophores from the unreacted cyclodextrin is very difficult. This
latter aspect is particularly important for photophysical studies wherer CD-
appended systems of extremely high level of purity are required. In this context,
development of alternate strategies for assembling supramolecular D-A systems
that does not involve synthesis and purification of CD-appended systems, gain
considerable importance. A useful strategy in this context was to search for donor
{or acceptor) molecules that can selectively bind to the rim or to the outside of CD
cavity. The acceptor (or donor) molecule can then be encapsulated into the CD
cavity, leading to the formation of -CD—based‘ non-covalent ternary systems

capable of undergoing photoinduced electron or energy transfer reactions.
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In Chapter 3 of this thesis we have presented a detailed investigation of the

interaction of a pyromellitic diimide (PMDI) derivative with an anthracene-
appended B-CD (ANCD). These sktudies have clearly established that the PMDI‘ is
encapsulated into the cavity of ANCD with the aromatic part placed at the centre
of the cavity, the N-alkyl group sitting at the narrow rim among the overhanging
primary hydroxyl groups and the N-ethylpyridinium moiety sitting at the
secondary rim exposed to water. During the course of these investigations we have
noticed that PMDI has an entirely different mode of interaction with native B-CD.
In order to have ;a«qgiar understanding of this interaction we have carried out a
detailed investigation of the self-assembly of three PMDI derivatives with native
B-CD and ANCD. These studies have unequivocally established that PMDIs get
themselves encapsulated into the cavity of ANCD, whereas with native -CD they
prefer to remain just outside of the narrow rim as shown in Scheme 4.1.

OIO

B-CD ANCD

+
S

Rim Binding PMD! Inclusion Complexation

Scheme 4.1

We have coined the term ‘Rim-binding’ to describe the complexation mode

of PMDI with B-CD as shown in Scheme 4.1. In the rim binding mode most of the
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CD cavity is empty and one could in principle design specific guest molecules
capable of inclusion into the partially filled cavity through the secondary side

leading to the formation of CD based ternary system as shown in Scheme 4.2.

PMD! - 3-CD - D Ternary system

Scheme 4.2

PMDI is a well known acceptor in PET reactions and if the guest molecule is
capable of donatiné an electron 1n its excited state to PMDI, then the strategy
shown 1n Scheme 4.2 could result in the assembly of a CD based donor-acceptor
assembly. The important advantage of this strategy is that it does not involve any
covalent synthesis of CD-appended systems. In this chapter we report, for the first

time, the self-assembly of such a ternary system.
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“This chapter is arranged in two sections. In the first section, rim-binding of
PMDIs with B-CD is deséribed in detail. In order to distinguish_ clearly between
im-binding and encapsulation, interaction of PMDI with ANCD is also
\investigated and a comparison is made between the two binding modes. In the
I' wcond section, assembly of the functional ternary system is described. Steady
| gtate and time resolved fluorescence experiments which clearly demonstrated the

| PET processes in the ternary system are then described.

43. Results and Discussion

1. Interactions of PMDI Derivatives with 3-CD and ANCD

In this section the interactions of PMDI derivatives with ANCD and -CD
studied using induced circular dichroism and 'H NMR spectroscopies.

res of ANCD and PMDI derivatives employed are shown in Chart 4.1.

] o] 0 O

B N { . J“/
\"'Br N I L \?r N
2 gﬁf\g‘{ (JNf";;t@ié

C, - PMDI C,-PMDI

Cq - PMDI ANCD

Chart 4.1
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4.3.1.1. Synthesis and Characterization of PMDIs

The PMDI derivatives were synthesized by the route shown in Scheme 4.3.

Structures of the PMD1 derivatives were confirmed by all spectroscopic methods

(see experimental section for details).

o» 0 ) 0
HoN-R, HoN-CHy-CH,-OH OH
o o - =275 el R-N N—/_
r DMF, 160 °C, 6 h
0 ) o o

o 0 o
~N;\:©::§N W Pyridine ;jijié /N Q
o )

3 (sopropyl C3-PMD|
R =butyl, C,-PMDI
R = hexyl, C¢-PMDI

Scheme 4.3

4.3.1.2. Inclusion Complexation and Rim-Binding

All the PMDI derivatives exhibited similar absorption spectra with Apa =
314 nm and &y, = 2.8 X 10° M"' ¢cm™. The C4-PMDI and Cs-PMDI exhibited
slight aggregation in water and as a result the absorption spectra of these
derivatives showed residual absorption at long w;wclength region. Although the

absorption spectra of PMDIs exhibited changes in the presence of B-CD, the
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residual absorptibn exhibited by these derivatives made it difficult to extract the
association constant from absorption spectroscopy. In this section complexation of
PMDIs with B-CD and ANCD are studied using ICD and 'H NMR techniques.
Figure 4.1 shows I1CD spectré of the PMDIs in presence of B-‘CD and
Figure 4.2 shows ICD spectra of PMDIs in presence of ANCD. ICD spectra
shown in Figures 4.1 and 4.2 differ in several respects. (1) The B-CD:PMDI
systems exhibit negative ICD signals where the signal iﬁtensity increased with
alkyl chain length. (2) The ANCD:PMDI systems showed strong positive ICD

signals where the signal intensity decreased with alkyl chain length.
S

faig

o)
B
e PMDI
8 -5 C,-PMDI
C,-PMDI
-10

300 350 400
Wavelength, nm

| |
| Figure 4.1. 1CD of PMDIs {3.5 x 104 M) in presence of B-CD (1.4 x 103 M).
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C.-PMD1

300 325 350 375
Wavelength, nm

Figure 4.2. ICD of PMDIs (3.5‘;\'1404 M) in presence of ANCD (1.2 x 10-5 M).

(3) For B-CD:PMDI, millimolar amounts of B-CD were required to obtain ICD

signals whereas for ANCD:PMDI good ICD signals were obtained with 10° M

ANCD.

As described in the previous chapter, the sign and intensity of the ICD
signal are very sensitive to the orientation of the guest with respect to the CD. The
orientation of the guest is usually deduced using a set of rules introduced first by
Harata et al." and later modified by Kodaka.” The rules predict the following: (l)
the sign of ICD is positive for a transition polarized parallel to the axis of the
macrocyclic host, and negative for that p'olarized perpendicular to the axis; (2) the

sign of ICD is reversed when a chromophore moves from the inside of the host

cavity to the outside, keeping the direction of the transition moment unchanged;

J
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S

(3) the absolute value of ICD is greater when a chromophore exists on the out side
~f the narrower rim than when it is on the out side of the wider rim; (4) the ICD
value of a transition polarized perpendiculﬁr to the axis of a macrocycle is —1/2 of
that of a parallel-polarized one and the sign of ICD changes at 54.7°.

For PMDIs, the lowest energy absorption (314 nm) is polarized along the
long axis connecting the two imide nitrogen atoms.” Thus in a parallel orientation
we would expect positive ICD if PMDI is inside the cavity and negative ICD if
PMDI is outside. The malecular dimensions of B-CD taken from literature and

.
PMDI calculated using AMI method are shown in Scheme 4.4. The PMDI
wcleus is very rigid and it is very clear from-Scheme 4.4 that PMDI cannot be
accommodated into the B-CD cavity with its N-N axis perpendicular to the C; axis
of the CD. On the basis of these factors and the 'H NMR data (vide infra), the
strong positive ICD of ANCD:PMDIs is assigned to parallel orientation of PMDI
within the cavity and the negative ICD for the B-CD:PMDI systems is assigned to
parallel orientation outside the cavity as shown in Scheme 4.1. An orientation in
which PMDI lies just outside of the wider rim (for B-CD:PMDI) is ruled out

based on geometrical considerations (vide infra).
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Scheme 4.4

The association constants (K,) for the association of PMDIs with B-CD and
ANCD were obtained frE)mICD experiments using the Benesi-Hildebrand plots of
the ICD data, assuming 1:1 stoichtometry. Consider the following equilibrium,

G+H =2 GoH (1

where, GOH re‘presenfs the 1:1 inclusion complex in which G is the guest and H is
the host and K, is the equilibrium constant for the complex formation. Under the
assumption that the concentrations of guest is much higher than that of host, the
Benesi-Hildebrand relation for such an equilibrium is given by equation (2) 4

/(e - &) = a{ 1/H]p +1/([H]oK[G]o) } )
Where &, is the molar ellipticity of host in the absence of the guest, £is the molar
ellipticity in the presence of guest, {H]; and {G], are the initial concentrations of H
and G and a is a constant. If a 1:]1 complex is formed, a plot of 1/(€ - &) vs 1/[G]

would yield a straight line.
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For the $-CD/PMDI syﬁtcms, B-CD was t?ken in excess. Hence [G] is
replaced by [B-CD] and [H] is replaced by [PMDI] in equation (2) and the data
obtained were analyzed. The double reciprocal plots were straight lines as shown
in Figure 4.3. For 3-CD:PMDI systems K, values Qere 300 (Cs-PMDI), 700 (C4-
PMDI), and 1800 (C¢-PMDI) M and increased in the order 2-propyl < n-butyl <
n-hexyl.

> For the ANCD:PMDI systems, higher concentration of ANCD' could not
be employed due to lack of solubility in water. Hence [G] is [PMDI] and [H] is
[ANCD] for these systems. The dQQt?ie reciprocal plots obtained for these systems
are shown in Figure 4.4. K, values thus zgtained were 1249 (C;-PMDI), 596 (Cy-

PMDI), and 533 (Cs-PMDI) ML It is to be mentioned that the values increased in

the reverse order here compared to B-CD/PMDI systems.

-PMDI
-PMDI
-PMD!

ol
bPeom
OO0

34 .

/

0 800 1600 2400 3200
1/8-CD (M™) ‘

Figure 4.3. Benesi-Hildebrand plot of 1/A€ vs 1/[3-CD].
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Figure 4.4. Benesi-Hildebrand plot of 1/Aevs 1/[PMDI).

-
Tl

Orientations for the céffl*f)lexes shown in Scheme 4.1 were confirmed by 'H
NMR studies. Figure 4.5 and 4.6 shows the changes in the "H NMR spectra of C,-
PMDI upon the addition of B-CD and ANCD, respectively. Assignments of the
various protons are also indicated in the figures. For the C4,-PMDI/B-CD system,
addition of 3-CD leads to small changes for the alkyl (0.06 — 0.14 ppm for protons
a, b and ¢) and aromatic (0.09 ppm for proton e) protons. The changes in the
Advalue for these protons upon the addition of B-CD are shown in Figure
4.7. Protons of the pyridinium group (k, i and j) are unaffected indicating that this
moiety is placed away from the CD. Effect of addition of 3-CD on the 'H NMR of

C-PMDI and C4-PMDI were also very small.
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Figure 4.5. NMR Spectra of C4-PMDI (1.1 x 102 M} in the (A) absence and (B) - (D} presence of
B-CD. Concentration of B-CD were (B) 0.4 x 102M (C) 0.8 x 102 M (D) 1.1 x 102 M.
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Figure 4.6. NMR Spectra of C4-PMDI (1.1 x 102 M) in the'(A) absence and (B) - (D) presence of
ANCD. Concentration of ANCD were (B) 0.4 x 102M (C) 0.8 x 102 M (D) 1.1 x 102 M.
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Figure 4.7. Changes in the 'H NMR chemical shifts of C.PMDI upon addition of B-CD.

Assignments of the various protons are also indicated.

h

Addition of ANCD, on the other hand, led to drastic shifts in the signals of all

PMDI protons except for the pyﬁdiﬁum protons as shown in Figure 4.6 and 4.8. '

—i— 3

0.44 —®—b V/
——
~¥—e

0.2: / /

A/‘

05 = 1.0
[ANCDI], 10° M

Ad, ppm

0.0

Figure 4.8. Changes in the 'H NMR chemical shifts of Ci-PMDI upon addition of ANCD.

Assignments of the various protons are also indicated.
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The alkyl protons experienced considerablc; broadening, loss of splitting pattern—
and shifts in the 0.3 — (1.7 ppm range. The aromatic proton is shifted by 0.4 ppm
along with broadening, indicating that this motety is tightly bound within the CD
cavity. Results similar to these are obtained for complex formations of ANCD
with C3-PMDI (shown in Chapter 3) and C¢-PMDI.

In the conformation shown for 3-CD:PMDI systems (Scheme 4.1) most
parts of the PMDI molecule are exposed to water. Native B-CD contains about six
water molecules inside thg_cavity. When the alkyl group inserts into the cavity
through the narrow rim, a fe;x‘/. ‘af*éter molecules might be displaced, but the alkyl
chain is still exposed to water that can enter and leave the cavity through the wider
rim. The microenvironment around PMDI chromophore does not change much
and hence changes observed for the aromatic protons are very smail. It is not clear
as to why PMDIs associate with B—CD in this fashion, although some conclusions
can be drawn from general considerations. The most hydrophobic part in Cs-
PMDI for example, is the 2-propyl group. The pyridinium moiety is very
hydrophilic and prefers to be in water. The imide moieties have two carbonyl
groups each, capable of hydrogen bond formation with water, making them
relatively hydrophtlic. In the conformation shown in Scheme 4.1, the imide group
at the pyridimum end remains unaffected. The imide gro‘up at the 2-propyl end can
engage itself in hydrogen bonding interactions with the primary OH groups at the

narrow rim. Since the diameter of the narrow rim {5.6 A) and the O-O distance of



Ternary Systems - 163

the imide group are similar (4.6 A), H-bonding can result in the formation of a
rigid structure. Hence we categorize these a; “Rim-Binding” type complexes. K,
values in these systems increase with inérease in alkyl chain leng£h due to the co-
operative interactions of hydrogen bonding and alkyl group insertion.

The conformation shown for ANCD:PMDI is a closed conformation. The
anthracene moiety present at the small rim acts as a lid for the CD. The PMDI
gets inserted into the cavity through the wider rim with the alkyl group near the

narrow rim and the pyridinium group remaining in the aqueous phase near the

wider rim. The aromatic moiety of PMDI is relatively large and provides a tight

el

fit near the wider rim. In su-cﬁk-é‘bonfonnadon all water molecules present in the
cavity would be displaced to the outside and the cavity becomes highly
hydrophobic, leading to substantial shifts in the NMR signals. As the alkyl chain
becomes larger, more and-more of the aromatic moiety will be displaced to the
outside of the wider rim. The cavity becomes more open leading to decrease in
hydrophobicity resulting in lower association constants and NMR shifts. When
anthracene group is attached to one of the primary OH groups, the AN moiety
undergoes partial self-inclusion through the narrow rim forcing the PMDI
molecule to approach the cavity through the wider rim with the more hydrophobic
alkyl chain entering it first. The ANCD:PMDI systems are true inclusion
complexes. In this‘ conformation one of the imide groups is forced inside the CD

cavity and no hydrogen bonding interaction is available to it. The cavity is highly
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hydrophobic, which stabilizes the alkyl grotips and compensates for the loss of H-.
bonding interaction suffered by one of the imide groups. As the alkyl chain length
increases the aromatic moiety of PMDI is gradually pushed out leading to a
decrease in the hydrophobicity of the cavity, which results in a reduction in the
ICD signal intensity, '‘H NMR shifts and X, values.

In most of the CD complexes reported in literature, the guest molecules are
either completely or partially encapsulated into the CD cavity ‘and hence these are
generally known as inclusion complexes. Nearly a thousand papers appear every
year on CD systems andxgbm,p% of these papers deal with studies of inclusion
complexesf leading to the‘com}non belief that all CD complexes are inclusion
complexes. A large number of CD complexes‘ are reported in the literature and at
least in some of these cases where the substrates are loaded with hydrogen bond
acceptor groups, non-inclusion complexes of the type described here for f-
CD/PMDI are probable. It should be mentioned here that binding of guests to the
rim of B-CD has been reported, but in most of these cases the studies are carried
out at high pH values where the OH groups deprotonate.® The case presented here .
is clearly different. The rim-binding-type association described here could be very
important in the context of designing supramolecular structures. In the following

section we utilize the rim-binding property of f-CD/PMDI system for designing

donor-f-CD-acceptor type ternary systems.
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4.3.2. Design and Study of Donor-$-CD-Acceptor Ternary System

In section 4.3.1 we have shown that PMDI derivatives form ‘Rim-binding’
complexes with B-CD. Rim-binding type asspciation described here could be very
important in the context of designing supramolecular systems. In the rim-binding
conformation most of‘ the CD cavity is empty and this aspect can be utilized to
design a ternary system as outlined in Scheme 4.2. In this section design and self-
assembly of the ternary system are described. This is followed by fluorescence
quenching studies which clearly established the donor-spacer-acceptor type
properties of the self-assembled \s&stem.

Pyrene attached adamantané (Py-Ad, Scheme 4.5) was used as the guest in
this study. Pyrene is a well known electron donor and is capable of donating an
electron to PMDI from its excited state. Adamantane derivatives are well known
for their binding to B-CD (K, > 10° M7 Using molecular models Breslow et al.
had previously shown that adamantane derivatives bind to B-CD cavity through
the secondary side and that the adamantane nucleus occupies only 65% of the
cavity space.® In the rim-bound state PMDI indeed lies outside of the primary rim
and one can in principle use Py-Ad as an encapsulating guest and assemble a

supramolecular ternary system as shown in Scheme 4.5.
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el Scheme 4.5

The greatest advantage of this design is that covalent synthesis of CD-
appended systems is not required for this self-assembly. A simple mixing of the |
constituents 1s sufficient. It is to be mentioned that CD based ternary systems of
uncertain structures were known previously.” Ternary complexes are proposed to
be formed when fluorophores such as naphthalene or pyrene are dissolved in
aqueous solutions of B-CD or y-CD in the presence of small aliphatic amines’” or
alcohols.”® Pyrene forms a loose complex with B-CD where the pyrenc is only
partially encapsulated into the cavity. The empty space available within the cavity
can host small molecules.leading to the formation of ternary complexes. In the
pyrene/B-CD/diethylamine ternary complex, the amine is sitting close to the
pyrene leading to static quenching of pyrene fluorescence. Although few ternary
systems of this type are reported, detailed studies to elucidate their structure or
relative orientation have not been attempted. In the context of mimicking

photosynthesis, static quenching systems are not at all useful, as they do not lead
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to charge separation. The ternary system assembled here is a donor-spacer-

acceptor type system and is clearly superior to the co-encapsulated systems.
4.3.2.1. Synthesis and Characterization of Py-Ad

Synthetic strategy for the preparation of Py-Ad is shown in Scheme 4.6.
Pyrene Carboxaldehyde (S§) was condensed with adamantylamine (6) to form the
imine derivative (7), which was reduced with sodium borohydridc to form the
amine derivative (8). It was finally converted into a water-soluble derivative 9 by

passing dry HCI through a sBlhtioE of the amine (8) in diethyl ether.

CHO N——Q
o
Benzene “ NaBH,
O O Methanol
7

@
N
H:
0 e 1) @
O Dlethyl ether O

8 9, Py-Ad

Scheme 4.6

The 'H NMR spectrum of Py-Ad in D,0:CD,0D (98:2) is shown in Figure
4.9. Assignments of the aliphatic protons are also shown in the Figure. 1-

substituted adamantane derivatives have three chemically different types of
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protons, which are denoted as H,, H,, and H, in Figure 4.9. For most 1-substituted
adamantanes these protons appear as two or three broad singlets. In the case of Py-
Ad in D,O: CD;0D (98:2), the H, protons appear as a quartet (Figure 4.9). To the
best of our knowledge this quartet pattern is not reported for the H, protons of any
adamantane derivatives. It is very interesting to note that the H, quartet pattern
transforms to a broad singlet in the 'H NMR of Py-Ad in CD;0D. We try to

explain these observations by invoking a folded conformation for Py-Ad in D,O.

+«—HOD R

Ar-CH, H

e

=
—
-

8 7 6 5
é, ppm

Figure 4.9. 'H NMR of Py-Ad in D20/CD3;0D (98:2).
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The pyrene and adamantane moieties in Py-Ad are highly hydrophobic. Py-
Ad is sparingly soluble in water because of the presence of the ammonium |
(ONH.HCI) moiety in the molecule. Because of the hydrophobicity of pyrene and
adamantane moities Py-Ad would most probably exist in water inla folded
conformation so as to minimize the area exposed to water. In the folded
conformation the pyrene moiety comes very close to the H, protons. Because of
the steric crowding, the H, protons undefgo geminal‘coupling leading to the
observed quartet pattern. Folded conformation of Py-Ad obtained through the
AMI1 method is shBWfL@ Figure 4.10. When Py-Ad is dissolved in CD;0D
hydrophobic interactipns ;re absent and the molecule assumes the extended
conformation shown in Figure 4.10. Thére is no steric crowding in the extended

conformation and consequently the quartet pattern coalesces into a broad singlet.

Sterlc
interaction

Folded Conformation Extended Conformation

Figure 4.10. Folded and extended conformations of Py-Ad.
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4.3.2.2. Self-Assembly of the Ternary-system

Self assembly of the constituents hamely PMDI, B-CD and Py-Ad, into the
ternary system was studied using 'H NMR, induced circular dichroism and
MALDI-TOF techniques. Figure 4.11 A is the 'H NMR of CgPMDI. This
molecule tends to aggregate in aqueous solution and hence all signals are broad
and exhibit no splitting. However NMR taken in CD;0D shows expected splitting
patterns for all protons. Upon addition of one equivalent of B-CD, spectrum 4.11 B
is obtained. The alipha&i\q and aromatic protons of Cg-PMDI exhibit shifts
(indicated by arrows) in th:;);&gnce of B-CD. In addition to the shifts, splitting
patterns appear for most protons. These changes, particularly the down field shift
of the aromatic proton at 8.27 ppm is due to rim binding of PMDI with B-CD.
Appearance of sblittings for PMDI protons is attributed to breaking of aggregates
as a result of rim binding with B-CD. Up on addition of one equivalent of Py-Ad
to the above solution we obtain the 'H NMR spectrum in Figure 4.11 C and the
major changes observed up on going from the components to the ternary system
are indicated by arrows. On the PMDI side, only the aromatic proton showed a
significant shift (0.43 ppm up field). On the Py-Ad side, several significant

changes were observed (For a comparison, 'H NMR of Py-Ad is shown in Figure

4.11 D).
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Figure 4.11. 'H NMR spectra in D20 : CD30D (98:2) of (A) Ce-PMDE; (B) Ce-PMD) + B~CD (1:1);
(C) Ce-PMDI + B-CD + Py-Ad (1:1:1) and (D) Py-Ad.

(1) The quartet due to H, protons collapsed to a broad singlet and exhibited slight
down field shift, (2) the H, and H; protons shift down field by 0.2 and 0.12 ppm,
respectively, (3) the N-CH; protons shift down field by nearly 0.45 ppm and
merges with the HOD peak (in the 'H NMR of Py-Ad in CD,0D this peak
appears at 0 4.85, -and very close to the HOD peak), and (4) protons of the pyrene
moiety showed drastically different splitting pattern. These changes are consistent

with encapsulation of the adamantane group in to the CD cavity. As mentioned
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previously, Py-Ad exists in a folded conformation leading to a quartet for tk_le H,
protons. When encapsulation occurs, a part of the CD rim gets inserted between
the pyrene and adamantane moieties thereby forcing Py-Ad to assume an extended
conformation. In this conformation, ‘the H, protons do not experience steric
crowding from pyrene and consequently the quartet pattern collapses into a broad
singlet. Changes in the splitting patterns for the pyrene protons are also attributed
to the conformational change. Since the adamantane unit is inserted only partially
into the cavity, the H, protons are out side the cavity and experience little change
in chemical shift. The. .}fb and H. protons go deep into the cavity and experience
significant down field Shlf[Sw In section 4.3.1 we have shown that PMDIs bind to
the primary rim of B-CD with the alkyl group inserted into the cavity. In this
configuration water molecules can enter and leave the cavity through the
secondary side. When the adamantane group inserts through the secondary side
and occupies nearly 65% of the cavity, all water molecules are driven out. As a
result the free space (35%) now available at the narrow rim becomes highly
hydrophobic. It is known that K, values are higher {or capped CDs because of
increased hydrophobicity of the cavity.'’ The 0.43 ppm up field shift of the PMDI
aromatic proton is attributed to the increased hydrophobicity at the primary rim,
which might cause small changes in the n'm-—binding conformation. Thus the NMR
spectra are consistent with the formation of ternary complex as shown in Scheme

4.5. In this study the binary and ternary systems are designated as Py-Ad>f-CD,
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PMDISB-CD and Py-AdoB-CDcPMDI. We have noted that the order of
addition of the components had no influence on the NMR spectrum of the ternary
system. Spectrum 4.11 C is obtained regardiess of whether PMDI is added first or
Py-Ad is added first. For C;-PMDI and C;-PMDI also, formation of ternary
complexes were studied by 'H NMR. Similar results were obtained in these cases
also. It may be mentio‘ned that the ternary system studied here has its own NMR
pattern which is different from those of uncomplexed or binary constituent
systems like PMDI, Py-Ad, Py-AdoB-CD or PMDIoS-CD. This completely
rules out the possibility that-the 9bserved NMR is due to a mixture of Py-Ad>of-
e,

CD and PMDISB-CD systems. Another important point is that the concentrations
of Py-Ad:3-CD:PMDI emploSred is in a 1:1:1 ratio. The association constant K,
for _C.;-PMDIDB-CD is 1800 M. K;, for adamantane systems are known to be
greater than 10* M"'. So the addition of one equivalent bf PMDI to 1:1 Py-Adop-
CD system is not expected to displace the Py-Ad moiety from the CD complex.
So if a ternary system is not formed, most of the PMDI exist as free PMDI and
signals corresponding to free PMDI should be seen in NMR. But we are not
observing the signal due to free PMDI which again confirms the formation of the
ternary system.

Further evidence for the formation of the ternary complex is provided by

ICD studies. PMDI derivatives do not show circular dichroism, but when
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associated with B-CD they exhibit negative ICD signal due to rim-binding (vide
supra). Figure 4.12 A shows the ICD spectrum of Cg-PMDIDB-CD in water. Py-
Ad also does not show circular dichroism, but in the presence of -CD gave tﬁe
ICD spectrum in Figure 4.12 B. The 300-350 nm band of pyrene is polarized along
the long axis.'' As per ICD rules the negative ICD signal arises due to pyrene
sitting outside of the rim with its long axis nearly parallel to B-CD axis (angle
between the two axes <~_5.4'7°)‘2 Figure 4.12 C is the ICD spectrum of Cg-
PMDI/B-CD/Py-Ad (5:1:1)-;;;tém in water. The ICD signal has peaks due to
PMDI and pyrene moieties and constitutes another evidence for formation of Py-
AdoB-CD. As in the case of NMR studies, the order of addition of the -
components had no influence on the ICD signal due to PMDIoB-CDcPy-Ad. For
the C3-PMDI and C4-PMDI cases also, ICD spectra similar to those shown in
Figure 4.12 were obtained. ICD intensities, however, were lower for these
systems.

It may be noted that ICD of Py-AdopB-CDcPMDI is not a simple sum of
the ICDs of Py-Ad>B-CD and PMDISB-CD. This is due to the fact that the
conformation of PMDI or pyrene in the ternary system is not identical to those in
the binary systems. The alkyl group of PMDI and a pan of the adamantyl group
co-exist in the cavity and depending up on the available space and hydrophobicity

of groups, minor realignments might occur. As a result, the pyrene or PMDI
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chromophore move slightly into or out of the cavity causing changes in the ICD
signal shape and intensity. Using the same argument as in NMR, we can rule out
the presence of mixtures of Py-Ad>B-CD and PMDISB-CD causing the observed
ICD pattern. Here also, Py-Ad and 3-CD are in 1:1 ratio. If PMDI has to coﬁplex
with CD, it should displace some of the Py-Ads from the CD complex and as a
result the signal intensity due to Py-Ad should decrease. But this is not observed.
In fact the signal intensity due to Py-Ad actually increases, which means that the

ternary complex is more tightly bound than the binary systems.

RN

For circular dichfsi‘eéiﬁ@easurements optical density of sample should be
less than 1. For PMDIs, extiné:tion coefficient of the 314 nm absorption is only
2,800 M cm’". Hence relatively high concentration of PMDI (> 3 x 10™* M) is
required to get good fCD signals. At 3 X 10 M concentration, optical density of
the 340 nm (£ = 45,000 M cm") absorption of Py-Ad would be > 4. Thus it was
not possible to do the ICD experiments with 1:1:1 PMDI/B-CD/Py-Ad. In order to
circumvent this difficulty, we have carried out ICD experiments with
adamantylammonium chloride (ADAC) (see Chapterh3 for structure) also.

ADAC has no absorption above 300 nm and hence high concentrations can
be used in ICD experiments. An aqueous solution containing 1.5 x 10 M each of

ADAC and B-CD did not exhibit any ICD above 300 nm. Addition of Cs-PMDI
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Figure 4.12. ICD spectra of (A) Ce-PMDI + B-CD (1:1) (B) Py-Ad + B-CD (1:1) (c) Cs-PMDI + B-CD

+Py-Ad (1:1:1).
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to the above solution leads to observation of ICi) signal due to the PMDI as
shown in Figure 4.13. ADAC complexes s.trongly with B-CD and PMDI is not
expected to displace ADAC from the B-CD cavity. Under these conditions
observation of ICD due tol PMDI confirms formation of the ternary complex
ADACoB-CDcPMDI, which arises through rim binding of PMDI to ADACSp-

CD.

300 330 360
Wavelength, nm

Figure 4.13. ICD of ADAC/B-CD (1:1, each 1.5 x 10 M) in the (a) absence and (b-d) presence of
various amounts of Ce-PMDI. [Ce-PMDI] varied in the range 0.74 x 104~ 3.5 x 104 M.

Final evidence for the existence of the temary system comes from MALDI-
TOF spectroscopy. MALDI-TOF spectra of all PMDI/B-CD/Py-Ad systems

exhibited masses corresponding to the ternary systems. For example, MALDI-
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TOF of Py-AdoB-CDcC,4-PMDI exhibited peak at 1992 which corresponded to

the sum of molecular masses of Py-Ad, B-CD and C,-PMDI (Figure 4.14 A).

A
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Figure 4.14. MALDI-TOF spe.ctra of (A) Py-Ad + B-CD + C4-PMDi (M* Calcd. 1992.33 Found:
1992.54) (B) Py-Ad + B-CD + C¢-PMDI + Na (Calcd. 2043.65 Found: 2043 .68)

In the case of the Py-Ad>B-CDcCs-PMDI ternary system, the mass peak was

observed at 2043 (Figure 4.14 B) which corresponded to Py-Ad+B-CD+Cg-
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PMDI+Na. Thus maldi studies also confirmed the formation of the ternary

-

System.

4.3.2.3. Photoinduced Electron Transfer in the Ternary system

? and pyromellitic-

Pyrene is a well known excited state.electron donor’
diimides are good electron acceptors.'3 The free energy change (AG®) for electron
transfer between lpyréne‘ and PMDI, calculated using Weller equation (see
Chapter 2 and 3 for details), was highly negative (-2.0 eV) indicating that this

reaction is thermodynamically allowed. Hence the strategy presented in Scheme

4.5 is capable of delivering w(D-based ternary supramolecular system capable of

Ty
undergoing PET reaction. :

4.3.2.3.1. Steady State Fluorescence Quenching Experiments

In the self-assembied Py-AdoB-CDcPMDI, excitation of the pyrene
moiety triggers transfer of an electron from pyrene chromophore to the PMDI. To
study this process the binary complex Py-AdoB-CD was assembled and its
fluorescence quenching by added PMDIs was studied. Fluorescence of Py-Ad
was unaffected by complexation with B-CD. This is due to the fact that the pyrene
moiety remains above the hydrophilic secondary rim and not encapsulated into the
B-CD cavity. Fluorescence spectrum of Py-Ad>f-CD is shown in Figure 4.15 a.
Addition of C¢-PMDI leads to quenching of the fluorescence as shown in Figure

4.15 b-j. Similar behaviour was observed for C;-PMDI and C4,PMDI also.
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Because of the very high association constant, we assume that all of the Py-Ad is

complexed with 3-CD

Flu. Intensity, a. u.

0 ' —
360 390 420 450 480
Wavelength, nm

| Figure 4.15. Fluoréscence spectra of Py-Ad>B-CD in the absence (a) and presence (b-j} of Ce-

PMDI. inset is a plot of /o/f for this quenching.

When PMDI is added to Py-Ad>f-CD, a fraction of PMDI undergoes rim
binding and assembles as the ternary system Py-Adof-CDcPMDI and the
remaining fraction freely diffuses in solution. The free moving fraction of PMDI |
quenches the fluorescence of Py-AdoB-CD in a diffusion mediated reaction and
fluorescence in Py-Adof-CDcPMDI is quenched by the bound PMDI in a
unimolecular reaction as shown in Scheme 4.7, Th;a Stern-Volmer plot for the
quenching shows upward curvature as shown in the inset of Figure 4.15, which

confirms the unimolecular and diffusion mediated quenching processes.
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Diffusion mediated quenching Unimolecular quenching

e e,
Scheme 4.7. Unimolectlar and diffusion mediated quenching pathways in PMDVB-CD/Py-Ad
system.

4.3.2.3.2. Time Resolved Fluorescence Experiments

' Unirﬁolecular and diffusion mediated quenching pathways are further
confirmed by fluorescence lifetime quenching experiments. Decay of Py-Ad in
water was mono exponential with a lifetime (%) of 151 ns. Addition of B-CD did
not cause any change in the lifetime which supports our contention that aimost all
the Py-Ad molecules are present as Py-Ad>B-CD. Addition of PMDI leads to bi-
exponential decays, which gave two lifetime values. Fluorescence decay profiles
of Py-AdoB-CD in presence of C3-PMDI and Cg-PMDI are shown in Figures

4.16 and 4.17.
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Figure 4.16. Fluorescence decay profiles of Py-Ad>(3-CD (1.1, 7 x 104 M), in the (a) absence and
(b-d) presence of C3-PMDI (2 - 4.6 x 103 M). e is lamp profile.
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Figure 4.17. Fluorescence decay profiles of Py-Ad>B-CD (1:1, 7 x 104 M), in the (a) absence and
(b-e) presence of C¢-PMDI (0.4 — 3.13 x 103 M). f is lamp profile.

The fluorescence decays were analyzed using the function,

1= 7, exp(-t/ 7)) + g5 exp(-1/ ) (3)
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7 = (ko + ke _ - @

7 = (ko + kg %[PMDI])" (5)
4 and %, are the contributions due to the ternary (Py-AdoB-CDcPMDI) and
binary (Py-Ad>B-CD) systems, respectively. According to equations (3)-(5), the
short lifetime component (7) is independent of the PMDI concentration and the
long lifetime component (%) is dependent on PMDI concentration. The short
lifetime component 7; arises due to electron transfer quenching within the ternary

system and hence the rate constant for electron transfer can be calculated using

e

equation (6). g,

ky=17 - 1% (6)
Data shown in Figures 4.16 and 4.17 were fitted using equation (3) and the fit
parameters obtained are shown in Tables 4.1 and 4.2.

Table 4.1. Fluorescence lifetimes (n and ), fractional contributions (z1 and 22) and 22
values obtained in the fluorescence lifetime quenching of Py-Ad>f3-CD by Cs-PMDI.

[C-PMDI,mM 17,ns 7 .ns xn o 7
0 151 100 1.1

2 - 32 82.3 5 95 1.1

3.5 35 63.6 6.64 93.36 1.0

4.6 30 50.5 8.80 91.2 1.1
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Table 4.2. Fluorescence lifetimes (n and =), fractional contributions (31 and z») and 22

values obtained in the fluorescence lifetime quenching of Py-Ad—>3-CD by Ces-PMDI.

[Ce-PMDI], #,ns  o,ns Z P Ve
mM

] 151 100 1.1

0.44 51.69 135 3.97 96.03 1.1

1.49 48.6 107 5 95 1.0

2.49 52 £7.7 5.34 a4 .66 1.1

3.13 52 75.80 6.8 932 1.0

The short lifetime component (32 + 3 ns for C3-PMDI and 50 * 2 ns for
Ce-PMDI) was independent of PMDI concentration and the long lifetime
component decreased with PMDI concentration. Results similar to these were
described in previous chapters and in line with these observations we assign the
short lifetime component (7;) to electron transfer within the Py-AdoB-CDcPMDI
ensemble and the long lifetime component to diffusion mediated electron transfer
quenching of Py-Ad>3-CD by PMDI. Accor-dingly the rate constant for electron
transfer within Py-AdoB-CDcPMDI, &, was calculated using the expression, kg
= (1/% -~ 1/ %). ko values obtained for C3-PMDI and Cg-PMDI systems were 2.4 X
10" and 1.33 x 107s”, respectively.

The intra-ensemble rate constant k., obtained for the ternary systems can be

used to derive useful information about the donor-acceptor distance in the ternary
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.

system. In Chapter 2 of this thesis, we have studied the dependence of k., on free
energy change for CD based systems wherlein the acceptor is assumed to be
encapsulated fully into the cavity and the donor is placed above the CD cavity at a
distance of about 2 A above the narrow tim, The donor-acceptor distance in this
conformation was about 6 A and we obtained the D-A coupling constant as 3 cm’.
~The situation here is somewhat similar. The donor (pyrene) is placed slightly
above the wider rim and the acceptor (PMDI) is placed near the narrow rim. The
centre-to-centre distance betwq\ep the PMDI and pyrene moieties is slightly more

e

than the height of B-CD as shown-xiﬂ‘e'sgcheme 4.5. For the present discussion, we
assumed that this distance is 9 A for the ternary system Py-Ad>f-CDcCy-PMDI.

\ The free energy change AGO gﬁd solvent reorganization energy A, the are distance
dependent as per equations (H** and (8).'

2 2
_ i ) _e 1 1 _1_ - _1__ -
AG° = Eox - Ered - Ep 3 ( rp + "Q) ( 37 85) Edce "

of 1 11 1 1) g

/loul = Ae ( 2"? + 2"Q dcc) (gop gs) ( )
In these equations, Ey is the oxidation potential (in acetonitrile) of the pyrene
moiety in Py-Ad, E, is the reduction potential of C3-PMDI (in acetonitrile), rp
and rq are the radii of the pyrene and PMDI moieties, respéct.ively, & and &, are

the static and optical dielectric constants of water and d.. is the distance separating

the donor and acceptor units. For the C3-PMDL/pyrene system we have calculated
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AG® and A, as per equations 7 and 8 using the following values. rp=4 A, rq=2.75
Aand d,. =9 A. We obtained Ao = 1.55 eV and AG® = -2.07. The coupling
constant H,, is also distance dependent according to equation (9),'6

Hy® = (Ha') exp [-Bd-do)] )

where H,° is the coupling constant at distance dy, H, is the coupling constant at

T

Tkl
distance d and £ is the damping factor. For a large number of donor-acceptor

systems in solution B values are known to vary in the 1.0 - 1.4 A”' range.'® Our
work in Chapter 2 gave H, =3 cm’ for similar systems. With Helo =3cm’ atdy = |
6 A, and using values of f= 1.2 Al and d =9 A, we obtained H, as 0.6 cm™,

using equation (9). The &, value can be obtained using equation (10).

ke =(27M) Heﬁ(4rcﬂokan"”§ (e”s"/m!) (10)
x expl-(Ag+AG +mh Vi (4 AgkpT)]

Equation (10) is a modified form of the Marcus equation where, A 1s Planck’s
constant divided by 27, H,;, is the coupling matrix element, 4, is the outer-sphere
reorganization energy, kg is the Boltzmann constant, T is-the absolute temperature,
AGY is the free energy change for the reaction, s = 4 /hv, m is an integerv, and 4; is |
the inner-sphere reorganization energy. Using Hy = 0.6 cm™ (6.14 x 102 eV), AG°
=-207eV, A, =155eV, 4,=02eV and hv=0.15 eV, we obtained &, = 2.35 X

107 s, It is to be noted that the experimental value of k. for the Py-AdoB-

CDcC5-PMDI system (2.4 x 10’ s} is very close to the calculated value.
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Thus we have integrated a donor and acceptor into a supramolecular

ensemble involving a B-CD framework without exbcnding any effort towards CD
functionalization. The rim-binding type of association described in this chapter
could be very important in the context of designing supramolecular suﬁcturcs.
Simple mixing of equimolar amounts of the constituent molecules in water results
in the formation of the ternary ensemble. In the CD based ternary systems reported
earlier, CD cavities co-host the chromophore and quencher systems. These types
of systems are of no use in the context of mimicking natural phptosynthesis. In the
- ternary system describcdﬁlblxc‘rc CD actas a scﬁﬂ'old to keep the donor and acceptor

€

moieties at a fixed distancc;, :i:f’;For the Py-Ad>B-CDcCs-PMDI ternary system,
dy. is 9 A and for the Py-AdoB-CDcCg-PMDI system d,, was slightly larger. p-
CD has a three fold func_tion in this ensemble: (1) Encapsulate the adamantane unitr
and keep the pyrene moiety above the secondary rim, (2) rim bind PMDI and keep
it at the primary rim and (3)act as a spacer betvéeen the donor and acceptor. The
donor-spacer-acceptor configuration of the temary systems could facilitate
photoinduced charge separation. This is the first report of the assembly of a B-CD
based ternary system capable of vectorial electron transfér. Self-assembly of donor
and acceptor components in aqueous solution and study of PET processes in such

systems is an extremely important task in the context of understanding and

mimicking natural photosynthetic process.
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4.4. Conclusions

In this chapter complex formation of pyromellitic diimide derivatives (PMDI)
with B-cyclodextrin and anthracene-appended B-cyclodextrin were studied using
induced circular dichroism and 'H NMR spectroscopies. Pyromellitic diimides
form rim-binding type complexes with B-CD and in these complexes the
pyromellitic ditmides lie just outside of the narrow rim of the CD. When the
smatler rim was blocked by a relatively large molecule like anthracene the
pyromellitic diimides form\trilf: inclusion complexes. The ability of PMDI to form
rim binding complexes was exé:lzited to assemble Acceptor-fFCD-Donor Ternary
complexes. The very high affinity of adamantane moiety for 3-CD cavity and the
propensity of PMDI for rim binding with the primary rim of B-CD cavity were
utilized in this design. Simple mixing of equimolar amounts of the constituent
molecules in water resulted in the formation of the ternary ensemble as evidenced
by NMR, ICD and MALDI-TOF experiments. B-CD has a three fold function in
the ensemble: (1) Encapsulate the adamantane unit and keep the pyrene moiety
above the secondary rim, (2} rim bind PMDI and keep it at the primary rim and
(3) act as a spacer between the donor and acceptor. The donor-spacer-acceptor
configuration of the assembly could facilitate' photoinduced charge separation.

Steady state and time resolved fluorescence experiments confirm photoinduced

electron transfer in Py-Ad»>B-CDcPMDIL
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4.5. Experimental section
4.5.1. General techniques

NMR spectra were recorded on a 300 MHz Bruker Avance DPX spectrometer.
ICD spectra were obtained on a JASCO-J-810 Circular Dichroism
Spectropolarimeter. MALDI mass spectrometry was conducted on a Perspective
Biosystem Voyager DEPRO MALDI-TOF Spectrometer in a matrix of a-cyano-4-
hydroxycinnamic acid. 'Steady state fluorescence experiments were performed
using SPEX Fluorolog E 112X spectrofluorimeter and fluorescence lifetime
*..
experiments were carried out usTng a IBH picosecond Single Photon Counting
system employing a 335 nm NanoL.ED excitation source and Hamamatsu C4878

MCP detector.

4.5.2, Materials
4.5.2.1. Synthesis and Characterization of PMDI derivatives

General Procedure:

Preparation of 2: Pyromellitic anhydride (1 g, 4.6 mM) was dissolved in DMF (9
mL). The amine R-NH; (4.6 mM) and ethanolamine (0.277 mL, 4.6 mM) were
added and the mixture refluxed for 6 h. Cooled and poured in to ice cold water and
the precipitate formed was filtered, dried and cﬁromatographed over silica gel. 2

was obtained upon elution with MeOH-CHCl; (5:95) mixture. Yield 29-30%.
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Preparation of 3: 2 (0.49 mM) was ac{ded to a mixture of aqueous HBr (1 mL)
and Conc. H,SO, (0.4 mL). Conc. H,S0O, (0.4 mL) was again added and the
solution refluxed for 3 h. The mixture was cooled and the product was extracted
with dichloromethane and recrystallized‘from dichloromethane-methanol mixture.
Yield 62-65%.

Preparation of 4: A mixture of 3 (0.2 mM) and Pyridine (1.5 mL) was refluxed
for 8 h and cooled. The crude product was washed with hexane and chloroform
and was recrystallized from dichloromethane-methanol mixture. Yield 73-75%.
Data for 2a, 3a and 4a were given in Chapter 3.

2b: '"H NMR (300 MHz, [ch,]‘DMSO) o ppm: 0.89 (t, 3H), 1.27-1.34 (m, 2H),
1.57-1.62 (m, 2H), 3.59-3.64 (m, 4H), 3.69 (1, 2H), 4.88 (t, 1H), 8.17 (s, 2 H);
HRMS (FAB) m/z =3 17.40 (M + H") (calculated mass = 316.11).

3b: 'H NMR (300 MHz, CDCl;, TMS) & (ppm): 0.96 (t, 3H), 1.34-1.44 (m, 2H),
1.64-1.74 (m, 2H), 3.66 (t, 2H), 3.75 (t, 2H), 4.18 (t, 2H), 8.30 (s, 2 H); HRMS
(FAB) m/z = 378.13 (calculated mass = 378.02).

4b: 'H NMR (300 MHz, D,0, TMS) & (ppm): 0.93 (t, 3H), 1.29-1.39 (m, 2H),
1.61-1.71 (m, 2H), 3.73 (t, 2H), 4.43 (t, 2H), 5.00 (t, 2H), 8.10 (t, 2 H), 8.25 (s, 2
H.), 8.65 (t, | H), 8.99 (d, 2 H); °C NMR (75 MHz, CDCl; & (ppm): 13.52, 19.99,
29.64, 30.34, 38.41, 59.95, 118.49, 128.37, - 136.883 137.31,146.06, 166.16,
166.23; FT-IR (KBr) V. 1631, 1712, 1776, 2870, 2958, 3041 ¢m’'; HRMS

(FAB) m/z = 378.20 (calculated mass = 378.15).
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2¢: "H NMR (300 MHz, [Ds] DMSO) & (ppm): 0.84.(t, 3H), 1.27 (broad singlet, -
6H), 1.61 (t, 2H), 3.58-3.63 (m, 4H), 3.69 (t, 2H), 4.87 (t, 1H), 8.18 (s, 2 H);
HRMS (FAB) m/z = 344.34 (calculated mass = 344.14).

3c: '"H NMR (300 MHz, CDCl; & (ppm): 0.88 (t, 3H), 1.25-1.31 (m, 4H), 1.65-
1.71 (m, 4H), 3-.64-3.7'6 (m, 4H), 4.18 (1, 2H), 8.30 (s, 2 H); HRMS (FAB) m/z =
| 406.15 (calculated mass = 406.05).

4c: '"H NMR (300 MHz, D,O, TMS) & (ppm): 0.86 (broad sl;nglet, 3H), 1.31
(broad singlet, 6H), 1.66 (broad singlet, 2H), 3.70 (broad singlet, 2H), 4.43 (broad
singlet, 2H), 5.00 (broad su?gfl’é!, 2H), 8.10-8.21 (m, 4 H), 8.64 (t; 1 H), 9.00 (4, 2
H); *C NMR (75 MHz, CDCl; 6 p;)m): 13.94, 22.43, 2645, 28.31, 29.63, 31.23,
38.67, 59.84, 118.43, 128.29, 136.86, 137.32, ‘146.07, 166.13, 166.23; FT-IR
(KBI) Vit 1633, 1712, 1724, 1774, 2854, 2929, 3043 cm™'; HRMS ‘(FAB) m/z =
406.38 (calculated mass = 406.18).

4.5.2.2. Synthesis and Characterization of Py-Ad

Preparation of 7: Pyrenecarboxaldehyde (1 g, 2.1 mM) was dissolved in dry
benzene (15 m'LL) Adamantylamine (656 mg, 2.} mM) was added and the mixture
refluxed for 3 h in a Dean-Stark apparatus. Benzene was distilled out and the
crude material obtained wz;s recrystallized from.ethano! to give pure prqduct.

Yield: 90%
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'H NMR (300 MHz, CDCly) & (ppm): 1.80 (s, 6H), 2.09 (d, 6H), 2.25 (s, 3H),
7.97-8.20 (m, 7H), 8.54 (d, IH), 8.25 (d, [H), 9.32 (s, |H) ppm; FT-IR (KBr) Vs
1448, 1597, 1620, 2845, 2904, 3043 cm™'. HRMS (FAB) rﬁ/z = 363.12 (calculated
mass = 363.20)

Preparation of 8: 7 (180 mg, 0.2 mM) was dissolved in methanol (20 mL) and
NaBH, (10 mg, 0.2 mM) was added to it with stirming. The reaction was completed
in 10 minutes. Then it was filtered thfough a neutral alumina column and
concentrated to get the pure product. Yield: 98%

'H NMR (300 MHz, CDCly & (ppm): 1.57 (s, 1H), 1.74 (s, 6H), 1.88 (s, 6H), 2.16
(s, 3H), 4.45 (s, 2H), 7.95-8.18 (m, 8H), 8.37 (d, |H) ppm; FT-IR (KBrI) Vpgy:
1141, 1182, 1305, 1355, 1452, 1593, 1635, 2845, 2900, 3041, 3307 cm™'. HRMS
(FAB) m/z = 365.20 (calculated mass = 365.22)

Preparation of 9: 8 was dissolved in Diethyl ether (25 mL) and dry HCl was
passed through it for '5-10 minutes. Hydrochloride salt of Py-Ad was precipitated
out in 100% yield.

'H NMR (300 MHz, 98:2 D,0:CD,0D) & (ppm): 1.70-1.83 (m, 6H), 2.20 (s, 6H),
2.26 (s, 3H), 4.30 (é, 2H), 7.82-7.85 (d, 2H), 8.13-8.39 (m, 7H) ppm, “C NMR
(75 MHz, DMSO & ppm): 29.07, 35.51, 37.81, 58.01, 123.14, 124.03, 124.37,
125.04, 125.93, 126.04, 126.13, 126.83, 127.51, 128.47, 128.59, 129.71, 129.76,

130.54, 131.10, 131.89 ppm; FT-IR (KBr) Vp.. 842, 1068, 1305, 1365, 1456,
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1593, 2436, 2594, 2638, 2754, 2848, 2916, 3045 cm’. HRMS (FAB) m/z =

365.18 (calculated value 365.22).
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