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ABSTRACT

The research reported in this thesis details the synthesis,

characterization, electrochemical and photochemical studies of noncovalently

linked porphyrin-fullerene based donor-acceptor systems. The first chapter gives 

an introduction that briefly summarizes the significant events that occur in natural 

photosynthetic systems, the importance of artificial photosynthetic models and 

finally, lists new developments in model biomimetic systems of this type. The 

second chapter discusses synthesis of control compounds and physical methods 

used in later chapters. The third chapter focuses on the investigation of

covalently linked porphyrin-fullerene dyads. A discussion of the role of axially 

ligated pyridine in decreasing charge recombination rates can also be found in 

this chapter. The main investigations in the fourth chapter utilize noncovalently 

linked porphyrin-fullerene triads with two axial coordination bonds with an

emphasis on the importance of structural rigidity and the orientation of the donor-

acceptor entities.  The fifth chapter discusses the purpose of a secondary donor 

and the effect it has in charge separation and charge recombination rates for self 

assembled supramolecular triads formed via ‘two-point’ binding.  Noncovalently 

linked magnesium porphyrin-fullerene dyads and triads are presented in chapter 

six.

The compounds contained in this thesis were synthesized and

characterized by proton NMR and ESI-Mass spectroscopy. Binding constants 
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were obtained by using UV-visible, fluorescence and 1H NMR spectral data. DFT

calculations were performed to gain insight into the structural aspects and

orientation of the donor-acceptor groups in these supramolecular complexes. 

Electrochemical and emissions studies (i.e. steady state and time resolved

fluorescence, transient absorption) were employed to obtain free energy changes 

for electron transfer, lifetimes, charge separation and charge recombination rates 

for photo- induced electron transfer.



viii

TABLE OF CONTENTS

1 Introduction 1

1.1 Basic theory of photo-induced electron transfer 2

1.2 PET and EET in biological and non-biological systems 6

1.3 Porphyrins as electron donors and fullerenes as electron 

acceptors 9

1.4 Covalently linked donor-acceptor systems 12

1.5 Non-covalently linked donor-acceptor systems 17

1.5.1 Hydrogen bonding modes 18

1.5.2 Crown ether- ammonium ion binding mode 21

1.5.3 Rotaxane type of interaction modes 24

1.5.4 π−π  interactions 26

1.5.5 Axial coordination 28

2 Materials and physical methods 32

2.1 Materials 32

2.2 Synthesis of control compounds 33

2.3 Physical methods 38

2.4 Summary 40



ix

3 Studies on covalently linked porphyrin-C60 dyads: stabilization

of charge separated states by axial coordination 41

3.1 Introduction 41

3.2 Experimental section 45

3.3 Results and discussion 52

3.4 Summary 82

4 Spectroscopic, electrochemical, computational, and photochemical

studies of self-assembled supramolecular triads 84

4.1 Introduction 84

4.2 Experimental section 86

4.3 Results and discussion 91

4.4 Summary 114

5 Stable supramolecular triads via ‘two-point’ binding invo lving

coordination and hydrogen bonding 116

5.1 Introduction 116

5.2 Experimental section 119

5.3 Results and discussion 127

5.4 Summary 151



x

6 Spectroscopic, electrochemical, computational, crystallographic and 

photochemical studies of a self-assembled magnesium 

porphyrin-fullerene conjugate 153

6.1 Introduction 153

6.3 Results and discussion 156

6.4 Comparison between intra- and intermolecularly

interacting magnesium porphyrin- fullerene dyads 180

6.4 Summary 181

7 Summary 183

Bibliography 189

Appendix 199



xi

LIST OF TABLES

Table …………………………………………………………………………… Page

3.1 Formation constants for axial coordination of pyridine Ligands to 
Zinc porphyrin- C60 Dyads in o-DCB at 298 K ……………………... 55

3.2 Electrochemical half-wave redox potentials (E1/2 vs. Fc/Fc+) of 
porphyrin-fulleropyrrolidine dyads in the presence of 0.1 M 
(n-Bu)4NClO4 in BN, o-DCB, and pyridine………………………….. 64

3.3 Fluorescence lifetimes (τf), refractive index of the solvents (η),
solvent polarity (ε), quenching rate -constants (kq

P), quenching 
quantum-yields (Φq

P) via 1MP*, charge-separation rate-constants
(kCS

C), charge-separation quantum-yields (ΦCS
C) and free-energy

of charge-separation (ΔGCS
C) via 1C60* for MPo~C60 in different 

organic solvents………………………………………………………... 74

3.4 Charge-recombination rate-constants (kCR) for MPo~C60 in
different organic solvents……………………………………………... 79

5.1 Formation constants calculated from Scatchard plots of
absorbance data for the ‘two-point’ bound supramolecular dyads 
and triads in o-dichlorobenzene at 298 K…………………………… 130

5.2 B3LYP/3-21G(*) optimized geometric parameters of the investiga
ted supramolecular triads…………………………………………………132

5.3 Energy levels of the charge-separated states (ΔGRIP), free-energy
changes for charge-separation (ΔGCS), and hole shift (ΔGHS) for 
supramolecular triads in o-DCB……………………………………… 136

5.4 Fluorescence lifetimes (τf),a quenching rate constants (kCS)b, and 
charge-separation quantum yields (F CS)b via 1ZnP*, and charge 
recombination rate constants (kCR) for supramolecular triads in
o-DCB……………………………………………………….. 144

6.1 Crystal Data for the 3:5 dyad ………………………………………… 160

6.2 Fluorescence lifetimes (τf) and fractions of slow and fast
components…………………………………………………………….. 176



xii

LIST OF FIGURES

1.1 Schematic representation (a) excitation of chromophore (b)
electron transfer and (c) energy transfer quenching of a
chromophore excited state. ………………………….. 3

1.2 Schematic representation of Marcus curve…………………………. 5

1.3 X–ray crystal structure and scheme of electron transfer in
photosynthetic reaction center……………………………………….. 8

1.4 Covalently linked porphyrin-fullerene traids ………………………… 13

1.5 Covalently linked porpyrin-fullerene tetrad …….............................. 14

1.6 Covalently linked carotene-porphyrin-fullerene triads …………….. 16

1.7 Watson-crick hydrogen bonding porphyrin-fullerene dyad………… 18

1.8 Porphyrin dyads with base pair interactions ………………………... 20

1.9 Porphyrin-fullerene dyad with crown ether-ammonium ion binding 21

1.10 Phthalocyanine-fullerene dyad with crown ether-quaternary
ammonium ion binding ……………………………………………….. 22

1.11 Phthalocyanine-fullerene triad with crown ether- quaternary
ammonium ion binding ……………………………………………….. 23

1.12 Porphyrin-fullerene traid with rotaxane-type interactions………….. 24

1.13 Fullerene-porphyrin rotaxane via  Cu(phen)2 complex ................... 25

1.14 Fullerene-porphyrin rotaxane via  Cu(phen)2 complex ................... 26

1.15 Host and guest complexation  with π−π  interactions ………………. 27

1.16 Schematic diagram of porphyrin-fullerene aggregates in water …. 28

1.17 Zinc porphyrin- stilbazole- pyromelliticdiimide,
Donor-bridge-acceptor system………………………………………... 29

1.18 Porphyrin-fullerene dyad with “tail-on” and “tail-off” binding
mechanism……………………………………………………………… 30



xiii

2.1 Synthetic scheme adopted for compounds 2 and 3………………… 35

2.2 General scheme for synthesis of fulleropyrrolidines ………………. 36

3.1 Schematic diagram of photochemical events occur in dyads …….. 44

3.2 Synthetic scheme for compounds 7, 8, 9, and 10………………….. 46

3.3 Synthetic scheme for compounds 13, 14, 15……………………….. 48

3.4 Absorption spectra of 15 in (i) o-DCB, (ii) BN, and (iii) pyridine in 
the visible region.  The concentrations were held constant at 1.8 
μM……………………………………………………………………….. 53

3.5 Visible spectral changes observed for 15 on increasing addition
of pyridine in toluene………………………………………………….. 54

3.6 DFT B3LYP/3-21G(*) calculated geometric structures of 13 and
14…………………………………………………………………… 56

3.7 Frontier HOMO and LUMO of 13 calculated by DFT
B3LYP/3-21G(*)  methods…………………………………………….. 57

3.8 DFT B3LYP/3-21G(*) optimized geometries of 15 (a) in the
absence and (d) in the presence of bis-pyridine ligands.  Figures
b, c, e and f show the HOMO and LUMO of the dyad under the 
conditions described in a and d……………………………………… 59

3.9 Cyclic voltammograms of (a) 15 and (b) 14 (~0.05 mM) in o-DCB
(0.1 M (n-Bu)4NClO4).  Scan rate = 100 mV/s.  The site of
electron transfer is indicated on the top of the voltammograms….. 61

3.10 Fluorescence spectrum of (a) (i) 2, (ii) 13 and (iii) 14 in o-DCB
(λex = 550 nm) and (b) (i) 1, (ii) 11 and (iii) 12 in o-DCB (λex = 515 
nm)………………………………………………………………………. 66

3.11 Fluorescence spectra of 3 (curves i, ii and iii) and 15 (curves iv, 
v, and vi) in o-DCB (curves i and iv), BN (curves iii and vi), and 
Py (curves ii and v) (λex = 565 nm in o-DCB, 566 nm in BN and 
579 nm in Py).  The concentration of all of the species was held 
at 1.85 μM……………………………………………………………… 67

3.12 Fluorescence decay profiles of (a) 2, 13, and 15, and (b) 1, 11,
and 12 in benzonitrile. λex = 410.  The concentrations of
porphyrins were maintained at 0.05 mM……………………………. 69



xiv

3.13 Time-resolved fluorescence spectra of 15 (a) toluene, (b) anisole, 
(c) o-DCB, and (d) BN………………………………………………… 71

3.14 Fluorescence decay profiles (a) 3 (600-700 nm) and (b) C60
(700-800 nm) and (c) 15 (700-800 nm) and (d) MgPO~C60 (600-
700nm) dyad in an argon saturated o-DCB (λex = 400 nm).  The 
concentration of all of the species was held at 0.05 mM………… 72

3.15 Nanosecond transient absorption spectra of 15 (0.05 mM) in 
argon saturated solution after the 532 nm-laser irradiation; (a) in 
o-DCB, and (b) in toluene after the 532 nm-laser irradiation.
Figure inset shows the time profiles of the transient bands at the
indicated wavelengths………………………………………………… 77

3.16 Energy level diagrams showing the photochemical events of the 
dyad 15 in (a) DMF, BN, o-DCB and anisole, and (b) toluene…… 81

4.1 Schematic diagrams of triads A (21: 2), B (21: 20), C (21: 19)….. 85

4.2 Synthetic scheme for compounds 16, and 17………………………. 88

4.3 Synthesis of compound 18, and 19………………………………….. 90

4.4 Synthesis of fulleropyrrolidine 21…………………………………… 91

4.5 Spectral changes observed during the titration of 19 (1.88 μmol
dm–3) with 21 (each 0.1 eq. addition) in o-DCB……………………. 92

4.6 Optical absorption spectral changes of 20 on increasing addition 
of 21 in toluene ………………………………………………………... 93

4.7 (a) Scatchard plot for triad A, absorbance changes observed at 
422 nm, (b) Job’s plot for triad A, and (c) Job’s method of
continuous variation plots for the triad C complex formation
monitored at 424 and 429 nm………………………………………… 95

4.8 1H NMR spectrum of 21 (5 mM) on addition of (a) 0, (b) 0.5, (c) 
1.0, (d) 1.5 and (e) 2.0 equivalents of 2 in CDCl3:CS2 (1:1 v/v)….. 96

4.9 B3LYP/3-21G(*) optimized structure of 20 interacting with bis 
pyridine functionalized fulleropyrrolidine 21…………………………

98

4.10 The B3LYP/3-21G(*) optimized structure, (b) HOMO, and (c)
LUMO of the supramolecular triad C ……………………………….. 99



xv

4.11 Cyclic voltammograms of (a) ZnTPP 2, (b) C60(Py)2 21 and (c) 
isolated complex of  triad A in o-DCB, 0.1 M (TBA)ClO4. Scan 
rate = 100 mV/s………………………………………………………… 101

4.12 (a) Fluorescence emission spectrum of 2 on increasing addition 
of 21 (b) SV plots for 2 in the presence of (i) pyridine, (ii) 4 and
(iii) 21 in o-DCB. λex = 554 nm and λem = 646 nm………………... 103

4.13 Steady state fluorescence spectra of 19 (1.88 μM) in the
presence of 21 (0.15 eq. each addition) in o-DCB. λex = 550 nm 104

4.14 (a) Fluorescence spectra of 20 on increasing addition of 21 in
toluene.  (b) Benesi-Hildebrant plot of binding constant analysis. 
(c) Stern-Volmer plot of quenching analysis……………………….. 106

4.15 Fluorescence decay profiles of (a) 20 (0.01 mM) in toluene and 
(b) decay profile in the presence of 21 (0.1 mM) in toluene. λex =
400 nm and λmonitor = 775 nm………………………………………… 108

4.16 Nanosecond transient spectra obtained by 532 nm laser light at 
50 ns of 20 (0.2 mM) in the presence of 21 (0.1 mM) in Ar-
saturated toluene……………………………………………………… 110

4.17 Transient absorption spectra obtained by the 532 nm nano-
second laser photolysis of 2 (0.1 mM) in the presence of 21 (0.1 
mM) in o-DCB.  Inset: Time profile for the 1000 nm band………… 111

4.18 Figure 4.18: (a) Fluorescence decay time-profile (log scale) of 19
(black dots), and 19:21 (1 : 2.5) (red dots) in o-DCB; λex= 400 
nm, and (b) Transient absorption spectra of 19:21 complex(0.1 : 
0.25 mM) in o-DCB at 6 ns (filled circle) and 220 ns (open circle) 
after the 565 nm laser irradiation.  Inset : Absorption time profile 
at 1010 nm……………………………………………………………… 113

5.1 Structures of employed porphyrin entities and fullerene
derivatives with secondary donor…………………………………… 118

5.2 Synthetic scheme employed for compounds 22 and 23…………... 120

5.3 Syntheses of compounds 24 and 26………………………………… 121

5.4 Syntheses of compounds 25 and 27………………………………… 123

5.5 Syntheses of compounds 28, 29, and  30…………………………… 125



xvi

5.6 UV visible spectral changes observed for 26 (4.85 μM) on
increasing addition of 30 (0.3 μM each addition) in o-DCB.  The 
figure inset shows the Scatchard plot of the data analysis
monitored at 423 nm………………………………………………….. 128

5.7 Schematic diagram of interatomic H bond in triads……………….. 129

5.8 DFT B3LYP/3-21G(*) optimized structures of supramolecular
triads: (a) 26:30, (b) 26:31, (c) 26:32 and (d) 27:31………………. 131

5.9 Cyclic voltammograms of compounds 30, 31, 32, and ZnTPP (2)
in o-DCB contains 0.1 M (n-C4H9)4ClO4.  Scan rate = 100 mV/s… 134

5.10 Fluorescence spectra of 27 (4 μM) in the presence of various 
amounts of 30 (0.3 μM each addition) in o-DCB (λex = 549 nm)…. 138

5.11 Stern-Volmer for the fluorescence quenching of (i) 27 by 32 (? ),
(ii) 27 by 30 (? ), (iii) 26 by 30 (?), (iv) 26 by 32 (♦), (v) 2 by 30
(_ ), and (vi) 2 by 32 (? ) in o-DCB…………………………………… 139

5.12 Fluorescence decay profile of (i) 26 and (ii) 26 in the presence of 
2 equivalents of 32 in o-DCB: λex = 410 nm and λem = 600 nm…… 141

5.13 Time-resolved fluorescence spectra of the supramolecular triad
26:32 in o-DCB………………………………………………………… 142

5.14 Transient absorption spectra obtained by 532 nm laser light
photolysis of 26 (0.05 mM) with (a) 32 (0.05 mM) and (b) 30
(0.05 mM) in o-DCB…………………………………………………… 146

5.15 Transient absorption spectra of 27 (0.1 mM) in the presence of 32
(0.12 mM) in Ar-saturated o-DCB by the excitation of 532 nm 
laser light……………………………………………………………….. 148

5.16 Energy-level diagram showing the different photochemical events 
of the investigated supramolecular triads…………………………… 150

6.1 Structure of the 1:1 and 1:2 supramolecular complexes of MgTPP
(3) and C60Im (5)………………………………………………………. 155

6.2 Projection diagrams of the 3:5 complexes with 50% thermal
ellipsoids. Figure (a) and (b) represent the two crystal forms. The 
co-crystallized solvents are not shown for clarity………………….. 157

6.3 Packing diagram of the investigated 3:5 complex ………………… 158



xvii

6.4 Spectral changes observed during the titration of 3 (6.62 μM) on 
increasing addition of 5 (1.31 μM each addition) in o-DCB.  The 
inset figure shows the Benesi-Hildebrand plot for the change of 
absorbance at 430 nm………………………………………………… 162

6.5 Spectral changes observed during the titration of 3 at higher
concentration of with increased addition of 5 in o-DCB…………… 163

6.6
DFT B3LYP/3-21G(*) optimized (a) structure (ball and stick ),

and (b) frontier HOMO-1, HOMO, LUMO and LUMO+1 orbitals of 
the 3:5 dyad…………………………………………………………… 166

6.7 Cyclic voltammograms of 3 (0.05 mM) in the presence of (i) 0.25, 
(ii) 0.50, (iii) 0.75, (iv) 1.0, (v) 1.6 and (vi) 2.2 equivalents of 5 in 
o-DCB containing 0.1 M (n-C4H9)4NClO4.  Scan rate = 100 mV s-
1.  The site of electron transfer corresponding to each redox
couple is shown on the top of the voltammograms………………… 168

6.8 (a) Fluorescence spectra of 3 (5.85 μM) in the presence of
various amounts of 5 (8.78 μM each addition) in o-DCB (λex = 565 
nm).  (b) Benesi-Hildebrand analysis of the fluorescence data.
(c) Stern-Volmer plot for the fluorescence quenching of 3 at 615 
nm by 5…………………………………………………………………. 171

6.9 Fluorescence decay profiles of 3 (0.03 mM) at 615 nm in the 
presence of (a) 0.0, (b) 0.10, (c) 0.30, and (d) 0.60 mM 5 in o-
DCB. λex = 400 nm…………………………………………………….. 173

6.10 Time resolved fluorescence spectra of C60Im:MgTPP (0.10:0.03 
in mM) in o-DCB……………………………………………………….. 174

6.11 Transient absorption spectra of C60Im:MgTPP (0.20:0.10 in mM) 
in Ar-saturatred o-DCB obtained by 532 nm laser light excitation.. 177

6.12 Energy level diagram showing photochemical events of the
supramolecular 3:5 dyad…………………………………………….. 179



xviii

LIST OF ABBREVIATIONS

1 BN  Benzonitrile

2 CS2  Carbon disulfide

3 CHCl3  Chloroform

4 CDCl3 Deuterochloroform

5 CH2Cl2  Methylene chloride

6 o-DCB ortho Dichloro benzene

7 MeOH  Methanol

8 CH3CN  Acetonitrile

9 DMF  N,N-Dimethylformamide

10 K2CO3  Potassium carbonate

11 KBr  Potassium bromide

12 KCl  Potassium chloride

13 C60  Fullerene

14 C60Py N-Methyl-2-(4’-pyridyl)-3,4-fulleropyrrolidine

15 C60Im N-methyl-2-(4’-N-imidazolylphenyl)- 3,4-fulleropyrrolidine

16 C60(Py)2 2-(4’-pyridyl)-5(methylene-4′-pyridyl)-3,4-fulleropyrrolidine

17 TPP  Tetra phenyl porphyrin

18 MgTPP Magnesium tetraphehylporphyrin

19 ZnTPP   Zinc tetraphehylporphyrin

20 ZnNc    Zinc tetra-tert-butyl-2,3-naphthalocyanine

21 DMA N,N-methylaminophenyl



xix

22 DPA N,N-diphenylaminophenyl

23 Fc Ferrocene

24 DFT   Density functional methods

25 NMR  Nuclear Magnetic Resonance spectroscopy

26 FT-IR spectroscopy  Fourier transform infrared spectroscopy

27 EI-mass  Electron ionization mass spectrometry

28 ESI-mass spectroscopy  Electrospray ionization mass spectrometry

29 FAB-mass spectroscopy  Fast atom bombardment spectrometry

30 (TBA)ClO4  Tetrabutylammoniumperchlorate

31 TBAPF6  Tetrabutylammoniumhexafluorophosphate

32 SCE  Saturated calomel electrode 

33 Ag / AgCl  Silver / Silver Chloride reference electrode

34 Fc / Fc+  Ferrocene / Ferrocenium internal reference electrode

35 E1/2  Half wave potential 

36 Epa  Anodic peak potential

37 Epc Cathodic peak potential

38 mV/s  millivolts per second

39 V  Volts

40 ΔH  Enthalpy

41 ΔS  Entropy

42 ΔG  Gibbs free energy

43 K  Formation constant

44 oC  Degree Celsius



xx

45 φf  Fluorescence quantum yield

46 Ket Rate of electron transfer

47 Kp Decay constant of donor in the absence of acceptor

48 Eo-o  Singlet excitation energy

49 λex  Excitation wavelength

50 λem  Wavelength at which emission is maximum

51 PET  Photo-induced electron transfer

52 Q1/2  Concentration needed to achieve 50% quenching

53 Å  Angstrom (1Å = 1 x 10-10 meters)

54 nm  nanometer ( 1 x 10-9 meters) 

55 μM micro molar

56 M  molar

57 M-1  per mole

58 s-1  per second

59 v/v  volume per volume



1

CHAPTER 1

INTRODUCTION

Photosynthesis is a natural biological process that is responsible for 

fulfilling most human energy needs here on Earth. Nature's most sophisticated 

and important solar energy storage system is found in photosynthetic organisms, 

including plants, algae and a variety of types of bacteria.  It is through

photosynthesis that earth's biosphere derives its energy from sunlight. This

process helps maintain the oxygenic atmosphere, energy supplied by plants, that

makes life possible.1  Photosynthesis utilizes visible light to drive the chemical

reactions that occur within these biological systems.  For this, nature has chosen 

to employ visible light absorbing molecules such as cyclic tetra-pyrroles, also

known as chlorophylls.

The chemistry of porphyrins has received much attention in recent

years due mainly to the potential applications in a large variety of research areas:

namely, biomimetic photosynthesis,2-4 molecular-level optoelectronics,5

supramolecular catalysis,6 magnetic resonance imaging (MRI),7 and photo-

dynamic therapy (PDT).8-10 Photo-induced electron and/or energy transfer

reactions are involved in many of these applications. A variety of donor/acceptor

supramolecular systems have been designed to study these photo-induced

electron/energy transfer reactions .11-15
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1.1 Basic theory of photo-induced electron transfer

The study of photo-induced electron transfer reactions has

attracted the interest of chemists mainly because of the major role they play in

natural photosynthesis. It is necessary to have better understanding about photo-

induced electron transfer reactions in order to build/achieve efficient artificial

photosynthetic systems or to develop efficient solar energy storage/conversion 

systems. The main criteria to build efficient, artificial solar energy conversion

systems are: (i) antenna molecules that capture light and form an “excited state 

species”, (ii) the excited state species must transfer electrons to acceptor

entities, (iii) the electron transfer must be directional, and (iv) the life times of 

excited state must be long enough to allow the  electron transfer to take place. 

Photo-excitation of the photo sensitizer donor or the acceptor

species can result in   photo-induced electron transfer or energy transfer. In an

electron transfer reaction, the electron donor (D) transfers an electron to an 

electron acceptor (A), producing a radical cation (D•+) and a radical anion (A•-). In 

the case of energy transfer, the excited state energy of the donor is transferred to 

the acceptor, which itself enters an electronically excited state.  This type of 

reaction is more likely to occur if the acceptor moiety has a low-energy excited 

state available and is not amenable to oxidation or reduction.  This absorbed 

energy will be efficiently converted into electrical or chemical energy if these 
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a) Excitaion

b) Electron transfer

c) Energy transfer

Figure 1.1: Schematic representation (a) excitation of chromophore (b)
electron transfer and (c) energy transfer quenching of a chromophore excited 
state.
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charged species are utilized as electrons and holes to drive electrical current or 

promote chemical reactions before back electron transfer leads to the initial

ground states of donor-acceptor species. Figure 1.1 depicts these electron and 

energy transfer reactions .

The Marcus theory of electron transfer (PET) processes provides a 

convenient way of discussing certain key aspects involved in photo-induced

electron transfer reactions16-17

Here Kel is the electronic transmission coefficient, vn is the

frequency of nuclear motion trough the transition state, and ΔG0 is the standard 

Gibb’s free energy change for the overall electron transfer reaction. The

reorganization energy needed to orient the initial complex to have a suitable 

configuration for electron transfer is represented by λ.  Finally, T and kB are the

absolute temperature and the Boltzmann’s constant, respectively.

.
Electronic coupling is dependent on the separation distance and 

nature of the intervening spacer, while λ consists of two components, the

vibrational component, or solvent-independent component (λi), and a solvent-

dependent component which depends on polarization changes in the solvent 

(Eq.  1.1)=
kel vn exp (-Δ Go+ λ )

4 kB T
k ET
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environment (λsol). Since these parameters have different values before and after 

ET occurs, the energy associated with these rearrangements defines λ.

The rate constant of an electron transfer reaction initially increases 

with increasing thermodynamic driving force (-ΔG° < λ) in the “normal region” of 

the parabolic relationship. When the driving force approaches the same

magnitude as the reorganization energy (-ΔG° ~ λ), the reaction rate is governed 

mostly by the electronic coupling between the donor and acceptor. Upon passing 

this thermodynamic maximum, the highly exothermic region (-ΔG° >λ) is entered, 

in which an increase of the free energy results in a decrease in the rate of the 

process. This latter range is generally referred to as the Marcus “inverted region”.

λ = λs + λ i
(Eq. 1.2)

Figure 1.2: Schematic representation of Marcus curve
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The fundamental processes that can originate from the excited 

singlet state include intersystem crossing, internal conversion, fluorescence,

forward and reverse electron transfer, and energy transfer. The rates of an

energy/electron transfer should be faster than the rates of intersystem crossing, 

internal conversion and fluorescence in order to achieve   an efficient

energy/electron transfer.

1.2 PET and EET in biological and non-biological systems

Plants use photosynthesis, in order to maintain the oxygenic

atmosphere on Earth, which makes life possible . This process uses visible light 

to drive chemical reactions that occur within biological systems. Photo-induced

electron and energy transfer reactions are important phenomena in natural

photosynthesis. The vast majorities of the light-absorbing molecules, called 

pigments, in a photosynthetic organism are not chemically active, but function 

primarily as an antenna. The photosynthetic antenna system collects and

delivers excited state energy by means of excitation transfer to the reaction

center complexes where photochemistry takes place. The antenna molecules of 

natural photosynthetic systems involve singlet-singlet energy transfer not only 

between two chlorophyll molecules but also between carotenoids and

chlorophylls.93-95
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X-ray crystallographic investigations have revealed detailed

structural information of several bacterial reaction centers.18-19, 93-95 The reaction 

centers of Rhodobacter spheroides and Rhodopseudomonas viridis are very

alike and each one contains four bacteriochlorophylls (BChl), two

bacteriopheophytins (BPhe), two quinones (Q), and a carotinoid polyene. In case

of Rb. sphaeroides both quinines are ubiquinone molecules, where as Rps.

viridis has one menaquinone and one ubiquinone molecule. In addition, this

reaction center has two branches, L and M. All of these moieties are well 

arranged in a C 2 axis as shown in Figure 1.3.

The total length of reaction center, from the tip of the cytochrome to 

the H subunit is about 130 Å. The core has an elliptical cross section with axes of 

70 Å and 30 Å. The special pair contains two BChl-b molecules with very close 

interactions (pyrrole rings). The average distance between atoms of one of these 

pyrrole rings to the plane of other ring is ~ 3 Å.  The Mg-Mg distance in special 

pair is ~ 7 Å and angle between the ring planes is around 15o. The distance 

between Mg atom in special pair BChl-b to Mg atom in BChl-b monomer is ~13 Å

with angle of ~70 Å between the planes.  The each monomeric BChl-b molecules 

is in contact with BPh-b with angles between planes is ~ 64o and distances 

between ring centers are ~ 11 Å.93-95
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At the reaction center, a special pair of the bacteriochlorophyll

dimer is raised to a higher energy level by the absorption of light. Within 2-4 ps of 

excitation, an electron from the excited dimer is passed to a pheophytin unit on 

the right hand side of the reaction center, with a quantum yield of unity.  A 

cytochrome moiety that is not bound to the membrane diffuses into the region of 

Figure 1.3: X-ray crystal structure and scheme of electron transfer in
photosynthetic reaction center.
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the special pair of chlorophylls and donates an electron to the reaction center 

dimer.  The cytochrome, which is now positively charged, diffuses away. 

The electron passes from a radical pheophytin anion to

menaquinone, with a lifetime of 200 ps, and then to the terminal ubiquinone that

has a 10 μs life time. The quantum yield is close to unity in both cases.  This

separation of charge resulting from the multi-step electron transfer sequence

represents stored energy, that is, conversion of light energy into chemical

energy. A detailed understanding of these natural reactions has been greatly

aided by studies of electron and energy transfer reactions in artificial model

systems.

1.3 Porphyrins as electron donors and fullerenes as electron acceptors

A wide variety of donor/acceptor systems have been built to study 

and understand photo-induced electron and energy transfer reactions. Among 

the different donor-acceptor systems, porphyrin-fullerene donor-acceptor

systems have attracted a lot of attention in recent years.20-24 The choice of

porphyrins is due to their structural similarities to the naturally occurring

chlorophyll and pheophytin. Porphyrins and their metal derivatives have strong 

absorption bands around 400 nm and several weak absorptions at higher

wavelengths, which can be changed by substituents on the periphery of the

porphyrin or by different metals in the porphyrin cavity. 
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The extensively conjugated π-conjugated systems of porphyrins 

increase their electron donating ability and make them suitable for donors in 

artificial photosynthesis models. Their redox properties are very rich and tunable 

by substituents on the periphery of the porphyrin or addition of different metal

ions in the cavity.  Their excited singlet and triplet states are long enough to allow

interactions with other molecules in excited states and/or ground states.22 In

addition, they have high fluorescence quantum yields. Porphyrins are involved in 

a wide variety of important biological processes, from oxygen transport to

photosynthesis. Synthesis of porphyrins has been widely investigated; the two 

positions that are easily accessible to modify porphyrins are β-pyrrole and meso 

positions. However, modifications at the meso position phenyl in tetraphenyl

porphyrins are popular due to the ease of synthesis.

Quinones were used initially as electron acceptors in artificial

photosynthetic systems due to their structural similarities with natural

photosynthetic acceptors.1,15 Lately, however, fullerenes have attracted much

attention because of the three dimensional structure and the ability to

accommodate charge in their giant spherical carbon framework which consists of 

a rigid and confined structure of π sphere.  These properties offer a unique

opportunity of stabilizing charged entities. Fullerenes have very rich electro-

chemical properties with eight reversible redox states in which the six

one-electron reductions are equally spaced.25-28, 96
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Fullerenes display attractive excited-state properties; population of

the excited states makes the fullerene both a better electron acceptor and 

electron donor compared to ground state species. They have strong absorption 

in UV region and weak, but significant, absorption in the visible region. When

fullerenes are functionalized, they retain the same basic characters and

absorption can be extended to the near IR region. Therefore, fullerene

derivatives can easily be excited by low energy light and their higher electron 

affinities makes them attractive candidates for photo-induced electron transfer 

reactions.

One of the important aspects in a photo-induced electron transfer 

reaction is to have slow charge recombination, which can improve the life time of 

the radical ion pair. Electron acceptors with low reorganization energy can slow 

down charge recombination and fullerenes are well known for their low

reorganization energy (approximately 0.06 eV). The solvent dependent term is

very small, which means fullerenes need very little energy to adjust the excited

state to the new solvent environment. Due to reactive carbon frame, various 

synthetic methodologies have been established and a wide variety of novel

fullerene derivatives produced. 

In recent years, various kinds of covalently and non-covalently

linked porphyrin-fullerene based donor/acceptor systems have been developed 
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to study and understand photo-induced electron transfer reactions. A few

relevant donor-acceptor systems will be discussed in this chapter.

1.4 Covalently linked donor-acceptor systems

 A large number of covalently linked porphyrin-based donor/

acceptor systems have been reported in the literature, with multi-step electron 

and/or energy transfer, and energy transfer followed by electron transfer, or vice

versa. Charge separation and charge recombination rates were reported.32-34

Covalently linked porphyrin-fullerene dyads and triads have been 

developed to mimic the multi-step electron transfer in natural photosynthesis

systems. The fullerene-porphyrin-ferrocene triad, A (C60-ZnP-Fc) displays a 

lifetime extension of the charge-separated state without decreasing its efficiency. 

The lifetime extension was achieved by a secondary intermolecular electron

transfer to a porphyrin cation radical on the ferrocene which acts as an additional 

donor in these systems. Charge separation and charge recombination rates were 

calculated from transient absorption of the corresponding porphyrin-fullerene ion 

radicals. The most predominant pathway of electron transfer in these systems 

was a primary photo-induced electron transfer occurring from the excited state of 

the porphyrin to the fullerene to form a transient charge separated state

(C60
•--ZnP•+-Fc) with high quantum yield. The charge separated state undergoes

a secondary electron transfer between ZnP•+  and the ferrocene moiety to form a 
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long-lived (C60
•+-ZnP-Fc•-) charge separated state. A lifetime of 10 μs in polar 

solvents was observed for this charge separated system.29

Imahori et. al. also prepared a triad B (Figure 1.4), consisting of a

fullerene moiety covalently linked to an array of two porphyrins (zinc and 

freebase porphyrin). This novel molecular triad, B which represents an artificial

reaction center, utilizes zinc porphyrin (ZnP) as an antenna molecule.  The zinc 

porphyrin then transfers its singlet energy to the energetically lower-lying free

base porphyrin (H2P). This energy transfer followed by sequential electron
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Figure 1.4: Covalently linked porphyrin-fullerene triads



14

transfer, yields ZnP-H2P•+-C60
•- and then ZnP•+-H2P-C60

•- with very high rate

constants. A lifetime of 21 μs was achieved for the final charge-separated state in 

deoxygenated benzonitrile.29-30

Photo-induced energy transfer followed by multiple electron transfer 

within a molecule was achieved by tetrad C in Figure 1.5, both in frozen media 

and in solution.31 A covalently linked ferrocene-zinc porphyrin-freebase

porphyrin- fullerene tetrad (Fc-ZnP-H2P-C60), attached via amide bonds, was

designed and prepared and extremely long-lived charge separated states were 

observed for these tetrads. Upon excitation, zinc porphyrin transferred energy to 

the freebase porphyrin, followed by electron transfer to the fullerene to produce a

zinc porphyrin-fullerene radical pair.  The ferrocene further separates the charges 

by becoming oxidized so the charge-separated state consists of a ferricenium ion 
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N N

N
CONH ZnH H

N
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HNOC NHCO
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R R

R =

c

Figure 1.5: Covalently linked porphyrin-fullerene tetrad.
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(Fc•+)-C60 radical anion (C60
•-) pair. The lifetime of the resulting charge-separated

state in frozen benzonitrile was determined to be 0.38 s, which is more than one 

order of magnitude longer than any other intramolecular charge recombination 

processes of synthetic systems and comparable to that of bacterial

photosynthesis.

Gust and coworkers developed a covalently linked molecular triad 

to mimic an artificial photosynthetic center (Figure 1.6). This triad consisted of a 

porphyrin as the primary donor, fullerene as an acceptor and carotene as a

secondary donor, which leads to long-lived charge separated states via photo-

induced electron transfer.32-33 Electron transfer in this triad has been observed in 

a frozen organic glass down to at least 8 K. At 77 K, charge recombination of 

Ca•+-P-C60
•- occurs on the microsecond time scale, and yields solely the

carotenoid triplet state. Charge recombination can slow down substantially by

applying a small magnetic field; the authors reported a 50% increase in the

lifetime of the charge-separated state in the presence of a 20 mT static magnetic 

field. This increase in the lifetime was due to the effect of the magnetic field on 

the interconversion of the singlet and triplet biradicals. 
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In the absence of a magnetic field, the initially formed singlet

biradical state is in equilibrium with the three triplet biradical sublevels, and all 

four states have comparable populations. Decay to the carotenoid triplet only

occurs from the three triplet sublevels. In the presence of a magnetic field, the S

and T0 states are still rapidly interconverting, but the T+ and T- states are 

isolated from the other two due to the electronic Zeeman interaction, and are not 

significantly populated. Under these conditions, recombination to the triplet

occurs only from To, and the lifetime of the charge-separated state increases. 

This effect can be used as the basis for a magnetically controlled optical or 

optoelectronic switch (AND gate).

1.5 Non-covalently linked donor-acceptor systems

Even though covalently linked model systems have exhibited

excellent results; they substantially differ from natural systems, especially the 

composition of the medium intervening between donor and acceptor. Therefore,

exploration of non-covalently linked donor-acceptor model systems appears to be 

more promising for mimics of natural systems. Several non-covalently linked 

model systems have been developed in recent years utilizing various types of 

binding modes.
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1.5.1 Hydrogen bonding modes

Sessler et. al. employed Watson-crick hydrogen bonds to study

photo-induced electron transfer between porphyrin and fullerene entities (Figure 

1.7). This new kind of supramolecular approach contained zinc porphyrin

appended cytidine and a fullerene containing guanosine.34  The self assembly of 

lipophilic guanosine-cytidine ensembles via Watson-crick three point hydrogen 

bonding has been well established in non-polar organic solvents such as

dichloromethane.  The estimated binding constant was 5.1 × 104 M-1 in

dichloromethane.
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Figure 1.7: Watson-crick hydrogen bonding porphyrin-fullerene dyad
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Cyclic voltammetry techniques were used to determine the

energetics of the photo-induced electron transfer in this supramolecular

assembly F.  The first one electron oxidation potential for zinc porphyrin (E1/2

ZnP/ZnP•+ ) and the first one electron reduction potential for fullerene  (E1/2 C60

/C60
•-) were determined versus an Fc/Fc + reference and found to be 0.32 V and 

-1.08 V, respectively. 

From these values, the driving force for the initial photo-induced

electron transfer (ΔGCS
o= −0.81 eV) and the subsequent charge-recombination

(ΔGCR
o = -1.4 eV) processes were estimated. A decrease in the steady state 

fluorescence emission of porphyrin-cytidine as a function of increasing

concentration of fullerene-guanosine and a bi-exponential decay in the time-

resolved fluorescence measurements was observed. Transient absorption

studies were employed to get further details in photochemical studies. The rate 

constant of forward electron transfer kcr estimated as 1.2 × 109 s-1 and life time of 

radical ion pair is 2.02 μs.

Photo-induced energy transfer processes were studied using

systems G and H. Rigid and non-covalently linked zinc and free base porphyrins 

assemblies were built via hydrogen bonds between guanine-cytosine (Figure 

1.8). The singlet energy transfer rates were calculated utilizing Foster theory and 

the triplet energy transfer rates were calculated by the Dexter mechanism, where 

triplet energy transfer occurs along the hydrogen bond pathway.  Efficient energy 
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transfer rates and quantum yields were achieved through hydrogen bonding 

interactions which indicates that these modes can play an active role in

mediating energy/ electron reactions.35-36
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1.5.2 Crown ether- ammonium ion binding mode 

The assembly shown in Figure 1.9 is yet another example of a non-

covalently linked supramolecular porphyrin-fullerene dyad.37 This dyad I was

assembled using a crown ether-functionalized porphyrin and quaternary

ammonium ion appended to the fullerene. The modified porphyrin and fullerene

I

Figure 1.9: Porphyrin-fullerene dyad with crown ether- ammonium ion 
binding
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self assemble in solution via intermolecular interactions between the ammonium 

cation and the crown ether moieties. The binding constant for this system was 

found to be 3.75 × 105 M-1.  This extremely strong binding was rationalized by the 

presence of π−π stacking interactions between the porphyrin-C60 units in addition

to hydrogen bonding. Evidence for π−π bonding was supplied by 1H NMR studies

and fluorescence titrations.

Self-assembled supramolecular dyad J and triad K systems were

built in a similar way (Figures 1.10 and 1.11).  However, in these assemblies, one

or two phthalocyanine units were appended with dibenzo-24-crown-8 unit and 
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Figure 1.10: Phthalocyanine-fullerene dyad with crown ether- quaternary 
ammonium ion binding 
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again, the fullerene was appended with a quaternary ammonium cation since it

can assemble with dibenzo-24-crown-8 through hydrogen bonding.  The binding 

constants, calculated using steady state fluorescence, for the dyad and triad 

were 1.4 × 10-4 M-1 and 1.9 × 10-4 M-1, respectively. The zinc phthalocyanine

derivative exhibited an excited state lifetime of approximately 3.1 ns. The fast 

decay of the excited state of 1ZnPc* upon complexation with the fullerene

ammonium cation suggests that intramolecular electron transfer from 1ZnPc* is

the predominant quenching mechanism.38

K

Figure 1.11: Phthalocyanine-fullerene triad with crown ether- quaternary 
ammonium ion binding 
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1.5.3 Rotaxane type binding modes

Takata and coworkers attempted to mimic a photosynthetic reaction 

center using porphyrin-fullerene moieties with a rotaxane-type skeleton L (Figure 

1.12). The donor-acceptor units have through space forward electron transfer but 

the back electron transfer is inhibited upon incorporation of fullerene into the 

system. This rotaxane system exhibited fast charge separation and slow charge 

recombination. The slow recombination rate suggested that this process occurs

in the Marcus-inverted region.39

L

Figure 1.12: Porphyrin-fullerene triad with rotaxane-type interactions
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Schuster and co workers synthesized fullerene porphyrin rotaxanes

M and N using the Sauvage methodology (Figures 1.13 and 1.14). The topology 

of these systems prevents close approach of the fullerene and porphyrin

moieties, and strong intramolecular interactions are taking place in this

rotaxanes.40 There was energy transfer from zinc porphyrin to Cu(phen)2, and 

electron transfer occurred between the  Cu(phen)2 and fullerene. The radical pair 

lifetimes of 0.49 μs and 1.17 μs were observed for mono and bis derivatives of 

the fullerene porphyrin based rotaxanes. This stabilizing trend indicates that 

Figure 1.13: Fullerene-porphyrin rotaxane via  Cu(phen)2 complex
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charge recombination occurs deep in the Marcus inverted region since -ΔGCR° is 

0.1 eV more exothermic for N when compared with M (1.4 eV vs. 1.5 eV).

1.5.4 π−π  interactions 

Kentero and coworkers formed a stable host and guest

complexation of porphyrin and fullerene through π−π interactions O (Figure 1.15).

This face-to-face cyclic dimer of zinc porphyrin formed a stable 1:1 complexation

with fullerene in a nonpolar benzene solution, 42 with a binding constant of 

6.7 x 105 M-1. Complex formation was confirmed by spectroscopic and 1HNMR

studies. Absorption studies revealed that upon addition of fullerene to the dimer,

Figure 1.14: Fullerene-porphyrin rotaxane via  Cu(phen)2  complex
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O

there was a clear bathochromic shift of the Soret band with an observed 

isosbestic point at 418 nm. Cyclic voltammetry studies revealed that fullerene 

becomes less subject to reduction upon complexation with the zinc porphyrin 

dimer.

Meijer et. al. prepared novel non-covalently linked porphyrin-

fullerene aggregates P in water,43 which provided sequential energy and electron 

transfer.  This system contained freebase and zinc tetrakis [oligo(p-

phenylenevinylene)] porphyrin and fullerene. They constructed mixed assemblies 

of free base and zinc porphyrin derivati ves and pristine fullerene as shown in 

(Figure 1.16). The excitation of oligo p-phenylene vinylene resulted in energy 

transfer from phenylene vinylene via the zinc porphyrin to the freebase porphyrin.

The incorporation of fullerene into these mixed assemblies resulted in redox

active systems yielding an intramolecular electron transfer to the fullerene.

Figure 1.15: Host-guest complex   with π−π  interactions
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P

Figure 1.16: Schematic diagram of porphyrin- fullerene aggregates in 
water

1.5.6 Axial coordination 

Otsuki et. al. has developed a system Q that has a large

modulation of the electron transfer event even with a relatively small geometry 

change of the acceptor.44 This system exhibited a large change in the electron 

transfer rate associated with a geometric change of the photo-chromic unit

incorporated in the bridge in a donor–bridge–acceptor structure. The stilbazole 

derivative containing a pyromellitic diimide unit was prepared to act as the 

bridge–acceptor unit that was axially connected to the porphyrin (Figure 1.17).
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The zinc porphyrin can then transfer electrons through the bridge to 

the pyromellitic unit. The beauty of this system is that fluorescence quenching

was only observed with the cis isomer and not with the trans isomer. The electron

transfer rate in the case of the cis isomer was found to be ket 1.83 × 109 s-1 and

the quantum yield or efficiency 0.77, whereas in trans isomer it was negligible.

This novel system exhibited photo-switchable photo-induced electron transfer 

based on geometric change.

D’souza and coworkers employed a new approach of probing 

proximity effects in porphyrin-fullerene dyads R (Figure 1.18) by using an axial 

ligand coordination controlled “tail-on” and “tail-off” binding mechanism.45 In the 
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newly synthesized porphyrin-fullerene dyads, the donor-acceptor proximity is

controlled either by a variation in temperature or by an axial ligand replacement 

method. Uv-visible absorption studies were employed to study the temperature

dependence of the “tail-on” and “tail-off” binding modes, and the binding constant 

for axial coordination was calculated. Electrochemical and UV-Visible absorption 

studies revealed no interactions between the donor and the acceptor in the

ground state. It was observed that in the “tail-off” form, the charge-separation

efficiency changed to some extent in comparison with the results obtained for the 

“tail-on” form, suggesting the presence of some through-space interactions

between the singlet excited zinc porphyrin and the C60 moiety in the “tail-off”

form. Pico- and nanosecond transient absorption studies were employed to 

calculate charge separation and charge recombination rates. A long-lived ion pair 
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with a lifetime of about 1000 ns was also observed in the investigated zinc 

porphyrin-C60 dyads.

Evan though efficient long lived charge separated states have been 

achieved in covalently linked donor-acceptor systems, it significantly differ from

natural photosynthetic systems mainly because of the non-covalent arrangement 

of the donor-acceptor entities in the natural systems. Several research groups 

are currently working on non-covalent systems to achieve efficient artificial

photosynthetic models. Literature survey revealed the necessity of building more 

efficient non-covalent systems. Different kind of binding modes were reported in 

literature with good charge separation, but the distance and orientation affects,

role of solvents and their polarity, role secondary donors and secondary

acceptors, arrangement of these units,  and ability to generate excellent multi 

step electron transfer still need to be developed. In order to achieve this we 

choose simple and efficient multiple binding modes, and utilize secondary

electron donors and acceptors, that can assemble well with primary donors and 

acceptors energetically. 

 The following chapters will detail the work that has been done as 

part of the dissertation.  First, we will explore a donor-acceptor system that was 

constructed with a covalent linkage and possessing π−π  interactions that adds 

additional stability.
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CHAPTER 2

MATERIALS AND PHYSICAL METHODS

This chapter presents a listing of all chemicals and solvents

employed at various stages of research work. General procedures used to

purification of solvents and chemicals also discussed, general synthetic

procedures used to synthesis porphyrin, fullerene derivatives and also control 

compounds. Further, a brief discussion of the physicochemical techniques

employed during the course of studies presented here.

2.1 Materials:

Buckminsterfullerene, C60 (+99.95%) was from SES Research,

(Houston, TX).

Aldehyde derivatives, benzaldehyde, 4-bromoethoxybenzaldehyde,

o-, m-, and p-hydroxybenzaldehyde, diphenylamino benzaldehyde, dimethyl

aminobenzaldehyde, o-, m-, and p-pyridinecarboxaldehyde,  4-imidozolyl

benzaldehyde, pyridine derivatives, such as pyridine, 4-hydroxy pyridine, 4-

dimethylamino pyridine, and 4-acetyl pyridine, sarcosine, pyrrole,  were from 

Aldrich Chemicals (Milwaukee, WI).

D-4-Pyridylalanine was from Pep Tech Corp (CA).

Tetra-n-butylammonium perchlorate, (TBA)ClO4 was from Fluka 

Chemicals.
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All the chromatographic materials silica gel, basic alumina and

solvents o-Dichlorobenzene, benzonitrile dichloromethane, chloroform, toluene, 

and methanol were procured from Fisher Scientific and were used as received.

Propionic acid, acetic acid, acetic anhydride, hydrochloric acid, and 

sulfuric acid were from Fisher chemicals 

2.2  Synthesis of control compounds : 

5,10,15,20-tetraphenylporphyrin, 1:

Compound 1 was synthesized by a previously reported

procedure.46-47  In 200 ml of propionic acid, 18.9 mmol (2.0 g) of benzaldehyde

and 18.9 mmol (1.26 g) of pyrrole were added.  The solution was refluxed for 45 

minutes and the solvent was removed under reduced pressure.  The crude 

product was then washed several times with methanol and dissolved in minimum 

amount of CHCl3/hexane 1:1 and loaded on a basic alumina column and eluted 

with CHCl3/hexane 1:1.  Yield 1.74 g 15 %. 1H NMR (CDCl3): δ ppm 8.85 (s, 8H, 

β-pyrrole), 8.13 (m, 6H ortho-phenyl), 7.65 (m, 9H, meta and para-phenyl) and -

2.78 (s, br, 2H, imino). UV-Vis (benzonitrile) (nm, log ε): 415 (5.43), 511.5 (4.15), 

544 (3.82), 589 (3.71), 642 (3.59). FAB-mass (CH3CN): 614.1 (614.7).



34

5,10,15,20-tetraphenylporphyrinatozinc(II), 2: 

Compound 2 was synthesized by metallation of 1 with zinc acetate.

To 0.33 mmol (200 mg) of 1 in CH2Cl2, excess of zinc acetate in methanol was 

added.57 The solution was stirred for 30 minutes and then concentrated and 

loaded on a basic alumina column and eluted with CHCl3.  Yield 0.21 g (93 %).

1H NMR (CDCl3): δ ppm 8.93 (s, 8H, β-pyrrole), 8.2 (d, 6H, ortho-phenyl) and 

7.74 (m, 9H, meta and para-phenyl). UV-Vis (benzonitrile) (nm, log ε): 418(5.38),

549(3.92), 618(3.42). FAB-mass (CH3CN): 677.9 (678.1).

5,10,15,20-Tetraphenylporphyrinatomagnesium(II),  3 :

This was prepared according to a general procedure developed by 

Lindsey and Woodford for Mg porphyrin synthesis.48 To a 100 mg (0.165 mmol)

of free-base tetraphenylporphyrin, 1 taken in 30 mL of CH2Cl2, 20 eq. of

triethylamine and 10 eq. of MgBr2·O(Et)2 were added. The mixture was stirred for 

30 min at room temperature.  The course of the metallation reaction was

monitored by absorption spectroscopy to the disappearance of the 515 nm band 

of free-base porphyrin. The mixture was washed with 5% NaHCO3, dried over

anhydrous Na2SO4, and purified on a silica gel column using toluene and

chloroform as eluent. Yield = 85%. 1H NMR (CDCl3): δ ppm: 8.89 (s, 8H, β-

pyrrole-H), 8.23 (d, 8H, ortho-phenyl-H), 7.74 (m, 12H, meta and para phenyl-H).

ESI mass in CH2Cl2: calcd. 636.3, found 637.5.  UV-Vis (o-dichlorobenzene)

λmax: 428.5, 565, and 604.5 nm.
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N-Methyl-2-(4’-pyridyl)-3,4-fulleropyrrolidine, 4:

Compound 4 was synthesized according to a general procedure 

developed by Prato and coworkers.49-50   A mixture of C60 (100 mg, 0.14 mmol), 

sacrosine (29 mg, 0.26 mmol), and 4-pyridine carboxaldehyde (74 mg, 0.7 mmol) 

in toluene (60 ml) was refluxed for 5 hours.  At the end, the solvent was removed 

under reduced pressure.  The crude product was dissolved in toluene and 

purified over a silica gel column using 3:7 ethyl acetate and toluene as eluent.

Yield 0.048 g (40%). 1H NMR in CS2:CDCl3 (1:1 v/v), δ ppm : 2.81, (s, 3H, N-

methyl), 4.99, 4.92, 4.28 (d, s, d, 3H, pyrrolidine-H), 8.65, 7.71 (d, d, 4H,

pyridine-H). UV-Vis (o-dichlorobenzene): 311.2 and 432.6 nm. FAB mass, cald. 

854.85, found 855.1.

NR1

R2

HN OH

OR2 R1

O
+ +

H

Toluene

4 R1 = 4'-pyridine, R2 = CH3
5 R1 = 4'-N-imidazolylphenyl, R2 = CH3
6 R1 = phenyl , R2 = CH3

Figure 2.2: General scheme for synthesis of fulleropyrrolidines
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N-methyl-2-(4’-N-imidazolylphenyl)- 3,4-fulleropyrrolidine, 5: 

Compound 5 was synthesized by using a procedure similar to that 

adopted for 4.  To a solution of C60 (100 mg, 0.14 mmol) in dry toluene (60 ml), 

sacrosine (29 mg, 0.26 mmol), and 4-imidozolyl benzaldehyde (120 mg, 0.7

mmol) were added. The combined solution was refluxed for 6 hours and solvents 

removed under vacuum. The crude product was dissolved in toluene and purified 

over a silica gel column using 4:6 ethyl acetate and toluene as eluent. Yield 38 

%. 1H NMR in CS2:CDCl3 (1:1 v/v), 2.81, (s, 3H, N-methyl), 4.90, 5.10, 5,83 

(d,d,s, J7, J7, 3H, pyrrolidine -H), 7.96, 7.45 (d,d, J6, J6, 4H, phenyl-H), 7.57, 

7.99 (d,d, J7, J7., 2H, imidazol-H), 7.82 (s, 1H, imidazol-H). FAB mass in

CH2Cl2, cald 919.1, found 919.7. UV-Vis (o-dichlorobenzene): 310.2 and 428.1 

nm.

N-methyl-2-phenyl-3,4- fulleropyrrolidine, 6:

Compound 6 was synthesized by using a procedure similar to that 

adopted for 4 and 5.  To a solution of C60 (100 mg, 0.14 mmol) in dry toluene (60 

ml), sacrosine (29 mg, 0.26 mmol), and benzaldehyde (74 mg, 0.7 mmol) were 

added.  The combined solution was refluxed for 5 h.  At the end, the solvent was 

evaporated under reduced pressure.  The solid was adsorbed on silica gel and 

purified over a silica gel column by using toluene as eluent. Yield  25 %. 1H

NMR in CS2:CDCl3 (1:1 v/v), δ ppm : 2.81, (s, 3H, N-methyl),  4.82 (d, 1H, 

pyrrolidine-H), 5.18 (d, 1H, pyrrolidine-H),  5.83 (s, 1H, pyrrolidine-H), 7.51, 7.35 
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(m, 3H, phenyl-H), 7.88, 7.80 (d, 2H, phenyl-H), UV-Vis (o-dichlorobenzene):

327.5 and 432 nm. FAB mass, cald. 853.7, found 854.0.

2.3 Physical methods

Instrumentation:

  The UV-visible spectral measurements were carried out with a 

Shimadzu Model 1600 UV-visible spectrophotometer.  The fluorescence

emission was monitored by using a Spex Fluorolog-tau or Varian spectrometers.

A right angle detection method was used.  The 1H NMR studies were carried out 

on a Varian 400 MHz or 300 MHz spectrometers.  Tetramethylsilane (TMS) was 

used as an internal standard.  Cyclic voltammograms were recorded on a EG&G 

Model 263A potentiostat using a three electrode system.  A platinum button or 

glassy carbon electrode was used as the working electrode.  A platinum wire 

served as the counter electrode and a Ag/AgCl was used as the reference 

electrode.  Ferrocene/ferrocenium redox couple was used as an internal

standard.  All the solutions were purged prior to electrochemical and spectral 

measurements using argon gas.

The computational calculations were performed in collaboration

with Dr Melvin Zandler, Wichita State University. These calculations were

performed by DFT B3LYP/3-21G(*) methods with GAUSSIAN 98 or 0362 software 

packages on various PCs and a SGI ORIGIN 2000 computer.  The graphics of 

HOMO and LUMO coefficients were generated with the help of GaussView

software.  The ESI-Mass spectral analyses of the newly synthesized compounds 
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were performed by using a Fennigan LCQ-Deca mass spectrometer.  For this, 

the compounds (about 1 mM concentration) were prepared in CH2Cl2, freshly 

distilled over calcium hydride.

Time-resolved Emission and Transient Absorption Measurements:

The time-resolved emission and transient absorption studies were 

performed in collaboration with Dr Ito, Tohoku University, Sendai, Japan. The

picosecond time-resolved fluorescence spectra were measured using an argon-

ion pumped Ti:sapphire laser (Tsunami) and a streak scope (Hamamatsu

Photonics).  The details of the experimental setup followed from literature.51 The

subpicosecond transient absorption spectra were recorded by the pump and 

probe method.  The samples were excited with a second harmonic generation 

(SHG, 388 nm) output from a femtosecond Ti:sapphire regenerative amplifier 

seeded by SHG of a Er-dropped fiber (Clark-MXRCPA-2001 plus, 1 kHz, fwhm 

150 fs).  The excitation light was depolarized.  The monitor white light was 

generated by focusing the fundamental of laser light on flowing D2O/H2O cell.

The transmitted monitor light was detected with a dual MOS linear 

image sensor (Hamamatsu Photonics, C6140) or InGaAs photodiode array

(Hamamatsu Photonics, C5890-128).  Nanosecond transient absorption spectra 

in the NIR region were measured by means of laser-flash photolysis; 532 nm 

light from a Nd:YAG laser was used as the exciting source and a Ge-avalanche-

photodiode module was used for detecting the monitoring light from a pulsed Xe-

lamp.
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2.4 Summary

In summary free-base, zinc and, magnesium tetraphenyl porphyrins

and fullerene derivatives were successfully prepared and characterized by proton 

NMR and ESI-Mass spectroscopy. These compounds used as control

compounds in later chapters.  A general description of optical absorption,

emission, photochemical and electrochemical methods used in present study is 

presented.
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Chapter 3

STUDIES ON COVALENTLY LINKED PORPHYRIN-C60 DYADS: STABILIZATION OF 
CHARGE SEPARATED STATES BY AXIAL COORDINATION

3.1 Introduction

Studies on light induced electron transfer in covalently linked donor-

acceptor systems has witnessed enormous growth in recent years mainly to 

address the mechanistic details of electron transfer in chemistry and biology, to 

develop artificial photosynthetic systems for light energy harvesting and also, to 

develop molecular electronic devices. Fullerenes, as three-dimensional electron 

acceptors,28 and porphyrins, often addressed as the pigment of life, as electron

donors53 have been utilized in the construction of such dyads owing to their well-

understood electrochemical, optical, and photochemical properties. The

reorganization energy in electron transfer reactions for fullerenes was found to be 

small due to their unique structure and symmetry.  As a consequence, fullerenes 

(C60 and C70) in donor-acceptor dyads accelerate forward electron transfer (kCS)

and slow down backward electron transfer (kCR) resulting in the formation of long-

lived charge-separated states.  That is, the forward electron transfer occurs in the 

normal region of the Marcus curve16 while the backward electron transfer occurs 

in the inverted region of the Marcus curve.52

More recently, elegantly designed porphyrin-C60 dyads have been 

synthesized to probe the effect of molecular topology, and distance and
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orientation effects of the donor and acceptor entities on photo induced charge 

separation and charge recombination processes. Several factors are known to 

affect kCS and kCR in molecular and supramolecular donor-acceptor dyads, viz., 

the nature and rigidity of the connecting bonds, spatial organization, distance 

between the donor and acceptor entities, solvent media, temperature, etc.

Numerous supramolecular triads, tetrads, pentads etc., have been synthesized 

and studied, utilizing either free-base porphyrin or zinc porphyrin as donors. 

Additionally, another factor that could be changed in porphyrin-acceptor type 

dyads is the central metal ion in the porphyrin cavity.  However, only a handful of 

metalloporphyrins are fluorescent and some of them are known to be unstable, 

which limits their utilization in the study of energy- and electron transfer from the 

photo-excited singlet states.

Magnesium porphyrins are fluorescent compounds bearing a

diamagnetic metal ion of ionic radius of of ~0.72 Å in the porphyrin cavity.54

Although both zinc and magnesium porphyrins display quite similar optical

absorption and emission properties, magnesium porphyrins exhibit higher

fluorescence quantum yields and longer excited state lifetimes (8 - 10 ns)

compared to zinc porphyrins (2 - 2.5 ns).55 Importantly, magnesium porphyrins 

are easier to oxidize by over 250 mV due to the less electronegative magnesium.

This property in turn increases the exothermicity of electron transfer reactions in 

magnesium porphyrin bearing donor-acceptor dyads.56
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Photosynthetic reaction centers composed of self-assembled donor 

and acceptor entities produce long-lived, highly energetic charge-separated

states with quantum yields close to unity by using this mechanism of charge 

migration. In the present study, we report the effect of axial ligation on the 

photoinduced charge separation and charge recombination of covalently linked 

porphyrin-C60 dyads (Figure 3.1).  Towards this, first, a new synthetic

methodology to  covalently link porphyrin and fullerene entities with flexible

bonds, which allows a direct spacial interaction between porphyrin and fullerene 

entities, has been developed.  Here, meso-tetraphenylporphyrin is functionalized

at the ortho or para positions of one of the aryl groups to bear a fulleropyrrolidine 

entity through an ethylene dioxide bridge. The ortho and para positions of the 

phenyl entity are primarily chosen to probe the orientation effects.  The free-

base, zinc, and magnesium porphyrins are selected to visualize the effect of the 

free-energy changes on the kinetics of photoinduced charge separation and 

charge recombination.  Next, a series of substituted pyridine ligands are utilized 

to form penta coordinated zinc porphyrin-C60 dyads, and hexa-coordinated

incase of magnesium porphyrin-C60 dyads. Here, the axial pyridine ligands are

expected to enhance the electron donor ability of metalloporphyrin and also

expected to slow down the charge recombination processes upon initial charge 

separation of the porphyrin-C60 dyad by the delocalization of the zinc /magnesium

tetraphenylporphyrin π−cation radical to the axial pyridine ligand.  Time-resolved

emission and transient absorption spectral techniques have been employed to 

probe these reactions.
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3.2 Experimental Section

5-(4’-hydroxyphenyl)-10,15,20-triphenylporphyrin, 7:

In a round bottom flask 1.5 g of 4’-hydroxybenzaldehyde (12 mmol), 

3.9 g of benzaldehyde (37 mmol) and 3.3 g of pyrrole (49 mmol) were taken in

350 ml of propionic acid and refluxed for 5 hours.45 The solvent was removed 

under vacuum, and the crude product was adsorbed on basic alumina and 

purified by column chromatography on basic alumina with chloroform/methanol 

(95:5 v/v) as eluent. Yield ~5 %. 1H NMR in CDCl3, δ ppm 8.89 (m, 8H, β-

pyrrole-H), 8.27 (m, 6H, ortho-phenyl-H), 7.79 (m, 9H, meta- para phenyl-H),

8.08-7.21 (d,d, 4H, substituted phenyl-H), 5.35 (s (br), 1H, hydroxy-H), -2.81 (s, 

2H, imino-H).

5-(2’-hydroxyphenyl)-10,15,20-triphenylporphyrin, 8:

1.5 g of 4’-hydroxybenzaldehyde (12 mmol), 3.9 g of benzaldehyde 

(37 mmol) and 3.3 g of pyrrole (49 mmol) were taken in a round bottom flask and 

400 ml of propionic acid was added.45 The reaction mixture was refluxed for 5 ½ 

hours, and solvent was removed under vacuum. The crude product was loaded 

on basic alumina column and purified by using chloroform/methanol (95:5 v/v) as 

eluent. The yield of this reaction was 5 %. 1H NMR in CDCl3, δ ppm 8.89 (m, 8H, 

β-pyrrole-H), 8.27 (m, 6H, ortho-phenyl-H), 7.79 (m, 9H, meta- and para-phenyl-

H), 8.08-7.21 (m, 4H, substituted phenyl-H), 5.35 (s, br, 1H, hydroxy-H), -2.81 (s, 

2H, imino-H).
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5-{4’-[2-(4-formylphenoxy)-ethyl] phenoxy }-10,15,20-triphenylporphyrin, 9:

In 100 ml of dry DMF, 63 mg (0.1 mmol) of 7 and 114 mg (0.5 

mmol) of 4-(2–bromoethoxy) benzaldehyde and excess amount of K2CO3 were

taken and stirred for 12 hours. After completion of the reaction, DMF was

removed under vacuum, and the compound was extracted using chloroform and 

dried on Na2CO3. The crude product was purified by silica gel column using

toluene and chloroform (95:5 v/v) as eluent. Yield: 45%. 1H NMR in CDCl3, δ

ppm 9.90 (s, 1H, aldehyde-H), 8.84 (m, 8H, β-pyrrole-H), 8.21 (m, 6H, ortho-

phenyl-H), 7.84 (m, 9H, meta and para phenyl-H), 7.76-7.12 (d,d, 4H, substituted 

phenyl-H), 4.61 (m, 4H, phenyl-H), 4.39, 3.77 (t,t, 2H,2H, CH2-CH2), -2.75 (s, 2H, 

imino-H).

5-{2’-[2-(4-formylphenoxy)-ethyl] phenoxy }-10,15,20-triphenylporphyrin, 10:

To 63 mg (0.1 mmol) of 8, 114 mg, (0.5 mmol) of 4-(2–

bromoethoxy) benzaldehyde and excess amount of K2CO3 were taken in 100 ml 

dry DMF, and stirred for 12 hours. At the end of the reaction, solvent DMF was 

evaporated and the compound was extracted in CHCl3.  Further purification of the 

compounds was carried out on a silica gel column using toluene and chloroform 

(95:5 v/v) as eluent. Yield 45%. 1H NMR in CDCl3, δ ppm 10.03 (s, 1H, 

aldehyde-H), 8.83 (m, 8H, β-pyrrole-H), 8.16 (m, 6H, ortho-phenyl-H), 7.74 (m, 

9H, meta and para phenyl-H), 8.14-7.41 (m, 4H, substituted phenyl-H), 5.96 (d, 

2H, phenyl-H), 5.53 (d, 2H, phenyl-H)  4.21, 3.51 (t,t, 2H,2H, CH2-CH2), -2.84 (s, 

2H, imino-H).
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5-[4’(2-phenoxyethylphenoxy)-N-Methyl-3,4-fulleropyrrolidine]-10,15,20-
triphenylporphyrin, 11:

In a 250 ml round bottom flask 0.045 mmol (35 mg) of 9, 0.24 mmol 

(172 mg) of C60, and 0.24 mmol (21 mg) of sarcosine were taken in 100 ml of dry 

toluene, and refluxed for 10 hours.49-50  Solvent was removed under vacuum  and 

the crude compound was adsorbed on silica gel and purified on silica gel column 

using toluene and hexane (95:5 v/v) as eluent, yield is around 80%. 1H NMR in 

CDCl3, δ ppm 8.83 (m, 8H, β-pyrrole-H), 8.19 (m, 6H, ortho-phenyl-H), 7.75 (m, 

9H, meta and para phenyl-H), 8.04-7.15 (d,d, 4H, substituted phenyl-H), 7.49, 

7.06 (m, 4H, phenyl-H), 4.57, 4.49 (t,t, 2H,2H, CH2-CH2), 4.88, 4.14 (d,d, 2H, 

pyrrolidine-H), 4.80 (s, 1H, pyrrolidine-H), 2.32 (s, 3H, pyrrolidine N-CH3), -2.81

(s.br, 2H, imino-H). ESI mass in CH2Cl2. calcd. 1526, found 1527.1.  UV-visible

in CH2Cl2, λmax, 306, 325(sh), 418, 515, 551, 590, 647.

5-[2’(2-phenoxyethylphenoxy)-N-Methyl-3,4-fulleropyrrolidine]-10,15,20-
triphenylporphyrin, 12:

A 0.045 mmol (35 mg) of 10, 0.24 mmol (172 mg) of fullerene, and

0.24 mmol (21 mg) of sarcosine were taken in 100 ml of dry toluene and refluxed 

for 10 h.  At the end, the solvent was evaporated under vacuum and the 

compound was purified on a silica gel column using toluene and hexane (95:5 

v/v) as eluent.  Yield 80 %. 1H NMR in CDCl3, δ ppm. 8.76 (m, 8H, β-pyrrole-H),

8.16 (m, 6H, ortho-phenyl-H), 7.72 (m, 9H, meta and para phenyl-H), 7.97-7.14

(d,d,t, 4H, substituted phenyl-H), 5.94 (s, 4H, phenyl-H), 4.15, 3.48 (t, t, 2H,2H, 

CH2-CH2), 4.63, 3.77 (d,d, 2H, pyrrolidine-H) 3.80 (s, 1H, pyrrolidine-H), 2.34 (s, 
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3H, pyrrolidine N-CH3), -2.77 (s.br, 2H, imino-H). ESI mass in CH2Cl2. calcd.

1526, found 1526.1.  UV-visible in CH2Cl2, λmax, 308, 326(sh), 418, 515, 549, 

591, 648.

5-[4’(2-phenoxyethylphenoxy-)-N-Methyl-3,4-fulleropyrrolidine]-10,15,20-
triphenylporphyrinatozinc(II), 13:

0.037 mmol (56 mg) of free base porphyrin derivative 11 was taken

in 40 ml of chloroform and excess zinc acetate in methanol solution was added.57

The progress of reaction was monitored by UV-Vis spectroscopy. The solvents 

were evaporated and crude product was purified on silica gel column using 

toluene as eluent.  Yield 93%. 1H NMR in CDCl3,δ ppm. 8.92 (m, 8H, β-pyrrole-

H), 8.20 (m, 6H, ortho-phenyl), 7.67 (m, 9H, meta and para phenyl-H), 8.04-7.11

(d,d,, 4H, substituted phenyl-H), 7.29 (m, 4H, phenyl-H), 4.62, 4.53 (t,t, 2H,2H, 

CH2-CH2), 4.92, 4.05 (d,d, 2H, pyrrolidine-H), 4.85 (s,1H, pyrrolidine-H), 2.79 (s, 

3H, pyrrolidine N-CH3). ESI mass in CH2Cl2. calcd. 1589.4, found 1608.7

(M+H2O).  UV-visible in CH2Cl2, λmax, 308, 328(sh), 421, 548, 585(weak). 

5-[2’(2-phenoxyethylphenoxy-)-N-Methyl-3,4-fulleropyrrolidine]-10,15,20-
triphenylporphyrinatozinc(II), 14:

The free-base porphyrin derivative 12 (56 mg, 0.037 mmol) was

taken in 30 ml of CHCl3 and excess of zinc acetate in methanol was added. The 

course of the reaction was monitored spectroscopically.  At the end (~ 1h), the 

solvent was evaporated and the product was purified on silica gel column using 

toluene as eluent.  Yield 93%. 1H NMR in CDCl3,δ ppm: 8.88 (m, 8H, β-pyrrole-
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H), 8.18 (m, 6H, ortho-phenyl-H), 7.71 (m, 9H, meta and para phenyl-H), 7.96-

7.15 (m, 4H, substituted phenyl-H), 5.91 (s, 4H, phenyl-H), 4.15, 3.51 (t,t, 2H,2H, 

CH2-CH2), 4.62, 3.78 (d,d, 2H, pyrrolidine-H), 3.85 (s, 1H, pyrrolidine-H), 2.33 (s, 

3H, pyrrolidine N-CH3). ESI mass in CH2Cl2. calcd. 1589.4, found 1608.5

(M+H2O).  UV-visible in CH2Cl2, λmax, 309, 328(sh), 421, 548, 584(weak).

5-[2’(2-phenoxyethylphenoxy-)-N-Methyl-3,4-fulleropyrrolidine]-10,15,20-
triphenylporphyrinatomagnesium(II), 15: 

A 80 mg (0.052 mmol) of free-base porphyrin derivative 12 was

taken in 30 mL of CH2Cl2 and 20 eq. of triethylamine and 10 eq. of MgBr2·O(Et)2

were added.  The mixture was stirred for 30 min at room temperature48.  The 

course of the reaction was monitored by absorption spectroscopy. The mixture 

was diluted with CH2Cl2 and washed with 5% NaHCO3, and dried over anhydrous 

Na2SO4.  The desired compound was obtained after purification on a silica gel 

(9:1 toluene: CHCl3). Yield = ~78%.1H NMR (400 MHz, [D1]CHCl3, 25oC, TMS): 

δ ppm: 8.8 (m, 8H, β-pyrrole-H), 8.2 (m, 6H, ortho-phenyl-H), 7.7 (m, 9H, meta

and para phenyl-H), 7.24-7.05 (m, 4H, substituted phenyl-H) 6.91 (broad s, 2H, 

phenyl H), 5.91 (s, 2H, phenyl-H), 4.05, 3.41 (t,t, 2H,2H, CH2-CH2), 4.75, 3.97 

(d,d, 2H, pyrrolidine-H), 4.5 (s, 1H, pyrrolidine-H), 2.15 (s, 3H, pyrrolidine N-CH3).

ESI mass in CH2Cl2: calcd. 1548.4, found 1549.5. UV-Vis

(o-dichlorobenzene) λmax: 429, 565.5, and 604.5 nm.
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3.3 Results and discussions 

Optical absorption studies

The optical absorption spectra in the visible wavelength region of 

the free-base porphyrin-C60 dyads, zinc porphyrin-C60 dyads, and magnesium

porphyrin-C60 dyads are similar to their respective unsubstituted porphyrins.

Absorption peaks corresponding to the C60 are observed in the UV wavelength 

region.   The Soret peak positions are red shifted by 1-2 nm and the calculated 

full width at half-maximum (fwhm) values revealed slight changes suggesting 

intramolecular interactions between the donor and acceptor entities.  Extending 

the wavelength scan till 1100 nm revealed less intense, new broad bands

corresponding to the charge transfer interactions in the 600 – 1000 nm region.

The normalized spectrum in the Q-band region also revealed some interesting 

features.  That is, the spectral features of ZnPp~C60 13, ZnPo~C60 14, and 

MgPo~C60 15 exhibited features distinct from the spectrum obtained for

equimolar mixture of ZnTPP 2 or MgTPP 3 and 2-propyl fulleropyrrolidine 6.

These features along with the red shifted Soret band of the dyads suggest the 

existence of intramolecular interactions in the all three dyads.58-59

The formation of penta coordinated zinc porphyrin-C60 dyads by 

axial coordination of substituted pyridines, Py:ZnP~C60, was monitored by optical 

absorption studies.  The formation of penta-coordinated Py:ZnP~C60 was

characterized by red shifted Soret and visible bands, and appearance of

isosbestic points.60 Job’s plot of continuous variation method also confirmed 1:1
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complex formation between the ZnP~C60 and pyridine ligands in solution.  The 

association constant, K for axial coordination was calculated from the absorption 

spectral data by using Scatchard method75 and are listed in Table 3.1.  The K

values for axial coordination of 2 by pyridine ligands are also given for

comparison purposes.  The K values in Table 1 follow the order: 2 < 13 < 14 for a 

given axial ligand.  The higher K values obtained for the 13, and 14 compared to 

pristine 2 can be ascribed to the electron deficient ZnP macrocycle of the dyads 

as a result of intramolecular charge transfer interactions between the ZnP and 

C60 entities.  From the K values it is also apparent that such charge transfer

interactions are slightly higher for the ortho substituted dyad as compared to the 

para substituted dyad.

Figure 3.4: Absorption spectra of 15 in (i) o-DCB, (ii) BN, and (iii) pyridine in 
the visible region.  The concentrations were held constant at 1.8 μM.
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In case of MgPo~C60 15 dyad, in coordinating solvents (BN and 

DMF), the absorption peak of the Soret band exhibits red shifts of 3 nm

compared to that in non-coordinating solvents (o-DCB, anisole, and toluene),

indicating that ligation of the coordinating solvents to the magnesium atom

induces a considerable red shift (Figure 3.4).

In general, magnesium porphyrins can coordinate up to two axial 

ligands61 unlike zinc porphyrins which bind to only one axial ligand.  The
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Figure 3.5: Visible spectral changes observed for 15 on increasing addition of 

pyridine in toluene.
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spectrum of MgPo~C60 in the visible range in neat pyridine (Figure 3.4) showed 

red shifts characteristic of a bis-pyridine coordinated Mg porphyrin.61 The

pyridine binding constants for 15 in o-DCB were evaluated to be K1 = 2.2 (± 0.2) 

x 104 M-1 and K2 = 1.1 (± 0.13) x 103 M-1 (Figure 3.5).  The magnitude of K1 is 

comparable to that of 14 in o-DCB

Table 3.1: Formation constants for axial coordination of pyridine Ligands to Zinc 

porphyrin- C60 Dyads in o-DCB at 298 K.

Compound Axial Ligand K, M-1

13 4-acetyl pyridine 9.59 x 104

pyridine 1.56 x 104

dimethyl amino pyridine 11.8 x 104

14 4-acetyl pyridine 1.46 x 104

pyridine 1.71 x 104

dimethyl amino pyridine 13.4 x 104

15 pyridine   2.2  x 104 ( K1)

pyridine 1.1  x 103 (K2)

2 pyridine 0.77 x 104

DFT B3LYP/3-21G(*) studies

To gain insights into the intramolecular interactions and the

electronic structure, computational studies have been performed by using density 
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functional methods (DFT) at the B3LYP/3-21G(*) level. Density functional

methods (DFT) at the B3LYP/3-21G(*) level were employed for this calculations.

The DFT methods over the Hartree-Fock or semi-empirical approach are chosen 

since recent studies have shown that the DFT methods at the 3-21G(*) level 

predict the geometry and electronic structure more accurately.67,92  For this, both 

the dyads were fully optimized to a stationary point on the Born-Oppenheimer

potential energy surface (Figure 3.6  and 3.8a).  Energetically, the para

derivatized dyad is more stable by ca. 3 kcal mol-1 than the ortho derivatized 

dyad.

In the optimized structure of 14, the center-to-center distance RCt-Ct

between the zinc porphyrin and C60 entities (center of the porphyrin ring to and 

center of the C60 spheroid) is found to be about 6.7 Å while the edge-to-edge

distance REd-Ed (zinc to the closet carbon of the C60 spheroid) is found to be 3.1 Å 

suggesting the occurrence of through space interactions. In case 15 (Figure

Figure 3.6: DFT B3LYP/3-21G(*) calculated geometric structures of 13 and
14.
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3.8a), the RCt-Ct, and REd-Ed were 6.24 Å, and 2.82 Å respectively. Interestingly,

for the compound 13, the RCt-Ct, and REd-Ed were found to be respectively 6.4 Å 

and 3.9 Å, suggesting close proximity of the two entities irrespective of the nature 

of the substitution (ortho or para).

The existence of intramolecular interactions between the porphyrin 

ring and C60 moiety is evidenced by the frontier HOMO and LUMO molecular 

orbitals. Figure 3.7 shows the HOMO and LUMO for 13.  The majority of the 

HOMO is located on the porphyrin ring while small amounts of the HOMO are 

also found on the C60 carbons located within the interacting distances,

Figure 3.7: Frontier HOMO and LUMO of 13 calculated by DFT
B3LYP/3-21G(*) methods.
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suggesting through space interactions.  Similarly, the majority of the LUMO is 

located on the C60 spheroid, with small amounts located on the porphyrin ring 

atoms.  The delocalization of HOMO and LUMO over the zinc porphyrin and C60

entities suggest though-space charge-transfer interactions both in the ground 

state as well as in the excited state of the zinc porphyrin-C60 dyads.58  Similar 

charge-transfer interactions for the ZnPo~C60 (14) are observed for only the 

HOMO but not for the LUMO. A small contribution of the HOMO (< 2%) on the 

fullerene moiety was also observed in MgPo~C60 (15) dyad.63

The optimized structure of MgPo~C60 in the presence of two axially 

bound pyridine entities is shown in Figure 3.8.  The RCt-Ct and REd-Ed values 

between the MgP and fulleropyrrolidine were found to be 12.4 Å and 9.0 Å, 

respectively. A comparison between the porphyrin and C60 distances in

(Py)2�MgPo~C60 and Py�ZnPo~C60 suggest ~6 Å increase for the former dyad 

and ~ 0.3 Å increase for the latter dyad as a result of pyridine coordination.

These observations suggest a substantial increase in the donor-acceptor

distance upon bis-pyridine coordination of MgPo~C60. The calculated HOMO and 

LUMO of (Py)2�MgPo~C60 were also π-type orbitals whose coefficients were 

mainly located on the porphyrin and fullerene entities, respectively. A small 

extent of delocalization of the HOMO on the axially bound pyridine entities was

also observed.63
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Figure 3.8: DFT B3LYP/3-21G(*) optimized geometries of 15 (a)in the 
absence and (d) in the presence of bis-pyridine ligands.  Figures b, c, e 
and f show the HOMO and LUMO of the dyad under the conditions
described in a and d.
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Electrochemical studies

Determination of the redox potentials of the newly formed molecular 

donor-acceptor type systems is important to probe the existence of charge 

transfer interactions between the donor and acceptor in the ground state, and 

also to evaluate the energetics of electron transfer reactions.  With this in mind, 

we have performed a systematic study to evaluate the redox behavior of the 

dyads using cyclic voltammetric technique. Figure 3.9 shows the cyclic

voltammograms of dyads 14 and 15 in o-DCB containing 0.1 M (n-Bu)4NClO4

supporting electrolyte.  Table 3.2  lists their redox potential values.

The free-base, zinc and magnesium porphyrin dyads  exhibited upto 

seven reversible redox processes within the accessible potential window of o-

dichlorobenzene containing 0.1 M (TBA)ClO4 (Figure 3.9 ).  These porphyrins

revealed two one-electron oxidations (P0/•+ and P•+/2+) as judged from their peak-

to-peak separation, ΔEpp values and the cathodic-to-anodic peak current ratios.65

The magnitudes of the E1/2 values were found to depend on the metal ion present 

in the porphyrin cavity which followed the order: MgP < ZnP < H2P. However, the 

corresponding redox potential values were close to that of pristine

metalloporphyrins.  On the cathodic potential side, the first two one-electron

reductions were found to involve fulleropyrrolidine (C60
0/•- and C60

•-/2-), as

indicated against each redox couple in Figure 3.9.  A comparison between the 

first porphyrin ring oxidation potential of the dyads and the corresponding

oxidation potential of pristine metalloporphyrins in Table 3.2, revealed changes 
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upto 30 mV, suggesting weak intramolecular interactions between the porphyrin 

and fullerene entities. 
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Figure 3.9: Cyclic voltammograms of (a) 15 and (b) 14 (~0.05 mM) in o-

DCB (0.1 M (n-Bu)4NClO4).  Scan rate = 100 mV/s.  The site of electron 

transfer is indicated on the top of the voltammograms.
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From these data, the driving forces for charge recombination (-ΔGCR)

and charge separation (-ΔGCS) were calculated according to eqns. (3.1) and 

(3.2):66

-ΔGCR = Eox - Ered - ΔGs (Equ. 3.1)

-ΔGCS = E0,0 – (-ΔGCR) (Equ. 3.2)

Where?Eox is the first oxidation potential of the porphyrin (P0/•+), Ered is 

the first reduction potential of the fullerene (C60
0/•-), ΔE0,0 is the energy of the 0-0

transition between the lowest excited state and the ground state of the porphyrin 

and C60 as evaluated from the fluorescence peaks. These values are

respectively, 2.03 eV for 1MgP*, 2.07 eV for 1ZnP* and 1.75 eV for 1C60*.22 ΔGS

refers to the static energy, calculated by using the ‘Dielectric Continuum Model’66

according to eqn. 3.3

ΔGS = e2/(4 p ε0 εS RCt-Ct)                      (Equ 3.3)

The symbols ε0 and εs represent vacuum permittivity and dielectric

constant of the solvent respectively.  The calculated -ΔGCR values, corresponding 

to the energy of the radical ion-pairs, are summarized in Table 3.2.  On the basis 

of the singlet emission and electrochemical data, the charge-separated state of 
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MgPo~C60 lies below the first singlet excited states of MgP and C60 in toluene, 

anisole, dichlorobenzene, benzonitrile and DMF. Negative values of ΔGCS were 

found to follow the order: 1MgPo*~C60 < 1ZnPo*~C60 < 1H2Po*~C60 in o-

dichlorobenzene, indicating the expected higher exothermicity for electron

transfer via the excited singlet states of the 1MgPo*~C60 compared to its zinc and 

free-base porphyrin analogs.

The pyridines utilized to form the penta coordinated species,

revealed an irreversible oxidation process located at Epa ~ 0.24 V vs. Fc/Fc+,

suggesting that the hole on zinc porphyrin moiety could shift to the pyridine 

moiety when photoinduced charge separation takes place in ZnP~C60.  During 

the titrations involving ZnP~C60 and pyridines to form the triads, the first and 

second oxidation peaks corresponding to the zinc porphyrin revealed a cathodic 

shift of about 10-20 mV (upon addition of 3-4 equivalents of pyridine) as a result 

of axial ligation.  These results suggest that the zinc porphyrin in Py:ZnP~C60 is 

slightly a better electron donor than that in ZnP~C60.  The HOMO orbitals

generated for Py:ZnP~C60 also revealed delocalization of HOMO orbitals over 

the Py :ZnP entity.  Similar electro chemical events were observed for MgP~C60.
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Table 3.2: Electrochemical half-wave redox potentials (E1/2 vs. Fc/Fc+) of
porphyrin-fulleropyrrolidine dyads in the presence of 0.1 M (n-Bu)4NClO4 in BN,
o-DCB, and pyridine .

Compound Solvent P•+/2+ /V P0/•+ /V C60
0/•- /V ΔGCR

 a /eV

1 o-DCB 0.79 0.53

11 o-DCB 0.80 0.51 -1.19

12 o-DCB 0.81 0.50 -1.18

2 o-DCB 0.62 0.28

13 o-DCB 0.61 0.27 -1.18

Py-DCB d 0.60 0.26 -1.18

14 BN 0.67 0.29 -1.04 1.23

DCB 0.63 0.29 -1.17 1.22

Py-DCB d 0.23 -1.17 1.23

3 DCB 0.46 0.07

15 BN 0.51 0.20 -1.04 1.19

DCB 0.43 0.06 -1.20 1.02

Py-DCB d 0.18 -1.19 1.25

6 -1.14

a From Equ. 3.1  and 3.3
b Obtained by addition of 50 eq. of pyridine to the o-DCB solution of porphyrins
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Emission studies

The photochemical behavior of the free-base porphyrin-C60, zinc

porphyrin-C60 and magnesium porphyrin-C60 dyads was investigated first by

using steady-state fluorescence measurements. Figure 3.10 shows the

fluorescence spectrum of the zinc porphyrin-C60 and free-base porphyrin-C60

dyads along with 2 and 1 for a reference compounds.  The peak maxima 

corresponding to the porphyrin emission of all the dyads revealed a red shift of 1-

2 nm when compared to their unsubstituted derivatives.  In the case of 13, the 

porphyrin emission bands were quenched by ca. 73% while quenching for the 14

was found to be over 95% (compared with the emission intensity of 2).  Similar 

observations were also made for the free-base porphyrin dyads.  The

corresponding quenching of emission of 11 and 12 was found to be ca. 78% and 

97% respectively compared to 1.  These observations suggested efficient

quenching of the singlet excited state of the porphyrins by the appended

fullerene entity and furthermore, the quenching for the ortho substituted

derivatives was higher than the para substituted ones.  Overall quenching 

efficiency was increased by another 2-5% when the solvent was changed from 

o-DCB to the more polar solvent BN.

Interestingly, when the spectrum was extended to a higher

wavelength, a weak emission at ~715 nm was observed in the case of the zinc 

porphyrin derivatives which corresponds to the emission of fulleropyrrolidine 

entity67 (Figure 3.10).
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Figure 3.10: Fluorescence spectrum of (a) (i) 2, (ii) 13 and (iii) 14 in o-DCB

(λex = 550 nm) and (b) (i) 1, (ii) 11 and (iii) 12 in o-DCB (λex = 515 nm).
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However, the 715 nm emission was typically hidden by the tail of 

the huge emission arising from the zinc porphyrin itself.  Hence, it was difficult to 

confirm the energy transfer from the singlet excited porphyrin to the fullerene 

entity in these dyads.  Addition of Py (up to 10 eq) to a solution of ZnP~C60

resulted in a further red shift (~10 nm) and a decrease in the intensity of the 

emission bands (20-30%) suggesting the formation of a penta-coordinated

complex with an enhanced fluorescence quenching of zinc porphyrin.
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Figure 3.11: Fluorescence spectra of 3 (curves i, ii and iii) and 15 (curves 
iv, v, and vi) in o-DCB (curves i and iv), BN (curves iii and vi), and Py
(curves ii and v) (λex = 565 nm in o-DCB, 566 nm in BN and 579 nm in Py).
The concentration of all of the species was held at 1.85 μM.
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Since the magnesium porphyrin dyads were capable of forming 

both penta- and hexa-coordinate complexes, these dyads and the reference 

compound, 3, were studied separately in both coordinating and non-coordinating

solvents.  Figure 3.11 shows the fluorescence spectrum of 15 as well as that of 

the reference compound 3 under identical solution concentrations with excitation 

at the wavelength of the most intense visible band of MgP.  Appreciable red

shifts and a decrease of the fluorescence intensities of 3 in the solvents BN and 

pyridine as opposed to the spectrum obtained with o-DCB are clear evidence for 

axial coordination of these solvents.  The fluorescence quantum yields of

1MgP*o~C60 in o-DCB, BN and pyridine were found to be less than about 0.03 

compared to that of pristine MgTPP 3 which indicated efficient quenching of the 

magnesium porphyrin singlet excited state of the dyad in these solvents.

The quenching process for free-base porphyrin-C60, zinc porphyrin-

C60 and magnesium porphyrin-C60 dyads may involve energy and/or electron 

transfer pathways.  To further understand the quenching mechanism in these 

dyads and to determine the kinetics of the photoinduced processes, picosecond 

time-resolved emission and nanosecond transient absorption studies were

performed in the appropriate solvents.

The time-resolved fluorescence spectral features of the dyads were

identical to those observed with the steady-state measurements.  Figure 3.12

shows the fluorescence decay-time profiles of the investigated dyads along with 



69

the reference compounds 2 (monitored at 600 nm) and 1 (monitored at 650 nm) 

in BN.  In o-DCB all of the investigated compounds revealed a mono-exponential

decay, while in benzonitrile the decay of 12 could be explained satisfacto rily by a 

bi-exponential decay.  Substantial quenching of the fluorescence lifetimes was

observed for the investigated dyads; the ortho-derivatives clearly show the higher 

efficiency of quenching than those of para-derivatives.
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Figure 3.12: Fluorescence decay profiles of (a) 2, 13, and 15, and (b) 1,
11, and 12 in benzonitrile. λex = 410.  The concentrations of porphyrins 
were maintained at 0.05 mM.
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Assuming the quenching is due to electron-transfer from the singlet 

excited porphyrin to the fullerene, the rate of charge-separation (kcs
singlet) and 

quantum yields (Φcs
singlet) were evaluated in the usual manner employed for the 

intramolecular electron-transfer processes ( Equ. 3.4 and 3.5) and the data is 

given in Table 3.3.74

kq
P = (1/τf

P)sample - (1/τf
P)ref              (Equ. 3.4)

Φq
P = [(1/τf

P)sample - (1/τf
P)ref ] / (1/τf

P)sample (Equ. 3.5)

Time-resolved fluorescence spectra of the MgPo~C60 dyad are

shown in Figure 3.13. The spectra at 0.1 ns was paralled to those of steady-state

measurements in polar and non-polar solvents, which were previously attributed

to the 1MgP* moiety of the dyad 15. In toluene, as the transient fluorescence 

intensity of the 1MgP* moiety decreased, a new fluorescence peak appeared 

near 725 nm that was due to the 1C60* moiety (shown in the spectrum recorded 

at the 0.5 ns time interval).  Similar results were observed at the 0.5 ns time 

intervals in o-DCB and anisole. The transient appearance of the fluorescence of 

the 1C60* moiety in toluene, anisole and o-DCB suggests the build-up of the 1C60*

moiety due to the energy transfer from the 1MgP* moiety.  However, a slower 

decay of the 1C60* moiety (from the subsequent photo-chemical reactions) may

be necessary to observe such fluorescence of the 1C60* moiety.
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 In a more polar solvent such as BN, the fluorescence

enhancement of the 1C60* moiety near 725 nm was not appreciable.  This

observation led to two distinct possibilities; one was an absence of energy

transfer from the 1MgP* to C60 and the other possibility was a rapid charge 

separation from the 1C60* moiety had occurred. Since the 1C60* build-up revealed 

a systematic trend with the solvent polarity, it was assumed that the energy 

transfer was present and so the weak build-up of 1C60* in the more polar BN was

Figure 3.13: Time-resolved fluorescence spectra of 15 (a) toluene, (b) 
anisole, (c) o-DCB, and (d) BN
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attributed to the occurrence of rapid charge separation from the fullerene singlet 

excited state. The fluorescence decay-time profiles of the MgP moiety in the

dyad 15 as well as those of the reference compound, MgTPP 3, both in o-DCB

and collected over the 600 – 680 nm spectral range (Figure 3.14), indicated the 

occurrence of rapid fluorescence quenching of 1MgPo* in the dyad. From the 

monoexponential fluorescence decays, the lifetimes of the 1MgP* moiety in

MgPo~C60 15 (τf
P)sample and in the reference 3 (τf

P)ref were evaluated as

summarized in Table 3.3 .  From these (τf
P)sample and (τf

P)ref values, the quenching 

rate constants (kq
P) and quantum yields (Φq

P) were evaluated using equations 

3.4 and 3.5 .

Figure 3.14: Fluorescence decay profiles (a) 3 (600-700 nm) and (b) C60

(700-800 nm) and (c) 15 (700-800 nm) and (d) MgPO~C60 (600-700nm)

dyad in an argon saturated o-DCB (λex = 400 nm).  The concentration of 

all of the species was held at 0.05 mM.
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As listed in Table 3.3 the values for kq
P and Φq

P displayed a slight 

increase as the refractive index of the solvents used in this study decreased.

This information suggested the occurrence of a Förster-type energy-transfer via 

the 1MgP* moiety.68 In the case of DMF, despite the low refractive index of DMF, 

large kq
P and Φq

P values were obtained which suggested a partial contribution in 

the charge-separation process via 1MgP*.

The fluorescence lifetimes of the 1C60* moiety were evaluated

utilizing the fluorescence decays in the 710 – 750 nm region. As shown in Figure 

3.14, a comparison of the time profile of the 1C60* moiety in 15 with that of 

pristine 1C60* in o-DCB revealed that the fluorescence decay rate of the 1C60*

moiety in the dyad was faster than that of the pristine moiety. The fluorescence 

lifetimes of the 1C60* moiety evaluated were in the range of 0.68 ns (in toluene) -

0.41 ns (in DMF), determined by curve-fitting with single exponential decay.

Since these lifetimes may be strongly affected by the rapid decay of the 1MgP*

moiety, we estimated the fluorescence lifetimes (τf
C) of the 1C60* moiety after 0.5 

ns as listed in Table 3.3 .  The charge-separation rate -constants (kCS
C) and 

quantum-yields (ΦCS
C) were evaluated according to eqns. 3.4 and 3.5 by

substituting τf
C for τf

P.  Since the τf
C values become shorter with increasing

solvent polarity, the calculated negative ΔGCS values were useful for determining 

the charge-separation process.  The kCS
C values increased from 7.0 × 108 s-1 in 

toluene to 1.7 × 109 s-1 in DMF; the ΦCS
C values increased from 0.47 to 0.69 for 

the dyad 15 in these solvents, respectively.
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Table 3.3: Fluorescence lifetimes (τf), refractive index of the solvents (η), solvent 

polarity (ε), quenching rate-constants (kq
P), quenching quantum-yields (Φq

P) via 
1MP*, charge-separation rate -constants (kCS

C), charge-separation quantum-

yields (ΦCS
C) and free-energy of charge-separation (ΔGCS

C) via 1C60* for MPo~C60

in different organic solvents.

aThe τf for reference compounds; τf (MgP) = 8.3 ns, τf (ZnP) = 2.1 ns and τf (C60)

=1.3 ns.
b From eqns. 3.2 and 3.3
c ΔGS = (e2/(4pε0))[(1/(2R+) + 1/(2R-) - 1/RCt-Ct)/εS - (1/(2R+) + 1/(2R-))/εR], where 

εR refers to dielectric constant for redox measurement; R+  = 4.8 Å, R- = 4.2 Å, 

RCt-Ct = 6.24 Å for 15 and 6.19 Å for 14.

MPO-C60 Solvent η ε τf
P a /ns  kq

P/s-1 Φq
P τf

C a /ns kCS
C  a /s-1 ΦCS

C ΔGCS
C  b 

/eV

14 DMF 1.45 35 0.27 3.2 × 109 0.87 0.34 2.2 × 109 0.74 0.53 c

BN 1.52 25 0.28 3.1 × 109 0.87 0.39 1.8 × 109 0.70 0.52  b

DCB 1.55 10 0.30 2.8 × 109 0.86 0.45 1.5 × 109 0.67 0.53  b

Toluene 1.49 2.3 0.24 3.7 × 109 0.88 0.64   8.5 × 108    0.54 d 0.15 c

15 DMF 1.45 35 0.26 3.7 ×109 0.97 0.41 1.7 × 109 0.69 0.58 c

BN 1.52 25 0.28 3.4 ×109 0.96 0.49 1.3 × 109 0.62 0.56 b

DCB 1.55 10 0.34 2.8 × 109 0.95 0.58 9.5 × 108 0.55 0.73 b

Anisole 1.51 4.5 0.28 3.4 ×109 0.96 0.58 9.5 × 108 0.55 0.42 c

Toluene 1.49 2.3 0.23 5.2 ×109 0.97 0.68 7.0 × 108 0.47 0.22 c
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The transient appearance of the fluorescence of the 1C60* moiety at 

720 nm and longer time scales in the time-resolved spectra can be explained 

using the previous results. In polar solvents, since the kCS
C values were almost 

the same as the kq
P values, the transient fluorescence of the 1C60* moiety was 

difficult to observe, although the kq
P values were attributed to energy transfer. On 

the other hand, in less polar solvents where kq
P (˜ kEN

P) > kCS
C, it was possible to 

observe the transient fluorescence of the 1C60* moiety, as shown in Figure 3.13.

From the calculated negative ΔGCS value and the observed rapid decay of the 

fluorescence of the 1C60* moiety, charge-separation via the 1C60* moiety was 

expected to occur even in the non-polar solvent like toluene. Since charge-

separation via the 1C60* moiety is favored, an initial increase of the fluorescence 

from the 1C60* moiety due to energy-transfer from the 1MgP* moiety would not be 

observed

 The time-resolved fluorescence studies on 14 revealed the

appearance of transient fluorescence of the 1C60* moiety upon excitation of the 

ZnP in the dyad .  These results suggested that energy transfer occurred from

1ZnP* to C60, similar to the process discussed previously for the MgPo~C60 dyad.

Subsequent charge separation from the 1C60* moiety occurs after the transfer of 

energy from the 1ZnP* moiety.  From the accelerated fluorescence decay of the 

1C60* moiety, both kCS
C and ΦCS

C values were evaluated and are listed in Table 

3.3.
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Nanosecond transient absorption studies

Evidence for charge-separation and rate of charge recombination, 

kCR values were obtained from nanosecond transient absorption spectral studies 

using a 532 nm laser light.  Figure 3.15 shows the transient absorption spectra of 

the MgPo~C60 15 dyad in o-DCB, BN and DMF displayed similar spectra.  It is 

important to note the peaks contained in this spectra that correspond to the 

formation of the fulleropyrrolidine anion radical (C60
•−) around 1020 nm22,24 and 

the MgP cation radical (MgP•+) peak located at approximately 660 nm.69  The 

verification of the formation of the anion and cation radicals from the spectra 

provides proof of the existence of a photoinduced charge separated state in the 

dyad. Additionally, an absorption band at 700 nm with a shoulder at 870 nm that 

corresponds to the triplet state of the C60 moiety (3C60*) can be identified in the 

spectra.70-71 Similarly, absorption bands located at 620 and 800 nm in the spectra 

of H2Po~C60 correspond to the triplet state of the H2P, and an absorption at 850 

nm corresponds to the triplet state of ZnP70,71,72 in the spectra of ZnPo~C60 14.

In o-DCB, the decay of the C60
•− entity in the MgPo~C60 dyad was 

located around 1000 nm survived for more than 1.5 μs, which was shorter than 

the decay of the 3C60* entity. Similar transient spectra were observed in polar 

solvents such as THF, benzonitrile and DMF. From the decay of the 1020 nm 

band, the kCR values of MgPo•+~C60
•− in polar solvents were evaluated to be 
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(1.9 -3.3) x 106 s-1 (Table 3.4).   Using the kCR values, the lifetimes of the radical 

ion-pair, τRIP (= 1/kCR) were evaluated and placed in the same table. 

Figure 3.15: Nanosecond transient absorption spectra of 15 (0.05 mM) 

in argon saturated solution after the 532 nm-laser irradiation; (a) in o-

DCB, and (b) in toluene after the 532 nm-laser irradiation.  Figure inset 

shows the time profiles of the transient bands at the indicated

wavelengths.
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The τRIP value for 15 in o-DCB was determined to be 510 ns which 

was longer than the τRIP value determined for the dyad 14 (Table 3.4).  The 

relationship between the τRIP values of the two dyads suggests that the dyad 15

is a better donor-acceptor system for applications related to photo-energy

conversion.  On the other hand, a quick decay of the C60
•− entity around 1020 nm 

was observed in toluene which indicates a short lifetime of the C60
•− entity, while 

the portion of the decay that was slow at the same wavelength was attributed to 

the time profiles of the tails of the triplet states of the MgP and C60 entities 

(Figure 3.15).  The kCR value calculated from the decay of the 1020 nm band was 

found to be 1.8 × 108 s-1 (Table 3.4). In the solvent anisole, a similar two-

component decay was observed and the kCR values were determined to be 7.6 ×

107 s-1 and 1.9 × 106 s-1, respectively.  The values of kCR for MgPo•+~C60
•− varied 

from 2.8 × 106 s-1 in the polar to 1.8 × 106 s-1 in the less polar solvents o-DCB

and anisole.  These noted variations with solvents of differing polarity indicate the 

occurrence of charge-recombination in the inverted region of Marcus parabola for 

this dyad.22,29,31,39 However, the large kCR value in toluene (and anisole) can not 

be explained by the Marcus theory.

In the case of 14, addition of pyridine extended the τRIP of

ZnPo•+~C60
•− up to 450 ns. This phenomenon can be explained by the

delocalization of ZnP•+ with the coordinated pyridine. This trend was also

observed for the currently investigated MgPo~C60 dyad.  That is, the τRIP value of 

MgPo•+~C60
•− was prolonged by up to 550 ns with the addition of pyridine and up 
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Table 3.4: Charge-recombination rate -constants (kCR) for MPo~C60 in different 

organic solvents.

to 580 ns when dimethylaminopyridine (DNPy) was added to a solution of o-DCB

that contained the MgPo~C60 15 dyad (Table 3.4). The ability to extend the 

lifetimes of the radical ion pairs by adding either one of the previously mentioned 

compounds indicates that additional stabilization of the charge-separated states 

is achieved when axial coordination of pyridine bases in the metalloporphyrin-

fullerene dyads occurs. This observed lengthening of lifetimes utilizing pyridine 

complexes could be ascribed to one or both of the following effects: (1) the 

coordination of benzonitrile to MgP which would increase the center-to-center

MPO-C60 Solvent kCR/s-1 τRIP (ns)

14 BN 1.8 × 106 560

DCB 5.9 × 107 20

Py-DCB 2.2 × 106 450

15 DMF 3.3 × 106 300

BN 2.3 × 106 430

THF 2.7 × 106 370

DCB 1.9 × 106 510

Py-DCB 1.8 × 106 550

DNPy-DCB 1.7 × 106 580

Anisole 2.3 × 106 440

Toluene 1.8 × 108 < 10
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distance and/or (2) the delocalization of the π radical cation of MgP with the 

coordinated pyridine ligand.

Energy level diagram

Figure 3.16 exhibits the energy level diagram constructed utilizing 

the energy levels of the excited singlet and triplet states determined for the dyad 

15.73  By analyzing the fast fluorescence decay of 1MgP*, it was determined that 

the energy transfer predominantly occurs from the photoinduced excited singlet 

state of the porphyrin to the C60 moiety. After the transfer of energy was

achieved, charge-separation was observed via the 1C60* entity in both polar and 

nonpolar solvents.  In polar solvents, including o-dichlorobenzene and anisole

(Figure 3.15a), the energy level of MgPo•+~C60
•− was found to be sufficiently

lower than that of the 1C60* entity.  Since this state was lower in energy than the 

1C60* entity, charge-stabilized radical ion-pairs via the 1C60* entity were created.

The charge recombination of the radical ion-pairs resulted in a return to the 

ground state because MgPo•+~C60
•− was determined to be sufficiently lower in 

energy than that of the 3C60* entity.  Conversely, based on the observations of 

the same dyad in toluene (Figure 3.15b), it was deemed more likely the

MgPo•+~C60
•− decayed by a charge recombination process to produce the 3C60*

entity since the energy level of MgPo•+~C60
•− was found to be slightly higher than 

the energy level of 3C60* under these conditions.  This process might explain the 

short lifetime of the radical ion pair in toluene. A similar energy level diagram can 
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Figure 3.16: Energy level diagrams showing the photochemical events of 

the dyad 15 in (a) DMF, BN, o-DCB and anisole, and (b) toluene.
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be drawn for the dyads 13 and 14 which further supports the conclusion that the 

photoinduced processes that occur in the ZnPo~C60 dyad are akin to the

processes observed in the MgPo~C60 dyads.  The fast charge-recombination

process of ZnPo~C60 recorded in o-DCB, however, resulted in short-lived radical 

ion-pairs.  This could be due to the closely located energy levels of ZnPo•+~C60
•−

and 1C60* and would result in the observed short-lived radical ion-pairs.

3.4 Summary 

The results of the present investigation shows that the magnesium, 

zinc, free-base porphyrins are suitable candidates for building covalently linked 

porphyrin-fullerene dyads. It also shows role of axial ligation by pyridine in

stabilizing the charge separated states. The UV-visible spectral study revealed 

that the zinc porphyrin can binds to only one pyridine, while the magnesium 

porphyrin can take two pyridine ligands. Electrochemical studies revealed that 

the MgP is better donor than ZnP and H2P from their oxidation potentials, these 

studies helped to get free energy calculations for those supramolecular dyads.

Emission studies and transient absorption studies revealed efficient charge 

separation and relatively slower charge recombination. These studies also

explained axially ligated pyridines to metalloporphyrins can slowdown charge 

recombination by delocalizing the positive charge on metalloporphyrin after the 

initial charge separation.  Finally efficient photo-induced energy/electron transfer
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and relatively long-lived charge separated states have been achieved in the 

majority of the studied solvents.
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CHAPTER 4

SPECTROSCOPIC, ELECTROCHEMICAL, COMPUTATIONAL, AND PHOTOCHEMICAL
STUDIES OF SELF-ASSEMBLED SUPRAMOLECULAR TRIADS

4.1 Introduction

Studies on donor-acceptor dyads and triads constructed via

covalent bonds have been reported to behave as efficient light-induced electron-

or energy transfer systems29-33 as model systems to mimic the primary events of 

photosynthetic reaction centers18-19,93-94 and for the development of molecular 

electronic devices. Fullerenes are particularly appealing as electron acceptors28

due to the three dimensional structure of the compound, low reduction potentials 

and absorption spectra extending over most of the visible region. Among the 

various routes that have been utilized to form dyads and triads, self-assembled

donor-acceptor conjugates are particularly appealing since they are more

biomimetic to the natural photo-energy conversion systems.22-24 Recently, self-

assembly methods involving zinc tetrapyrrole and C60 via axial ligation of the 

central metal ion were described. In this system, zinc tetrapyrrole was utilized as 

an electron donor and either a pyridine- or imidazole-appended fullerene

derivative acted as the electron acceptor.74



85

In the present study we have prepared a fullerene derivative

bearing two pyridine entities (hereafter referred to as 21) capable of binding two 

electron donor entities to form a molecular triad.  We employed either two zinc

porphyrin (2 or ZnTPP), two zinc tetra-tert-butyl-2,3-naphthalocyanine (20 or 

ZnNc) or a zinc porphyrin dimer (19) that was formed by an ethylene dioxide 

bridge as electron donor moieties in the self-assembled triad (Figure 4.1).

These specific compounds were chosen for very specific reasons and a quick 

summary of the advantages of each is given in the following paragraph.
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Phthalocyanines are well known as synthetic porphyrin analogues 

and are highly versatile and stable chromophores with unique physico-chemical

properties.  Additional improvements of these physico-chemical properties were 

achieved by introducing fused benzene rings at the periphery of the

phthalocyanine macrocycle resulting in the naphthalocyanine (Nc) macrocycle. 

The extended conjugation of the naphthalocyanines results in improved solubility, 

greater stability, larger size, very facile oxidation potentials and, more

importantly, placement of the absorption and emission bands well into the near-

IR region.76-77 The zinc porphyrin dimer (19) was chosen as an electron donor 

since it forms a highly stable supramolecular triad complex.  By constructing the 

triads using the various moieties chosen as electron donors and studying the 

photo-induced electron transfer reactions of each system gives great insight on 

the effect of distance and orientation of the moieties on the efficiency of the 

system and these systems also mimic the components of the natural bacterial 

reaction center. 

4.2 Experimental Section

5-(3-hydroxyphenyl)-10, 15, 20-triphenylporphyrin, 16: 

To a 5.2 ml (15 mmol) of pyrrole and 2.26 g (19 mmol) of 3-hydroxy

benzaldehyde were added to 400 mL of propionic acid in a round bottom flask.45

The mixture was stirred for about 20 minutes, then 5.6 mL of benzaldehyde (55 
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mmol) was added to the mixture. After refluxing the mixture for 5 hours, the 

propionic acid was removed by distillation.  The product of the mixture was

adsorbed on basic alumina. The crude mixture was purified on a basic alumina 

column using 95:5 CHCl3: MeOH as eluent. Yield = 5%. 1HNMR in CDCl3, d

ppm 8.76 (m, 8H, ß-pyrrole), 8.16 (m, 6H, ortho-phenyl), 7.71 (m, 9H, meta-para

phenyl), 7.96-7.12 (d, t, t, d, 4H, substituted-phenyl),  5.87 (s, br, 1H, O-H), -2.76

(s, br, 2H, imino).

5-(3-bromopropanoxy-phenyl)-10, 15, 20-triphenylporphyrin, 17:

A 100 mg of compound 16 (0.1583 mmol, 1 eq.) was mixed in DMF 

and 0.8 mL of 1, 3-dibromopropane (8 mmol, 50 eq.) and excess K2CO3 were 

added.  The mixture was stirred for 18 hours.  The solvent was removed under 

vacuum and washed with water and extracted with chloroform.  The crude 

compound was purified on a silica gel column using toluene as eluent.  Yield = 

33.6 %.  ESI-mass in CH2Cl2, Calculated 752.6, found 753.2. 1H NMR in CDCl3,

d ppm: 8.86 (m, 8H, ß-pyrrole), 8.21 (m, 6H, ortho-phenyl), 7.73 (m, 9H, meta-

para phenyl), 7.83-7.28 (d, t, d, 4H, substituted-phenyl), 4.29 (t, 2H, -CH2-), 3.67 

(t, 2H, -CH2-), 2.40 (p, 2H-CH2-), 2.85 (s, br, 2H, imino).
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Propyl 1, 3 bis[(5-(3-phenoxy)-10, 15, 20-triphenylporphyrin], 18:

To 100 ml of DMF, compound 17 (40 mg, 0.0558 mmol, 1 eq.) and 

compound 16 (70.5 mg, 0.116 mmol, 2 eq.) and K2CO3 (500 mg) were added 

and stirred for 16 hours. After this period of time, the solvent was removed under 
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Figure 4.2: Synthetic scheme for compounds 16, and 17
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vacuum and washed with water and extracted with chloroform.  The crude 

product was then purified on a silica gel column with 95:5 toluene and CHCl3

eluent.  (33.6 % yield).  ESI-mass in CH2Cl2.  Calculated 1303.5, found 1302.7.

1H NMR in CDCl3, d ppm: 8.83 (m, 16H, ß-pyrrole), 8.19 (m, 12H, ortho-phenyl),

7.73, (m, 18H, meta-para phenyl), 7.83-7.29 (t, t, d, d, 8H, substituted-phenyl),

4.42 (t, 4H, -CH2-), 2.43 (p,2H,-CH2-), 2.85 (s, br, 2H, imino). UV-Vis in o-DCB,

λmax, nm, 422, 484, 516.5, 550.5, 592, 650 nm.

Propyl 1, 3 bis [(5-(3-phenoxy)-10, 15, 20-triphenylporphyrinatozinc

(II)], 19:

Compound 18, 20 mg (.0137mmol), was dissolved in chloroform 

and an excess of zinc acetate was added. The mixture was stirred for 2 hours 

and monitored by UV-Vis spectrometry. After the characteristic spectral change 

was observed, the solvent was removed. The compound was washed with water 

and purified by using silica gel column with 90:10 (toluene-CHCl3). The percent 

yield was 81%. ESI-mass in CH2Cl: calculated mass 1428.28, actual mass

determined as 714.2 (doubly charged). 1H NMR in CDCl3, d ppm : 8.92 (m, 16H, 

ß-pyrrole), 8.19 (m, 12H, ortho-phenyl), 7.73, (m, 18H, meta-para phenyl), 7.78-

7.28 (t, t, d, d, 8H, substituted-phenyl), 4.49 (t, 4H, -CH2-), 2.40 (p,2H,-CH2-). UV-

Vis in ODB, λ max, nm, 424, 549, 588.
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 2-(4’-pyridyl)-5(methylene-4′-pyridyl)-3,4-fulleropyrrolidine, 21: 

In a round bottom flask 100 mL of dry toluene, 100 mg of C60 (0.14

mmol), 52 mg of 4-pyridylalanine (0.31 mmol), and 64 µL (0.7 mmol) of pyridine 

carboxaldehyde were refluxed for ten hours.49-50 Afterwards, the solvent was 

evaporated and the crude product was dissolved in toluene and purified on a 

silica gel column using a mixture of ethyl acetate and toluene (1:1) as the eluent.

Yield = 45%.   The product was recrystallized in CS2 and methanol (1:1 v/v). ESI 

mass in CH2Cl2 matrix: calculated 931.0, found 931.2. 1H NMR (CS2:CDCl3 (1:1 
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v/v): d, ppm, 8.63, 7.72, 7.50 (m, d, d, 4H, 2H, pyridyl-H), 6.08, 5.65, 5.41, 5.00, 

4.69, 3.99, 3.87, 3.77, 3.73, 3.48 (s, s, d, d, s, d, t, d, d, t, 4H, pyrrolidine-H and –

CH2).  Three geometric isomers were observed. UV-vis in CH2Cl2 : λmax nm,  311 

and 431.

4.3 Results and discussions

Optical absorption and 1H NMR studies

The UV-visible and 1H NMR studies were employed to study the 

formation and characterization of the self assembled triads. Optical absorption 

spectral changes were observed with increasing concentrations of 21 added to 

each of the previously specified electron donor moieties (ZnTPP 2, ZnTPP dimer 

19, and ZnNc 20).  The formation of a pyridine-coordinated donor complex was 

characterized by the diminished, red shifted Soret and visible bands as well as 
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the appearance of several isosbestic points20 in the case of 2 and 19, in o-DCB

(representative spectra of 19 shown in Figure 4.5).

The complex formation of triad B (21:20) was characterized by a 

decrease in the intensity of the near-IR band of naphthalocyanine located at 681 

nm and observance of isosbestic points at 676 and 691 nm (Figure 4.6).  The 

titration with 2-phenyl fulleropyrrolidine 6 with all three donors 2, 19, 20 yielded 

no spectral changes, which confirmed the absence of axial coordination through 
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Figure 4.5: Spectral changes observed during the titration of 19 (1.88 μmol
dm–3) with 21 (each 0.1 eq. addition) in o-DCB
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the pyrrolidine nitrogen. No new absorption bands in the near IR region were 

observed which suggested an absence of π−π  type interactions between the 

fullerene and donors in all three triads. 
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Figure 4.6: Optical absorption spectral changes of 20 on increasing 
addition of 21 in toluene
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The formation of the triad can be defined by the product of two 

successive steps.

Zn(TPP/Nc) + C60(Py)2  =  C60(Py)2:Zn(TPP/Nc) K1 (Equ. 4.1)

Zn(TPP/Nc) + C60(Py)2:Zn(TPP/Nc)  =  C60(Py)2:[Zn(TPP/Nc)]2 K2 (Equ. 4.2)

The formation constant for triad A, C60(Py)2:[ZnTPP]2, obtained

from the absorption spectral data using Scatchard method75 (Figure 4.7a) was 

found to be 1.45 x 104 M-1 in o-DCB.  This K value is roughly twice as much as 

that obtained for the monopyridine appended fulleropyrrolidine complexation to 

ZnTPP 2.  The free energy change, ΔG for this process was determined to be

-23.34 kJ mol-2 which was comparable with the ΔG value of -22.1 kJ mol-1

obtained for the C60Py:ZnTPP ( 4:2) dyad formation.74  These results suggested 

that the two pyridine entities behave independently rather than in a cooperative 

fashion.

The calculated binding constant of the complex formation of triad C

was found to be 1.8 x 105 M–2, comparable to the binding constant determined for 

triad A, and 7.0 x 103 M–1 for the C60Py:ZnTPP dyad.  The very large binding

constant for the coordination of bi-dentate 21 to 19 was due to the proximity 

effect of the ZnP dimer in contrast to ZnTPP monomer binding to C60bpy,

satisfying a ‘two-point’ coordinate bonding strategy.  A Jobs plot of continuous
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variation method revealed a 1:2 complex for triads A and B (Figure 4.7b) and a 

1:1 complex for triad C (Figure 4.7c).

Figure 4.7:  (a) Scatchard plot for triad A, absorbance changes observed 
at 422 nm, (b) Job’s plot for triad A, and (c) Job’s method of continuous 
variation plots for the triad C complex formation monitored at 424 and 
429 nm.
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Figure 4.8: 1H NMR spectrum of 21 (5 mM) on addition of (a) 0, (b) 0.5, 
(c) 1.0, (d) 1.5 and (e) 2.0 equivalents of 2 in CDCl3:CS2 (1:1 v/v).
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Proton NMR studies performed in CDCl3:CS2 (1:1 v/v) established 

the binding of both the pyridine entities of 21 to the metal ions of the zinc

porphyrins.  Figure 4.8  displays the 1H NMR spectral data for 21 in the absence 

and presence of ZnTPP, 2.  The β-pyrrole and phenyl ring protons of 2 located in

the 7–9 ppm region experienced a shielding of nearly 0.2 ppm upon coordination 

of 21, while this shielding was found to be greater for the pyridine protons of 

C60(Py)2 in the 6–9 ppm region due to the influence of porphyrin ring current 

effects57. In other words, the pyridine protons of both of the pyridine entities in 21

experienced over 2 ppm shielding while the effect for the pyrrolidine ring protons 

(3.5 - 6.2 ppm) was about 1.5 ppm.  These results are consistent with the axial 

coordination of the pyridine entity to the zinc metal center.  Similar changes were 

observed for 1H NMR titrations of triads B and C.

DFT B3LYP/3-21G(*) studies

The computational studies were performed at the B3LYP/3-21G(*)

level and  obtained the final structures of all three triads.  As shown in Figure 4.9,

the two naphthalocyanine rings were almost coplanar with a small tilt angle in the 

optimized structure of triad B.  The two macrocycles were separated by 15.4 Å 

(Zn-to-Zn distance).  The fullerene spheroid, sandwiched between the two rings, 

was located at the top of the center of the two rings.  The center-to-center

distances between the two ZnNc-C60 entities of the triad were found to be 9.7 
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and 10.2 Å, respectively.  The edge-to-edge distances between ZnNc and C60

were greater than 5.0 Å which indicated an absence of any π−π?type interactions .

On a general note, the overall structure of the supramolecular triad 

greatly resembled that of a Star Wars Tie Ship as illustrated in Figure 4.9.  The 

large planar-rectangular shape of the zinc naphthalocyanine (as opposed to their 

smaller zinc porphyrin or zinc phthalocyanine analogs) is reminiscent of the 

wings of the ship leaving the central fullerene spheroid to represent the cockpit

(body) of the vehicle!  This system is a nice example of utilizing a self-assembly

approach to build exotic supramolecular structures capable of undergoing light 

induced processes.

Figure 4.9: B3LYP/3-21G(*) optimized structure of 20 interacting with bis 
pyridine functionalized fulleropyrrolidine 21



99

In the optimized structure of triad C (Figure 4.10), the two ZnP rings 

were aligned in a V-shape with an angle of 70o and no steric hindrance was 

observed.  The center of the C60 to the nearest zinc distance was found to be 

10.3 Å while the Zn-Zn distance was found to be 13.8 Å.  As predicted, the 

HOMOs formed two sets of degenerate orbitals and were alternately located 

exclusively on the ZnP entities while the LUMO was located on the C60 entity.

The lack of delocalization of the HOMOs on both the ZnP entities was suggestive 

of little or no intramolecular interactions between the two ZnP entities of the 

dimer.

Figure 4.10: (a) The B3LYP/3-21G(*) optimized structure, (b) HOMO, 
and (c) LUMO of the supramolecular triad C
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Electrochemical studies

The electrochemical behavior of the isolated self-assembled triads 

has been studied using cyclic voltammetry in order to evaluate the stoichiometry

of the supramolecular complex and the potentials of the different redox

processes involving both the donor and the acceptor.  The cyclic voltammogram 

of 2 is shown in Figure 4.11.  The redox potentials corresponding to the oxidation 

were located at 0.28 and 0.62 V vs. Fc/Fc+ while the potentials corresponding to 

the reduction were located at -1.92 and -2.23 V vs. Fc/Fc+ respectively. The first 

three reversible reductions of the 21 in 0.1 M (TBA)ClO4, o-DCB, were located at 

E1/2 = -1.13, -1.51 and -2.05 V vs. Fc/Fc+, respectively (Figure 4.11).  These 

values were comparable with the E1/2 = -1.20, -1.59 and -2.05 V vs. Fc/Fc+ for 4.

The cyclic voltammogram of the self-assembled triad A, isolated from a 

solution containing 2 and 21, is shown in Figure 4.11. Within the accessible 

potential window of the solvent, a total of seven reversible redox processes were 

observed.  The first and second redox potentials corresponding to the oxidation 

of the zinc porphyrin were located at E1/2 = 0.29 and 0.67 V vs. Fc/Fc+

respectively.  The reduction potentials of the appended C60 moiety of triad A

were located at E1/2 = -1.10, -1.49 and –2.02 V vs Fc/Fc+ and the corresponding 

potentials for the zinc porphyrin ring reduction were located at E1/2 = -1.91 and 

-2.19 V vs. Fc/Fc+ respectively: the reduction potentials of the C60 entity were 

positively shifted by 20-30 mV. 
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Figure 4.11: Cyclic voltammograms of (a) ZnTPP 2, (b) C60(Py)2 21
and (c) isolated complex of  triad A in o-DCB, 0.1 M (TBA)ClO4.
Scan rate = 100 mV/s.
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The potential difference between the first oxidation of ZnTPP and the 

first reduction of fulleropyrrolidine in the self-assembled triad was found to be 

1.39 V.  The redox potentials of ZnTPP and C60 entities revealed small changes 

(10-20 mV) upon triad formation which suggested the existence of weak charge 

transfer interactions. Importantly, the peak currents corresponding to the redox

processes of the ZnTPP entity was found to be twice as much as that of the 

redox processes of the 21 entity.  These results along with the UV-visible and 1H

NMR data clearly established the stoichiometry of the supramolecular complex 

as C60(Py)2:[ZnTPP]2.  Similar electrochemical results were observed for triad C.

Emission studies

The photochemical behavior of all three triads were investigated 

first by using steady-state fluorescence measurements and then with nano- and 

pico-second transient absorption measurements. In the case of triad A, upon 

addition of 21 to ZnTPP in an argon saturated o-DCB, the fluorescence intensity 

decreased to about 30% of its original intensity and was accompanied by 2-3 nm 

red shifts (Figure 4.12).

Examination of the emission spectra in the region of 700-800 nm 

revealed a weak emission band at 710 nm which corresponded to the singlet 

emission of fulleropyrrolidine moiety.  The intensity of this band for a given

concentration of 21 was found to be of approximately the same magnitude as 



103

0.0 0.5 1.0 1.5 2.0 2.5
0.2

0.4

0.6

0.8

1.0

(iii) (ii)

(i)

(b)

I/I
o

[Ligand] x104

580 600 620 640 660 680 700
0.0

0.2

0.4

0.6

0.8

1.0

(a)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 In

te
ns

ity

Wavelength (nm)

that observed in the absence of ZnTPP. Changing the excitation wavelength 

from 554 nm to 410 nm also revealed similar observations with a slightly

enhanced emission of 21 due to its higher absorbance at 410 nm.  These results 

suggested the energy transfer from the singlet excited ZnTPP to 21 is not

necessarily a cause of the fluorescence quenching. 

Figure 4.12:  (a) Fluorescence emission spectrum of 2 on increasing addition 
of 21 (b) SV plots for 2 in the presence of (i) pyridine, (ii) 4 and (iii) 21 in o-
DCB. λex = 554 nm and λem = 646 nm.
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In the case of triad C, the fluorescence intensity of 19 in the 

presence of 21 was quenched (Figure 4.13).  As predicted from the binding

constant value calculated from the absorption data, the quenching was found to 

be very efficient and the addition of 2.5 equivalents of 21 resulted in a 97% 

Figure 4.13: Steady state fluorescence spectra of 19 (1.88 μM) in the 
presence of 21 (0.15 eq. each addition) in o-DCB. λex = 550 nm
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decrease of the original fluorescence intensity recorded for 19. Figure 4.13

clearly shows that the supramolecular complex is weakly fluorescent and

suggests efficient charge separation within the supramolecular complex. 

Steady-state fluorescence of ZnNc 20 revealed two near-IR

emission bands at 784 and 812 nm, consistent with the extended conjugation of 

the macrocycle in triad B (Figure 4.14).  The overall binding constant calculated 

from a Benesi-Hildebrand plot78 was found to be 1.1 x 105 M-2 which is indicative 

of complex formation that is highly stable.  Addition of the fullerene acceptor 

quenched the emission with a slight blue shift of ~5 nm of the emission bands. 

Figure 4.12b shows the plots for the quenching of ZnTPP 2 by 21

(curve iii) as well as for 4 (curve ii) and the reference compound pyridine (curve i) 

in o-DCB.  The binding constant evaluated from the fluorescence data by the 

Benesi-Hildebrand method78 was found to be 1.36 x 104 M-1 which agreed nicely 

with the value obtained by the Scatchard plot from the absorption data.  As was 

expected from the higher K values, the intensity quenching plots revealed greater 

quenching using 21 as compared to the quenching by 4.  The non-linearity of the

plots suggests an intramolecular, as opposed to an intermolecular, quenching 

process.

The bimolecular quenching constants, kq for triad A were calculated 

by constructing a Stern-Volmer plot89 and, upon evaluation of only the linear 
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Figure 4.14: (a) Fluorescence spectra of 20 on increasing addition of 21 in
toluene.  (b) Benesi-Hildebrant plot of binding constant analysis. (c) Stern-
Volmer plot of quenching analysis.



107

 segment, revealed the kq value to be 3 orders of magnitude higher than that 

expected for a diffusion controlled process in a dilute solution. For pyridine 

binding, the Stern-Volmer plot was almost parallel to the X-axis (curve i).  The 

KSV value for triad B was 1.3 x 105 M-2 with a bimolecular quenching constant, kq

of 5.2 x 1013 M-2 s-1.  This kq was 4 orders of magnitude higher than that 

calculated for diffusion controlled bimolecular rate constant. These results

suggested that intramolecular quenching was the main quenching process for all 

three self-assembled triads.

To further understand the reaction mechanism (inter- or

intramolecular) and determine the kinetics of photo-induced electron transfer 

processes in these triads; time-resolved absorption spectral studies were

performed.

Time-resolved emission studies and nanosecond transient absorption
studies

The time-resolved fluorescence results were consistent with those 

of the steady-state fluorescence observations for all triads   Figure 4.15 shows 

the fluorescence decay-time profiles of the supramolecular triad B along with 

pristine ZnNc 20 in toluene, monitored from 750 to 850 nm.  The fluorescence

time profile of pristine ZnNc exhibited a single exponential decay with a lifetime 

(τf0) of 2.5 ns, 79 which agreed well with the literature value in o-DCB.  In case of 
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triad B in toluene, quenching of the fluorescence lifetime of ZnNc was observed 

and the decay could be fitted satisfactory to biexponential decay.  The fast-

decaying component has a lifetime (τf) of 170 ps (30%), while the slow decaying 

component had a lifetime of 2.1 ns (70%).  The lifetime of the slow-decaying

component is similar to the lifetime of free ZnNc.  The short τf value of ZnNc in 

the supramolecular system was shorter than the τf0 value, which suggested that 

the fluorescence quenching occurs from the 1ZnNc* moiety.  The rate-constant

(kCS) and quantum-yield (ΦCS) of the charge-separation process were calculated 

using the shorter lifetimes of ZnNc according to the usual procedure adopted for 

intramolecular charge separation (Eq. 3.4 and 3.574 from chapter 3). The

measured kCS and ΦCS were evaluated in toluene and determined to be 5.7 × 109

s-1 and 0.93, respectively.  These values agreed reasonably well with the

remaining triads A and C, and suggested efficient charge separation within the 

supramolecular Tie Ship triad.

Figure 4.15: Fluorescence decay profiles of (a) 20 (0.01 mM) in toluene and 
(b) decay profile in the presence of 21 (0.1 mM) in toluene. λex = 400 nm and 
λmonitor = 775 nm.
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Further, nanosecond transient absorption at an excitation

wavelength of 532 nm was performed to characterize the electron transfer

products.  On addition of 21 to 20 (1:2 eq.) in toluene, the transient spectra 

(Figure 4.16) exhibited an intense absorption peak at 600 nm at 50 ns after the 

laser pulse and corresponded to the population of the triplet state of ZnNc

(3ZnNc*). The triplet state of C60(Py)2 at 700 nm was overlapped with the peak of 

3ZnNc* These absorption bands, attributable to the triplet state, did not show 

the decay until 1 μs in deaerated solution. The depletion of the peak intensity 

between 750-850 nm is attributed either to fluorescence or to the strong

absorption of ZnNc in this wavelength region.  At 50 ns, additional bands were 

observed in the 980-1020 nm22-24, 79 region and corresponded to the formation of 

the ZnNc cation radical (ZnNc•+) and the fulleropyrrolidine anion radical, (C60
•−),

indicative of the formation of the supramolecular radical ion-pair.

 The characteristic band at 1000 nm was utilized to determine the 

rate constants of the charge recombination process (kCR) of the supramolecular 

triad since the decay could be fitted by a single-exponential function.  The time 

profile for the 1000 nm band showed a quick rise-decay behavior (Figure 4.16

inset).  From the rapid decay time-profile, the charge recombination rate (kCR) of 

the supramolecular ion-pair was estimated to be 3.5 × 107 s-1.  The slow decay in 

the time profile of Figure 4.16 has been attributed to the tails of the absorption 

bands of 3ZnNc* and 3C60(Py)2*.  In the presence of oxygen, both the triplet 

states and the long-lived component of the 1000 nm time profile decayed much 
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faster, indicating the occurrence of triplet energy transfer to O2.  However, the 

presence of oxygen had no effect on the quick rise-decay behavior of the 980 nm 

band and therefore it was determined that the charge separation occurs via 

1ZnP* and kCR >> kO2[O2].  From the kCR values, the lifetime of the radical ion-

pairs (τRIP) was evaluated as 30 ns.  These lifetimes of the radical ion-pairs of the 

triad B are slightly longer compared to the supramolecular triad A

Nanosecond transient spectra of pristine ZnTPP 2 showed

absorption peaks at 630 and 840 nm corresponding to its excited triplet state.

Compound 21 showed a band between 700–750 nm corresponding to its excited 

triplet state in triad A. On addition of excess of 21 to ZnTPP (4:1 equiv) in o-DCB

intense bands at 760 and 850 nm were observed at 100 ns after the laser pulse 

which corresponded to the triplet states of 21 and ZnTPP, respectively.70-72 A

Figure 4.16: Nanosecond transient spectra obtained by 532 nm laser light 
at 50 ns of 20 (0.2 mM) in the presence of 21 (0.1 mM) in Ar-saturated
toluene.
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weak peak at 1000 nm also appeared at a time interval of 10 ns (Figure 4.17);

this was determined to be the radical anion of the C60 moiety24 in the

supramolecular triad A.  The time profile at 1000 nm in the inset figure shows the 

observed quick rise-decay, indicative of the supramolecular ion-pair formation via

the singlet state of ZnTPP, and the charge recombination rate (kCR) of the 

supramolecular ion-pair was 7 x 107 s-1.

In the coordinating solvent BN, the transient absorption spectra 

displayed quite different features   In the presence of one equivalent of 21 and 2,

the triplet absorption bands at 840 nm and 770 nm decayed faster than that in 

o-DCB.  Furthermore, a slow rise was clearly observed in the 900-1100 nm 

region, and was attributed to formation of the anion radical of 21.  The twin 

absorption bands of C60(Py)2 at 1000 and 1070 nm22,24 were confirmed when 
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x10

Figure 4.17: Transient absorption spectra obtained by the 532 nm nano-
second laser photolysis of 2 (0.1 mM) in the presence of 21 (0.1 mM) in o-
DCB.  Inset: Time profile for the 1000 nm band. 
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aromatic amine donors such as tetramethyl-p-phenylenediamine (TMPD) were 

employed instead of ZnTPP. These observations suggested that intermolecular 

electron transfer via 3ZnTPP* is predominant in BN.  The quenching rate constant 

(kq
T) of 3ZnTPP* by the ground state C60(Py)2 was evaluated to be 8.7 x 108 M-1

s-1.  The quantum yield for the electron transfer from the excited triplet state of 

zinc porphyrin (Φet
T), calculated from the ratio of [C60(Py)2

.-]/[3Zn(TPP)*], was 

found to be ca. 0.34, utilizing a molar extinction coefficient (ε) for the anion 

radical of N-methylpyrrolidine-C60 (fulleropyrrolidine)107 of 8.85 x 103, and a molar 

extinction coefficient for the triplet state of Zn(TPP) of 1.4 x 104 M-1 cm-1.90  Thus, 

the electron transfer rate constant (ket
T) from 3Zn(TPP)* to C60(Py)2 was

evaluated to be 2.9 x 108 M-1 s-1 from the relation  ket
T = Φet

T xkq
T.80

The time-resolved fluorescence of 19 for triad C, revealed a single 

exponential decay with a lifetime of 1880 ps.  Addition of 2.5 equivalents of 21

accelarated the decay process and the decay curve could satisfactorily be fitted 

to a biexponential decay.  The measured lifetimes were found to be 260 ps (47%) 

and 1840 ps (53%).  The rate of charge separation calculated from the fast 

decaying component was found to be 3.3 x 109 s-1 and the charge separation 

quantum yield, ΦCS was found to be 0.86, indicating efficient charge separation.

Nanosecond transient absorption spectral studies on the supramolecular triad C

complex revealed evidence for the charge-separated quenching pathway and 

permitted us to evaluate the the rate  of charge recombination.
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Figure 4.18: (a) Fluorescence decay time-profile (log scale) of 19 (black dots), 
and 19:21 (1 : 2.5) (red dots) in o-DCB; λex= 400 nm, and (b) Transient
absorption spectra of 19:21 complex(0.1 : 0.25 mM) in o-DCB at 6 ns (filled 
circle) and 220 ns (open circle) after the 565 nm laser irradiation.  Inset :
Absorption time profile at 1010 nm.
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Figure 4.18  shows the transient absorption spectra for the

supramolecular complex after 565 nm laser irradiation at two time intervals.

Spectral features at 6 ns after the laser pulse corresponding to the anion radical 

of fulleropyrrolidine were observed at 1020 nm22,24 and the ZnP dimer cation 

radical at 480 nm.70-72  The inset figure shows the decay time profile for the anion 

radical at its peak maximum.  The sharp rise and decay with a maximum at 6 ns

clearly suggests the occurrence of an intramolecualar event. The rates of charge-

recombination, kCR in o-DCB obtained from the decay curves were found to be 

~2 x 108 s-1 and ~1.8 x 108 s-1 at room temperature (23 oC) and at –10 oC,

respectively, indicating fairly rapid charge-recombination.

4.4 Summary

We have demonstrated the formation of supramolecular triads A, B

and C by axial coordination of the two pyridine ligands attached to a

fulleropyrrolidine to the Zn metal in the specified donor moieties. The UV-visible,

1H NMR spectral studies revealed a 2:1 molecular stoichiometry for triads A, B

and a 1:1 stoichiometry for triad C.  The determined formation constants, K, were 

larger than that of the dyad formed by axial ligation of ZnTPP/ZnNc and 4 and 

revealed non-cooperative binding nature.  However, triad C displayed higher 

binding constants due to a cooperative effect.  Overall, fairly stable, self-

assembled supramolecular triads were achieved.   Cyclic voltammetric studies 

revealed a total of seven one-electron redox processes within the accessible 
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potential window of o-dichlorobenzene for triads A and C.  DFT calculations at 

the B3LYP/3-21G(*) level for triad B revealed a structure that resembled a Star

Wars Tie Ship with two ZnNc macrocycles holding the fullerene in the center via 

axial coordination.  No π−π  type interactions between the different entities were 

observed, neither experimentally or computationally for all three triads.  In

toluene, upon coordination of the pyridine entities of 21 to two ZnNc entities, the 

main quenching pathway involved charge-separation from the singlet excited 

ZnNc to the C60 moiety.  In toluene, the measured charge-separation rate, kCS

and quantum yield, ΦCS were evaluated as 5.7 × 109 s-1 and 0.93, respectively, 

for triad B.  The results of the steady-state emission and nano-second transient 

absorption studies for triad A and C revealed the occurrence of electron transfer 

mainly from the singlet excited zinc porphyrin to the fullerene entity in the non-

coordinating solvent, o-DCB.  However, the main quenching pathway in the

coordinating solvent, BN, was shown to take place via an intermolecular electron-

transfer from the triplet excited ZnTPP to the C60 entity.
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CHAPTER 5

STABLE SUPRAMOLECULAR TRIADS VIA ‘TWO-POINT’ BINDING INVOLVING
COORDINATION AND HYDROGEN BONDING

5.1 Introduction

The natural photosynthetic reaction centers perform multi-step

electron transfer processes with high quantum efficiency and long lifetimes of the

final charge separated states. The study of the natural photosynthetic reaction

centers18-19,89 gave insight towards building artificial photosynthetic reaction

centers to harvest solar energy. One of the important characteristics of natural 

photosynthetic reaction centers is assembly of different photo- and redox-active

components via noncovalent interactions in a protein matrix. In order to achieve 

long-lived charge-separated states during photoinduced electron transfer in

model compounds, promoting multi-step electron transfer reactions along well-

defined redox gradients such as, triads, tetrads, pentads, etc. is most frequently 

used strategies.29-33 A better control over the separation, angular relationships, 

electronic coupling, and composition in donor-acceptor assemblies at a

molecular level is essential to control the rates and yields of electron transfer 

reactions, and to minimize or eliminate the charge-recombination.39,45,59,82

Utilization of hydrogen bonding, metal-ligand complexation,

electrostatic interactions, and π−π  stacking methodologies would provide the 
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much needed control over the composition and architecture of these

complexes.34-40 Hence, self-assembled donor-acceptor assemblies are

considered to be a viable alternative to covalently linked molecular polyads in 

order to achieve an increased rate and yield of the charge-separation process, 

and prolongation of the lifetime of the charge-separated state.

In this present chapter we employed a ‘two-point’ binding strategy 

involving axial coordination and hydrogen bonding, to built molecular traid (Figure

5.1). In this approach, zinc porphyrin the electron donor was functionalized with a 

pendant arm having either a carboxylic acid or an amide terminal group (26, and 

27). The fullerene was functionalized to possess a secondary donor, and a

pyridine ligand. The employed secondary donor are ferrocene (Fc) 30,

N,N-methylaminophenyl (DMA) 31, and N,N-diphenylaminophenyl (DPA) 32.

During the self-assembly process, the pyridine entity coordinated to the zinc ion 

of the porphyrin, and the pendant carboxylic acid (or amide group) formed 

hydrogen bonds with the pyrolidine amine group thus forming stable conjugates 

via the ‘two-point’ binding motif. Assembling porphyrins, 26 or 27 to either of the 

fullerenes, 30, 31 or 32 is expected to result in the formation of stable

supramolecular triads.
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A hole migration from the zinc porphyrin cation radical to the DMA 

entity upon initial light induced electron transfer from singlet excited porphyrin to 

fullerene, is expected as a possible mechanism for prolongation of the charge-

separated state.  The second electron donor, ferrocene in 30 has a lower

oxidation potential than the primary donor, zinc porphyrin, thus satisfying the 

conditions of charge migration along the redox-gradient.  However, the DPA 

entity in 32 has a higher oxidation potential, and hence, may not allow an efficient 

charge migration leading to charge-separated states. The spectral and

photochemical studies of these triads should shed light into the mechanistic

aspects of charge stabilization in these novel supramolecular triads
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Figure 5.1: Structures of employed porphyrin entities and fullerene derivatives 
with secondary donor
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5.2 Experimental Section

(2-Formylphenoxy) -acetic acid, 22:

In a 250 ml round bottom flask 1 eq of salicylaldehyde (12.2 g, 0.1 

mol) and 2 eq sodium hydroxide (8 g, 0.2 mol), and 1eq of chloroacetic acid (9.4 

g, 0.1 mol) were taken in 200 ml of water and reacted. At the end of reaction 

solvents were removed under vacuum and crude product was purified by

recrystallization in water.83 1H NMR in CDCl3, δ ppm: 10.34 (s, 1H, Formyl), 7.84, 

7.60, 7.19, 6.94 (d, t, t, d 4H, ortho-phenyl, meta-phenyl, meta-phenyl, ortho-

phenyl), 4.79 (s, 2H, O-CH2-) ESI-mass, cald. 180.2, found 179.8.

(2-Formylphenoxy)-acetamide, 23: 

Compound 23 prepared in two steps as shown in Figure 5.2.  First 

methyl (2-formylphenoxy)-acetate was synthesized from (2-formylphenoxy)-

acetic acid.  (2-formylphenoxy) -acetic acid reacted with excess methanol and a 

few drops of concentrated sulfuric acid resulting suspension of (2-

formylphenoxy)-acetate. In the second step, this suspension was reacted with 

concentrated ammonium hydroxide and ammonium chloride. At the end of

reaction the crude product was filtered and recrystallized in water.84 1H NMR in 

CDCl3 , δ ppm : 10.26 (s, 1H, Formyl), 7.54,7.33, 7.03, 6.87 (d, t, t, d 4H, ortho-

phenyl, meta-phenyl, meta-phenyl, ortho-phenyl), 4.56 (s, 2H, O-CH2-) 7.62 (s, 

br, 1H, N-H), 6.37 (s, br, 1H, N-H), ESI-mass cald. 179.2, found 179.6.
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5-(2-Phenoxyacetic acid)-10,15, 20-triphenylporphyrin, 24: 
In a 500 ml round bottom flask, 350 ml of  propionic acid, 1 eq. of 

compound 22 (1.5 g, 8.33 mmol), 3 eq of  benzaldehyde (2.65 g, 25 mmol), and 

of 4 eq. of pyrrole (2.27 g, 33.3 mmol) were added and refluxed for 5 hours.46,85

Propionic acid was removed under vacuum.  The crude product was then loaded 

on a silica gel column and purified with chloroform/methanol (9:1) as the eluent.

Yield 4.1%. 1H NMR in CDCl3 , δ ppm : 8.92 (m, 8H, β-pyrrole), 8,18 (m, 6H, 

ortho-phenyl), 7.71, (m, 9H, meta-para phenyl), 7.32-7.16 (d, d, t, 4H,

Cl

O H O H
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2) conc HCl
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Figure 5.2: Synthetic scheme employed for compounds 22 and 23
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substituted-phenyl), 3.71 (s, 2H, O-CH2-), -2.73 (s, br, 2H, imino). ESI-mass,

cald. 688.8, found 689.2.
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Figure 5.3: Syntheses of compounds 24 and 26
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5-(2-Phenoxyacetamide)-10,15,20-triphenylporphyrin, 25: 

In a 500 ml round bottom flask, 350 ml of  propionic acid, 1 eq. of 

compound 23 (1.49 g, 8.33 mmol), 3 eq of  benzaldehyde (2.65 g, 25 mmol), and 

of 4 eq. of pyrrole (2.27 g, 33.3 mmol) were added and refluxed for 5 hours.

Propionic acid was removed under vacuum.  The crude product was then loaded 

on a basic alumina with chloroform/methanol (99:1) as the eluent. Yield 6%. 1H

NMR in CDCl3 , δ ppm : 8.82 (m, 8H, β-pyrrole), 8,09 (m, 6H, ortho-phenyl), 7.79, 

(m, 9H, meta-para phenyl), 8.38-6.72 (d, d, t, 4H, substituted-phenyl), 3.08 (s, 

2H, O-CH2-), 3.82 (s, br, 1H, N-H), 2.76 (s, br, 1H, N-H), -2.81 (s, br, 2H, imino).

ESI mass, cald. 687.8, found 687.1.

5-(2-Phenoxyaceticacid)-10,15,20-triphenylporphyrinatozin(II), 26: 

The metal insertion in porphyrin cavity achieved by reacting a

solution of 24 (0.2 g, 0.3 mmol) in CHCl3 with excess zinc acetate in methanol.57

After 30 minutes of stirring, solvent was removed under reduced pressure. The 

crude product was dissolved in CH2Cl2 and washed with water and dried with 

sodium sulfate, and purified on silica column using chloroform: methanol (9:1) as 

eluent.  Yield 70 %. 1H NMR in CDCl3, δ ppm: 8.77 (m, br, 8H, β-pyrrole), 8,10 

(m, br, 6H, ortho-phenyl), 7.71, (m, br, 9H, meta-para phenyl), 7.46-6.96 (m, br, 

4H, substituted-phenyl), 4.05 (s, br, 2H, O-CH2-).  ESI mass, cald. 752.2, found 

751.6.
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5-(2-Phenoxyacetamide)-10,15,20-triphenylporphyrinatozin(II), 27:

Compound 27 was synthesized by metallation of 25 with zinc

acetate. To a solution of 25 (0.2 g, 0.3 mmol) in CHCl3 excess zinc acetate in 

methanol was added. This solution was stirred for 40 minutes.  The completion of 

reaction was monitored by UV spectroscopy. At the end of reaction, solvents 
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Figure 5.4: Syntheses of compounds 25 and 27
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were removed under reduced pressure and the crude product was extracted with 

CH2Cl2, washed with water, and dried with sodium sulfate.  The crude product 

purified on basic alumina column with chloroform: methanol (9:1).  Yield 85 %.

1H NMR in CDCl3 , δ ppm : 8.78 (m, 8H, β-pyrrole), 8,16 (m, 6H, ortho-phenyl),

7.71, (m, 9H, meta-para phenyl), 8.01-6.83 (d, d, s, 4H, substituted-phenyl), 3.08 

(s, 2H, O-CH2-), 3.82 (s, br, 1H, N-H), 2.76 (s, br, 1H, N-H).

ESI mass, cald. 751.2, found 750.1.

4-Ferrocenylbenzonitrile, 28: 

Ferrocene (3.80 g, 20.4 mmol) was dissolved in concentrated 

sulfuric acid (25 mL) and stirred for 2 h. The solution was then poured into ice 

cold water (100 mL). A solution of sodium nitrite (0.91 g, 13.2 mmol) in 5 mL of

ice cold water was added dropwise to a stirred solution of 4-aminobenzonitrile

(1.42 g, 12.0 mmol) in 1:1 water/ concentrated HCl (25 mL) and stirred for 30 min 

at 0 °C. Copper powder (1.0 g) was added to the ferrocenium solution, and the

diazonium salt solution was added dropwise. The reaction mixture was then 

stirred overnight. Ascorbic acid (5.0 g) was added, and the organic layer was 

extracted with methylene chloride and dried over sodium sulfate. The compound

was purified over silica gel column using CH2Cl2/hexanes (60:40 v/v) as the 

eluent.86-87 Yield 1.36 g; 1 H NMR (CDCl3),  δ ppm, 7.53 (m, 4H), 4.69 (t, 2H), 

4.42 (t, 2H), 4.04 (s, 5H); calcd., 287.1; found, 287.3. 
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4-Ferrocenylbenzaldehyde, 29:

To a solution of 4-ferrocenyl-benzonitrile 28 (1.31 g, 4.77 mmol) 

dissolved in dry toluene (50 mL) and purged with argon for 15 min, DIBAL (4.6 

mL, 1.0 M in CH2Cl2) was added dropwise. The solution was then stirred for 2 h. 

Then methanol (8 mL) was added, and the mixture was stirred further for another 

10 min. A solution of concentrated sulfuric acid/water (1:3; 40 mL) was added,

and the organic layer was extracted with methylene chloride and dried over

sodium sulfate. The product was purified over a silica gel column using

CH2Cl2/hexanes (80:20 v/v) as eluent.86-87 Yield 0.80 g; 1 H NMR (CDCl3), δ ppm, 
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Figure 5.5 : Syntheses of compounds 28, 29, and  30
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9.97 (s, 1H), 7.79 (d, 2H), 7.59 (d, 2H), 4.74 (t, 2H), 4.43 (t, 2H), 4.05 (s, 5H); ESI

mass in CH2Cl2 calcd., 289.8; found, 290.5.

5-(4-Ferrocenylbenzyl)-2-(methylene-4′-pyridyl)fulleropyrrolidine, 30:

To a 150 ml toluene containing 100 mg of C60, 100 mg of 4-

ferrocenylbenzaldehyde 29 (2.5 eq.) and 46 mg of 4-pyridylalanine (2 eq.) was 

added, and the solution was refluxed for 15 h49-50.  The solvent was removed 

under vacuum and the product was adsorbed on silica gel.  The product was 

purified on a silica gel column using 80:20 v/v toluene and ethyl acetate eluent.

Yield: 57%. 1H NMR (CHCl3-d, δ ppm): ?8.7??s broad, 2H Py), 7.76 (d, 2H Py), 7.45, 

7.55 (d, d, 4H,-Ph-Fe), 5.70 (s, 1H), 5.05, 4.05 (d,d, 2H pyrolidineH), 3.57 (t, 2H, 

-CH2-Py). 3.9, 4.25, .4.59 (s, t, t, 9H, ferrocene). ESI mass in CH2Cl2, calcd: 

1113.8; found: m/z 1114.7.

5-(N,N-Dimethylaminophenyl)-2-(methylene-4′-pyridyl)fulleropyrrolidine,31:

   Compound 31 was synthesized by refluxing a mixture of C60 (100 

mg), 4-pyridylalanine (52 mg), and 4-(N,N-dimethy-lamino) benzaldehyde (80 

mg) in toluene (100 mL) for 12 h according to a general procedure used for 

previous compound.49-50,88 At the end, the solvent was removed and the crude 

product was purified over a silica gel column using ethyl acetate and toluene as 

eluent. 1 H NMR in CS2/CDCl3 (1:1 v/v), ä: 8.64, 7.72 (s (br), d, 2H, 2H,pyridine),

7.59, 6.61 (d, d, 2H, 2H, phenyl), 5.63, 5.00, 4.01, 3.50 (s, d, d, q, 1H, 1H, 1H, 
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1H, pyrrolidine and -CH2), 2.94 (s, 6H, -CH3). ESI-mass in CH2Cl2: calcd. 973.0, 

found 972.8. 

5-(N,N-phenylaminophenyl)-2-(methylene-4′-pyridyl)fulleropyrrolidine, 32:

To a 170 ml of toluene, 100 mg of C60, 120 mg of 4-

(diphenylamino)benzaldehyde (3 eq.) and 46 mg of 4-pyridylalanine (2 eq.) was 

added and the solution was refluxed for 18 h.  At the end, the solvent was 

removed under vacuum and the product was purified on a silica gel column using 

toluene:ethylacetate (7:3 v/v) as eluent.  Yield = 60%. 1H NMR (CDCl3, δ ppm): 

8.7??s broad, 2H, Py), 7.7 (d, 2H, py), 7.52 (d, 2H, Ph), 7.05 d, 2H, Ph), 6.9-7.2

(10H, N-2Ph), 5.69 (s, 1H) 5.05, 4.05 (d, d, 2H pyrolidine H), 3.5 (t, 2H, -CH2-Py).

ESI mass in CH2Cl2, calcd: 1097.5; found: m/z 1098.3.

5.3 Results and disscusions

Optical absorption studies

The ‘two-point’ binding in the self-assembled supramolecular triads 

was established from 1H NMR and UV-visible absorption spectralstudies.  UV-

visible absorption titrations involving either of porphyrins 26 or 27, and either of 

fullerenes, 30, 31 or 32 exhibited red shifted Soret and visible absorption bands 

with the appearance of isosbestic points,60 which was characteristic of axially 
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coordinated species.74,82  Typical spectral changes observed for 26 on increasing 

addition of 30 are shown in Figure 5.6.
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Figure 5.6: UV visible spectral changes observed for 26 (4.85 μM) on 
increasing addition of 30 (0.3 μM each addition) in o-DCB.  The figure inset 
shows the Scatchard plot of the data analysis monitored at 423 nm
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Job’s plots by the method of continuous variation confirmed 1:1 

complex formation.  The formation constants, K, for the porphyrin-fullerene

conjugates, determined from the UV-visible spectral data by Scatchard plots75

are listed in Table 5.1 .  The K values range (1 – 10) x 104 M-1 for the two point 

bound triads, and are an order of magnitude higher than that observed for the 

one-point bound through axial coordination of zinc tetraphenylporphyrin, ZnTPP 

dyads and triads.74,87 The higher values of K anticipated due to complex

formation as a result of ‘two-point’ binding motif.  Generally, the K values for 

fullerenes binding to 26 are larger than those involving 27.  This could be 

rationalized based on the strength of the hydrogen bonds between carboxylic

acid and pyrrolidino N-H groups for the former case compared with that between 

amide and pyrrolidino N-H groups in the latter case (Figure 5.7).
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Figure 5.7: Schematic diagram of interatomic H bond in triads
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Table 5.1: Formation constants calculated from Scatchard plots of absorbance 
data for the ‘two-point’ bound supramolecular dyads and triads in o-
dichlorobenzene at 298 K

a  See Figure 5.1 for structures of the porphyrin and fullerene derivatives
b  Error = + 10%
c 2-(4’-Pyridyl)fulleropyrrolidine (Chapter 2)

d   meso-Tetraphenylporphyrinatozinc(II) (Chapter 2)

DFT B3LYP/3-21G(*) studies

Density functional methods (DFT) at the B3LYP/3-21G(*) level

were employed for computational calculations.  In our calculations, all of the 

porphyrins-fullerenes complexes were fully optimized to a stationary point on the 

Born-Oppenheimer potential energy surface.  Figure 5.8 presents the optimized 

structures of representative 26:30, 26:31, 26:32 and 27:31 triads, from which the 

key geometric parameters were evaluated as given in Table 5.2 .

Compounda K,  M-1, b

30 31 32 4c

2d 6.8 x 103 7.8 x 103 9.8 x 103 7.7 x 103

26 4.2 x 104 10.0 x 104 7.7 x 104 1.3 x 104

27 6.1 x 104 3.1 x 104 5.1 x 104 1.1 x 104
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In the optimized structures, the distance between the zinc atom and 

nitrogen atom of pyridine was found to be 2.02 Å, close to that obtained earlier 

for the self-assembled C60Py:ZnP dyad by X-ray crystallography and shorter than 

the 2.06-2.09 Å Zn-N distances of the zinc porphyrin.  The inter-atomic distances 

Figure 5.8:  DFT B3LYP/3-21G(*) optimized structures of supramolecular 
triads: (a) 26:30, (b) 26:31, (c) 26:32 and (d) 27:31
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for the hydrogen-bonding functionalities, as shown in Figure 5.7, are also listed in 

Table 5.2 .  Short distances of H---O (H-bond-1 in Figure 5.7) and H---N (H-bond-

2) were observed suggesting the existence of hydrogen bonding in all of the 

investigated triads.  The hydrogen bonding also may cause short inter-atomic

distances of O---N (interatomic-1) or N---N and O---N (interatomic-2).  The 

center-to-center, Ct-to-Ct, distances between the entities were evaluated as a 

measure of spatial disposition of these photo- and redox-active entities. 

Table 5.2. B3LYP/3-21G(*) optimized geometric parameters of the investigated 
supramolecular triads.

Triad Ct-to-Ct Distance, Å

ZnP-C60
a ZnP-D2b C60-D2b H---Oc H---Nd O—Ne O--N f

or (N--N)f

26:30 12.29 11.73 11.26 2.06 1.57 2.86 2.61

26:31 12.27 11.02 9.42 2.04 1.57 2.85 2.61

26:32 12.25 10.86 9.42 2.02 1.58 2.84 2.61

27:31 12.33 11.43 9.23 1.89 2.09 2.86 2.96

a Zinc center to the center of fullerene sphere.
b D2 = central atom of the second donor (Fe for ferrocene and N for N,N-

dimethylaminophenyl and N,N-diphenylaminophenyl entities).
c H-bond –1 (See Figure 5.7). d H-bond –2 (See Figure 5.7).
e Interatomic-1 (See Figure 5.7). f Interatomic-2 (See Figure 5.7).
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 It was observed that the three entities of the triads were

approximately positioned in a triangular fashion with the entities 10-12 Å apart 

from each other.  This arrangement of the entities differed from the majority of 

the covalently linked triads reported in the literature where the entities were

arranged in a linear fashion.29  It is important to note that the Ct-to-Ct distances 

were slightly larger between ZnP and C60 compared to the distances between 

ZnP and the second electron donor entity. 

Electrochemical studies

Cyclic voltammetric (CV) studies were performed to evaluate the 

potentials of the different redox entities utilized to form the supramolecular triads 

as shown in Figure 5.9 .   The redox potentials corresponding to the oxidation 

(Eox) of ZnTPP were located at 0.28 and 0.62 V vs. Fc/Fc+ in o-dichlorobenzene

where as  the potentials corresponding to the reduction were located at -1.92 and 

-2.23 V vs. Fc/Fc+ respectively.  These potentials are not much different from the 

ZnP moieties in 26 and 27 employed in the present study.88 Its shows that there 

is little or no electronic interactions between the porphyrin π-system and the 

pendant amide or carboxylic acid groups.  During the cathodic scan, the

voltammograms of the functionalized fullerenes 30-32 revealed three one-

electron reductions (Ered) within the potential window of the solvent.  These 

waves were located at Ered = -1.17, -1.55 and -2.07 V vs. Fc/Fc for 30.  The first 

Ered values were located at = -1.17, -1.18 and -1.17 V vs. Fc/Fc for 30, 31, and

32 respectively.
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Figure 5.9: Cyclic voltammograms of compounds 30, 31, 32, and ZnTPP
(2) in o-DCB contains 0.1 M (n-C4H9)4ClO4.  Scan rate = 100 mV/s.
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During the anodic scan of the potential, peaks corresponding to the 

oxidation of the second electron donor entities were also observed.  For 30

bearing a ferrocene entity, the oxidation was fully reversible and was located at

Eox = 0.01 V vs. Fc/Fc+, which is lesser than Eox = 0.28 V of ZnTPP.  However, 

for compounds 31 and 32 bearing DMA and DPA entities, respectively, the 

oxidation process was found to be irreversible (Figure 5.9); the peak potentials 

were located at Epa = 0.38 V for 31 and Epa = 0.53 V vs. Fc/Fc+ for 32,

respectively.  The oxidation potentials of the different electron donors followed

the trend: Fc < ZnP < DMA < DPA.

A comparison between the redox potentials of the different entities 

suggest that the potential values of the primary electron donor, zinc porphyrin 

and the acceptor, fullerene entities remain almost the same irrespective of the 

macrocycle substitution and the appended second electron donor on the

fullerene.  That is, electronic effects of the pendant arm on the porphyrin and that 

of the second electron donor on the fullerene were quite small in the ground 

state.

The energy levels of the charge-separated states (ΔGRIP) were 

evaluated using the Weller-type approach utilizing the redox potentials, center-to-

center distance, and dielectric constant of the solvent as listed in Table 5.366.  By

comparing these energy levels of the charge-separated states with the energy 

levels of the excited states, the driving forces (ΔGCS) were evaluated (Table 5.3).
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The generation of ZnP.+:C60
.- is exothermic via 1ZnP* and 1C60* in o-

dichlorobenzene for all of the triads.  The negative driving forces for the 

generation of ZnP.+:C60
.- were also calculated via 3ZnP* and 3C60*.  The charge-

separation to D.+:C60
.- is exothermic via 1ZnP*; however, this charge-separated

state is lower than that energy level of 1C60* for 30 and 31, but not 32.  A hole

shift from ZnP.+ to Fc is possible in the supramolecule, but not in the case of 

DMA and DPA bearing triads. 

Table 5.3:  Energy levels of the charge-separated states (ΔGRIP), free-energy
changes for charge-separation (ΔGCS), and hole shift (ΔGHS) for supramolecular 
triads in o-DCB.

a ΔGRIP = Eox - Ered + ΔGS, where ΔGS = e2/(4πε0εRRCt-Ct) and ε0 and εR refer to 

vacuum permittivity and dielectric constant of o-dichlorobenzene.
b - ΔGCS = ΔE0-0 - ΔGRIP, where ΔE0-0 is the energy of the lowest excited states 

(2.07 eV for 1ZnP*, 1.72 eV for 1C60*.  Although the values of ΔGCS
T are not 

listed, they can be easily calculated using ΔE0-0  = 1.50 eV for 3ZnP* and 3C60*.

Porphyrins Fullerenes ΔGRIP(P-C)
 a

/eV

ΔGRIP(D-C)
 a

/eV

ΔGS
CS(P*-C)

b

/eV

ΔGS
CS(P-C*)

b

/eV

-ΔGHS(P-D)

/eV

26 30 1.33 1.05 0.74 0.39 0.28

31 1.35 1.41 0.72 0.37 -0.06
32 1.36 1.58 0.71 0.36 -0.22

27 30 1.33 1.05 0.74 0.39 0.28
31 1.35 1.41 0.72 0.37 -0.06

32 1.36 1.58 0.71 0.36 -0.22

2 31 1.35 0.74 0.39
2 4 1.35 0.74 0.37
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Emission studies

The photochemical behavior of the ‘two-point’ bound

supramolecular triads was investigated, first, by using steady-state fluorescence 

measurements. The fluorescence intensity decrease observed upon addition of 

either of compounds 30, 31 or 32 to an argon saturated o-dichlorobenzene

solution of zinc porphyrins, 26 or 27.  Representative fluorescence spectral

changes of 27 on increasing addition of 30 are shown in Figure 5.10

fluorescence intensity decreases until about 25 % of the original intensity without 

shifts of peaks.  The Stern-Volmer plots89 constructed from the fluorescence 

quenching data are shown in Figure 5.11, which exhibits an upward curvature at

higher concentrations of fullerenes.  The Stern-Volmer quenching constants, KSV

calculated from the linear segment of the plots at lower concentration of fullerene 

were 3-4 orders of magnitude higher than that expected for bimolecular diffusion-

controlled quenching.  Such large quenching rates indicate the occurrence of 

intramolecular quenching processes in these triads. The efficiency of quenching 

was much higher than that ‘single-point’ bound zinc porphyrin-fullerene dyads

studied in our lab.74,87
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Figure 5.10: Fluorescence spectra of 27 (4 μM) in the presence of 
various amounts of 30 (0.3 μM each addition) in o-DCB (λex = 549 nm).
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Figure 5.11: Stern-Volmer for the fluorescence quenching of (i) 27 by 
32 (? ), (ii) 27 by 30 (? ), (iii) 26 by 30 (?), (iv) 26 by 32 (♦), (v) 2 by 
30 (_ ), and (vi) 2 by 32 (? ) in o-DCB.
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The functionalized fullerenes, 30, 31 or 32 revealed a weak

fluorescence band in the longer wavelength region around 720 nm corresponding 

to the 1C60
* emission.90 The intensity of this band for each of the fullerene dyads, 

30, 31 or 32 was found to be much smaller than that observed for

fulleropyrrolidine bearing no second electron donor entity (viz., 2-phenyl

fulleropyrrolidine), suggesting charge-separation from the 1C60
* entity to the 

appended second electron donor.  Addition of zinc porphyrins, 26 or 27, to the 

solution of 30, 31 or 32, masked the weak fluorescence of the C60 entity by the 

tail of the strong fluorescence of the ZnP entity, prohibiting further data analysis.

Emission time-profiles of the singlet excited state of zinc porphyrins 

in the absence and presence of fullerenes are shown in Figure 5.12.  Zinc

porphyrin (2), 26, and 27 in deareated o-dichlorobenzene revealed mono

exponential decay with lifetimes of 1.92, 1.97, and 2.35 ns, respectively.  Upon 

forming the supramolecular triads by complexing with the functionalized

fullerenes, two-component fluorescence decays of ZnP were observed.  The 

quick fluorescence decay could arise either due to the charge-separation or 

energy transfer from the 1ZnP* moiety to the C60 moiety in supramolecular triads.

In a control experiment, no clear shortening of the fluorescence lifetime of ZnTPP 

was observed for a dyad formed by coordinating C60py (bearing no hydrogen 

bonding entity and second electron donor entity) to ZnP, indicating that the 

hydrogen bonding and the second electron donor are essential to accelerate the 

fluorescence quenching.  The slow fluorescence decay rates seem to be similar 
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to the ZnTPP moiety, and hence may be attributed to the uncomplexed ZnP 

moiety.  The fraction of the short fluorescence lifetime for 26 having larger K

value was larger than that for 27 having smaller K value.

In order to verify the occurrence of energy transfer from the 1ZnP*

to the fullerene entity, time-resolved fluorescence spectra of a representative 

supramolecular triad, 26:32 was recorded in o-dichlorobenzene.  As shown in 

Figure 5.13, the time-resolved fluorescence spectrum of 26:32 at 0.1 ns time-

interval, e.g., immediately after excitation revealed bands at 600 and 650 nm 

corresponding to the singlet emission of the ZnP moiety.  After a time interval of 

2.0 ns, the spectral features were found to be unchanged with no new peaks 

around 720 nm corresponding to the emission of the C60 moiety.  These results 
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Figure 5.12: Fluorescence decay profile of (i) 26 and (ii) 26 in the presence 
of 2 equivalents of 32 in o-DCB: λex = 410 nm and λem = 600 nm
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suggest absence of energy transfer from the 1ZnP* moiety to the C60 moiety as a 

possible fluorescence quenching mechanism in the supramolecular triads. 

In the absence of any energy transfer, the observed short

fluorescence lifetimes of 1ZnP* were attributed to the occurrence of an electron-

transfer process within the supramolecular triads.  The charge-separation rate-

constants (kCS) and quantum yield (ΦCS) via 1ZnP* were evaluated in the usual 

manner employed in the intramolecular electron-transfer process (chapter 3, equ 

3.4 and 3.5).74 Higher values of both kCS and ΦCS were obtained for all of the 

studied supramolecular triads (Table 5.4).

Figure 5.13: Time-resolved fluorescence spectra of the supramolecular 
triad 26:32 in o-DCB
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In agreement with the steady-state fluorescence behavior, the

lifetimes of fullerenes 30-32 were found to be efficiently quenched.  The lifetime 

of fullerenes, 31 and 32 was found to be 250 and 150 ps, respectively, as major 

fractions (60 – 80 %) in two-component decays.  These lifetimes are shorter than 

those of fulleropyrrolidines bearing no electron donors (1300 ns),90 suggesting 

occurrence of charge-separation between the C60 and the second electron donor 

via the 1C60* moiety.  These lifetimes gave the kCS and ΦCS values via the 1C60*

moiety to be (3.4 – 6.0) x 109 s-1 and 0.82 - 0.89, respectively. In the case of 30,

fluorescence lifetimes of the 1C60* moiety was too short to observe suggesting 

efficient charge-separation between Fc and the 1C60* moiety.  Further analysis of 

the data in the presence of zinc porphyrins, 26 or 27, could not be accomplished 

since the strong ZnP emission masked the weaker C60 emission.
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Table 5.4: Fluorescence lifetimes (t f),a  quenching rate constants (kCS)b, and 
quenching quantum yields (ΦCS)b via 1ZnP*, and charge recombination rate 
constants (kCR) for supramolecular triads in o-DCB

Porphyrins Fullerene

s

Lifetimes/p

s

kCS
c/s-1 ΦCS

c kCR/s-1(τRIP/ns) kCS/kCR

26 30 160  (62%)

2550 (38%)

5.8 x 109 0.93 5.6 x 106 (170) 1040

31 e 110 (75%) d

2280 (25%)

8.6 x 109 0.99 1.0 x 108 (10) c,

5.4 x 106 (190)

86

1600

32 130  (65%)

2700 (35%)

7.3 x 109 0.94 4.5 x 106 (220) c 1600

27 30 80 (51%)

1500 (49%)

7.8 x 109 0.96 4.9 x 107 (20) c 160

31 69 (81%)

1600 (19%)

1.4 x 1010 0.96 3.1 x 107 (30) c 100

450

32 104 (60%)

1700 (40%)

1.0 x 1010 0.94 4.6 x 107 (20) c 200

2 31 71 (27%)

2030 (73%)

------ ----- 3.4 x 107 (30) -----

2 4 1850

(100%)

< 2 x 107 <0.04 ----- ------
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a The singlet lifetime of ZnTPP, 1 and 2 (see Scheme 1 for structures) in

deareated o-dichlorobenzene were found to be 1.92, 2.35 and 1.97 ns,

respectively.
b Chapter 3 ( equ.  )
c These values calculated from the fast decay component.

Nanosecond transient absorption studies

Figures 5.14 shows transient spectra and time profiles obtained for 

the triads 26:32 and 26:30.  The spectrum recorded at 100 ns after the laser light 

pulse showed the radical anion of the C60 moiety around 1020 nm.22,24 The

absorption bands at 700 and 870 nm correspond to the triplet states of C60 and 

ZnP, respectively.70-72 The absorption band of zinc porphyrin cation radical,

expected to appear around 625 nm, was masked by the peaks of the ZnP

fluorescence in the 500 – 650 nm region.  Furthermore, the absorption band of the 

cation radical of ZnP may be overlapped with the absorption bands of the triplet 

states of the C60 and ZnP-moieties in this wavelength region.  The time profile 

monitored for the C60
•- entity at 1020 nm91 band revealed complete decay of the 

C60
•- moiety within about 2 μs thus giving the charge-recombination rate constants, 

kCR of (4.5 – 5.6) x 106 s-1.  The lifetimes of the charge-separated states (τRIP)

evaluated from the kCR values (τRIP = 1/ kCR) were found to range from 170 to 220 

ns.  On the other hand, the absorption bands in the region of 700 – 850 nm did not 
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show appreciable decay within 1.5?μs due to the overlap of the triplet absorption 

bands in the wavelength range.

Transient absorption spectra obtained for the triads 27:32 and 

27:30 are shown in Figure 5.15.  A quick decay was observed in the 1020 nm 

region, while the 700 – 850 nm region exhibited slow decay typical of the triplet 

absorption bands.90  From the plots of the absorbance at 10 ns, the quick decay 
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Figure 5.14: Transient absorption spectra obtained by 532 nm laser 
light photolysis of 26 (0.05 mM) with (a) 32 (0.05 mM) and (b) 30 (0.05 
mM) in o-DCB
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process at the 1020 nm band has been attributed to the charge-recombination.

From the analysis of the decay curve the kCR values were calculated to be in the 

range of 4.6 – 10 x 107 s-1, which resulted in the τRIP values shorter than 20 ns.

Additionally, the kCR values obtained using donor 26, were found to be smaller 

than those obtained by using donor 27 suggesting that larger K values correlate 

with longer τRIP values.

The nanosecond transient absorption spectra of the fullerene

derivatives, 31 and 32, in the absence of added ZnP revealed a peak at 700 nm 

corresponding to the formation of 3C60*-D2, but not at 1000 nm region

corresponding to C60
.-, suggesting the occurrence of rapid charge-recombination

of C60
.--D2.+ going to 3C60*-D2 in o-dichlorobenzene.  In the case of 30, the 

transient absorption band of 3C60*-D2 at 700 nm was not observed, suggesting 

rapid charge-recombination of C60
.--D2.+ leading to the ground state C60-D2

species in o-DCB.92   On complexing these fullerene derivatives with zinc

porphyrins 26 or 27, the transient absorption spectra revealed features similar to 

the ones shown in Figure 5.15, when the samples were excited with a 335 nm 

laser light for selective excitation of C60.  These observations indicate that the 

rate of through-space hole shift from C60
. --D2.+ to ZnP entity is not fast enough 

compared with the rapid through-bond charge-recombination in the

supramolecular triads. 
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The ratio of the experimentally determined charge-separation rate 

via 1ZnP* to the charge recombination rate, kCS/kCR, a measure of excellence of 

charge stabilization, in the studied triads is given in Table 4.  Such analysis

indicates better charge stabilization in the triads having larger K values.  That is, 

triads formed by donor 26 having a pendant carboxylic acid group H-bonded to 

the fulleropyrrolidine N-H site, in addition to the coordination of pyridine to the Zn 

center.  This ratio for triads involving carboxylic acid on porphyrins is almost

Figure 5.15: Transient absorption spectra of 27 (0.1 mM) in the
presence of 32 (0.12 mM) in Ar-saturated o-DCB by the excitation of 
532 nm laser light.
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similar to that obtained for covalently linked dyads involving the ZnP and C60

moieties.45 This effect is better defined in the case of carboxylic acid functionality 

bearing ZnP:C60-DMA and ZnP:C60-DPA triads.  The second electron donor

attached to C60 moiety also seems to affect indirectly the photophysical events of 

the conjugates as hole transfer reagents.

Energetic considerations and charge stabilization

The energy level diagram for the occurrence of electron transfer 

from the singlet excited zinc porphyrin is shown in Figure 5.16.  The values of 

different energy levels are cited from Table 5.3.  Electron transfer from the singlet 

excited zinc porphyrin to the fullerene entity to create the initial radical ion-pair,

ZnP.+:C60
.- is energetically favorable for all of the studied triads.  A hole transfer 

from the ZnP.+ to the second electron donor (D2) is energetically favorable in 

case of 30 bearing ferrocene as second electron donor moiety.  Thus, the 

observed kCR values may include both a CR-1 process for ZnP.+:C60
.- and hole-

shift process to D2.+:C60
.-.  Unfortunately, in the present study, we could not 

detect transient spectral signals of the ferrocene cation because of its low molar 

absorptivity.31   Considering the lower energy levels of ZnP.+:C60
.--D2 compared 

to those of ZnP:C60
.--D2.+ for DMA and DPA, a hole transfer from the ZnP+. to 

DMA and DPA is not conceivable.
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Electron transfer from the second electron donor, D2 to the singlet 

excited C60 is also possible in these triads, generating ZnP:C60
.--D2.+.

Furthermore, hole-shift process to ZnP.+:C60
.--D2 is thermodynamically possible 

for DMA and DPA.  However, we could not obtain such experimental

verifications, since the charge-recombination of ZnP:C60
.--D2.+ seems to be faster

than the hole-shift process.  Additionally the time-resolved fluorescence studies 

hνa

2.0

1.0

eV

0.0

(1.3-1.4 eV) (1.05 eV)

(1.41 eV)

(1.58 eV)

(2.07 eV)

D2

ZnP:C60

D2
1ZnP*:C60

Fc
ZnP.+:C60

.-

DPA.+

ZnP:C60
.-

Fc+

ZnP:C60
.-

DMA.+

ZnP:C60
.-

DMA
ZnP.+:C60

.-

DPA

ZnP.+:C60
.-

CS

CR-2

HS

CR-1

D2
ZnP:3C60*

ZnP:1C60*
(1.72 eV)

(1.50 eV)

D2

D2
3ZnP*:C60

(1.50 eV)

hνa

CS

Figure 5.16: Energy-level diagram showing the different photochemical
events of the investigated supramolecular triads
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revealed that the energy transfer from the singlet excited ZnP to C60 was a minor 

process in the presently investigated triads. 

5.4 Summary

Supramolecular triads have been formed by the ‘two-point’ binding 

strategy involving axial coordination and hydrogen bonding. From UV-Vis

spectral data higher binding constants were achieved when compared to the zinc 

porphyrin-dyad with ‘one point’ metal-ligand axial coordination. The B3LYP/3-

21G(*) studies revealed structures of the triads in which the different entities 

were arranged in a triangular fashion.  Electrochemical studies allowed

evaluation of the redox potentials of the different entities and the oxidation

potential of the second electron donor of the triads followed the trend: ferrocene 

< N,N-dimethylaminophenyl < N,N-diphenylaminophenyl.  Time-resolved

emission studies revealed efficient charge separation from the singlet excited 

state of zinc porphyrin in the studied triads.  Nanosecond transient absorption 

studies provided proof of electron transfer and revealed slower charge

recombination in the case of triads having hydrogen-bonding with the carboxylic 

acid group.  In the case of triads having amide hydrogen-bonding, appreciable 

prolongation of the charge-separated state was not observed.  The ratio of the 

experimentally measured kCS/kCR values revealed ability of some of these triads 

for light induced generation of charged species, especially in the case of

porphyrins bearing carboxylic acid functionality. The second electron donor 
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attached to C60 moiety also seems to affect indirectly the photophysical events of 

the conjugates as hole transfer reagents.
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CHAPTER 6

SPECTROSCOPIC, ELECTROCHEMICAL, COMPUTATIONAL, CRYSTALLOGRAPHIC AND 
PHOTOCHEMICAL STUDIES OF A SELF-ASSEMBLED MAGNESIUM PORPHYRIN-

FULLERENE CONJUGATE

6.1 Introduction

The X-ray structures of bacterial photosynthetic reaction centers 

have revealed that the electron donor and acceptor entities are arranged via non-

covalent incorporation into a well-defined protein matrix.18-19,93-95  The light

induced electron transfer and energy transfer events occur between these well 

organized pigments via inter and intramolecular interactions with high quantum 

efficiency. 18-19,93-95    Development of relatively simple donor-acceptor model 

systems with long-lived charge separated states is one of the important goals of 

chemistry in recent years.2-6,12,15,96  In order to achieve efficient charge

separation,  artificial photosynthetic systems with well-adjusted energies of the 

donor and acceptor molecules, and finely tuned electronic coupling between the

these entities have been elegantly designed and studied.

Fullerenes have been widely utilized as electron acceptors,25-28,96

due to their three dimensional structure, rich redox chemistry, and small

reorganization energy associated in electron transfer reactions. Zinc porphyrins 

and zinc phthalocyanines have been widely utilized as electron donors to

construct donor-fullerene dyads.20-28 Several covalently and noncovalently linked 

zinc macrocycle-fullerene dyads have been synthesized and studied. Among the 
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different noncovalent binding approaches, zinc-ligand axial coordination by a 

fullerene functionalized to possess a nitrogenous ligand is one of the popular 

approaches.22,24,45,74  ‘Simple’ supramolecular dyads and triads involving just one 

or multiple modes  of binding to ‘complex’ donor-acceptor entities, have been 

developed and studied by this approach.  The complex supramolecular dyads 

and triads were designed to control the distance and orientation of the entities

and, also, to create long-lived charge separated states.59,74,82

To further our understanding of the structure-reactivity aspects and 

the associated free-energy changes on photoinduced charge separation and 

charge recombination, varying the metal ion of the porphyrin cavity is another 

choice of interest.  However, only a handful of metalloporphyrins are

fluorescent.53  Among them, magnesium porphyrin is known to be a fluorescent 

compound as it possesses a diamagnetic metal ion in the porphyrin cavity.54

Magnesium porphyrins offer a few advantages over the widely studied zinc

porphyrins, mainly  higher fluorescence quantum yields and longer excited state 

lifetimes,55  easy to oxidize, and finally its ability to bind up to two axial ligands.61

Hence, utilization of magnesium porphyrins in building self-assembled

supramolecular donor-acceptor complexes is a topic of interest which has been 

explored.

 In the present study, we have utilized the well-established metal-

ligand axial coordination approach to form a self-assembled magnesium
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porphyrin-fullerene(s) dyad (Figure 6.1).  For this, a fullerene bearing an

imidazole entity, C60Im (5), has been employed to axially coordinate to

magnesium tetraphenylporphyrin, MgTPP (3) in a noncoordinating solvent, o-

DCB.  This imidazole appended fullerene has been chosen over a pyridine 

appended fullerene because of its increased ability to form stable coordination 

bonds with metal ions in the porphyrin cavity.74, 79

The binding constant, stoichiometry, and electronic structure were 

deduced from spectroscopic, X-ray crystallographic, computational and

electrochemical studies.  Photochemical events occurring from the singlet excited 

MgTPP to the axial coordinated fullerene in the supramolecular complex were 

monitored by steady-state and time-resolved emission, and nanosecond

transient absorption studies.

Figure 6.1: Structure of the 1:1 and 1:2 supramolecular complexes of 
MgTPP (3) and C60Im (5)



156

6.2 Results and discussions 

X-Ray crystal structure 

Slow evaporation of a solution mixture of CS2, CHCl3, CH2Cl2 and 

hexanes containing 3 and 5 of 1:1.2 molar ratio yielded well-defined dark purple 

crystals that were subsequently handled in air. X-Ray crystal structure was solved 

in collabaration with Prof. Douglas R. Powell of The University of Kansas.  A purple 

needle-shaped crystal of dimensions 0.31 x 0.04 x 0.03 mm was selected for

structural analysis.  Intensity data for this compound were collected using a Bruker 

APEX ccd area detector98-99 using graphite-monochromated Mo Kα radiation (λ = 

0.71073 Å.  The sample was cooled to 100(2) K.  The intensity data were

measured as a series of ω oscillation frames each of 0.3 ° for 90 sec / frame.

Coverage of unique data was 99.6 % complete to 15.26 degrees in θ.  Cell

parameters were determined from a non-linear least squares fit of 2037 peaks in 

the range 2.18 < θ < 15.26°.  A total of 18363 data were measured in the range 

2.26 < θ < 15.26°.  The data were corrected for absorption by the semi-empirical

method11 giving minimum and maximum transmission factors of 0.910 and 0.991.

The data were merged to form a set of 6969 independent data with R(int) = 

0.0614.  The monoclinic space group Pn was determined by systematic absences 

and statistical tests and verified by subsequent refinement.  The structure was 

solved by direct methods and refined by full-matrix least-squares methods on 

F2.100-101
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 Hydrogen atom positions were initially determined by geometry and 

refined by a riding model. Non-hydrogen atoms were refined with anisotropic

displacement parameters.  Hydrogen atom displacement parameters were set to 

1.2 (1.5 for methyl) times the displacement parameters of the bonded atoms.  A 

total of 2069 parameters were refined against 5990 restraints and 6969 data to 

give wR(F2) = 0.3768 and S = 1.114 for weights of w = 1/[σ2 (F2) + (0.1800 P)2 + 

240.00 P], where P = [Fo2 + 2Fc2] / 3.  The final R(F) was 0.1297 for the  4477 

observed, [F > 4σ(F)], data.  The largest shift/s.u. was  0.018 in the final refinement 

cycle.

(a) (b)

Figure 6.2: Projection diagrams of the 3:5 complexes with 50% thermal 
ellipsoids. Figure (a) and (b) represent the two crystal forms. The co-
crystallized solvents are not shown for clarity
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The final difference map had maxima and minima of 0.676 and -

0.624 e/Å3, respectively.  The absolute structure was determined by refinement of 

the Flack parameter.102  The polar axis restraints were taken from Flack and 

Schwarzenbach.103

Figure 6.3: Packing diagram of the investigated 3:5 complex
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In agreement with the solution structure, which willl be discussed 

later in this chapter;  the X-ray structural analysis of the crystals revealed a 1:1 

stoichiometry, however, two forms of slightly varying structures were observed.

Figure 6.2 shows the structures of these magnesium porphyrin-fullerene dyads

while the packing diagram is shown in Figure 6.3. The crystallographic data is 

summarized in table 6.1 and positional parameters, bond distances, and bond 

angles are given in Appendex.  In the crystal structure, the average distance

between Mg and axially coordinated imidazole nitrogen was found to be 2.131 +

0.002 Å, which compared with a 2.077(5) Å average distance of the porphyrin ring 

Mg-N bonds, and a 2.158 Å which was previously  for the axial Zn-N bond of 

pyridine functionalized fullerene coordinated to zinc tetraphenylporphyrin.104  The 

edge-to-edge distances, that is, the closest distance between the porphyrin π-ring

carbon and the C60 carbon were found to be 9.024 and 9.269 Å, respectively, for 

the two structures.  The center-to-center distance between the magnesium and 

fullerene was 13.296 Å irrespective of the structural forms.  These edge-to-edge

distances and center-to-center distance were larger by ~5.94 Å and 3.77 Å,

respectively, compared to the earlier reported Zn porphyrin-pyridine appended

fullerene structure,104 due to the presence of the phenyl spacer between the 

imidazole and fulleropyrrolidine of the investigated dyad.  The N-methylpyrrolidine

ring on the fullerene spheroid revealed a syn-trans conformation.  The 6:6 ring 

carbon atoms of the fullerene to which the pyrrolidine ring attached was ~0.25 Å

away from the normal C60 spheroid.  The porphyrin ring was also slightly ruffled 

(umbrella mode) with nearly 0.355 Å out-of-plane (defined by the four porphyrin 
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ring nitrogens) displacement of the central magnesium because of axial

coordination.

Table 6.1: Crystal Data for the 3:5 dyad.

________________________________________________________________
______
Empirical formula (C116H42MgN7) ⋅ (CH2Cl2)2 (C H Cl3) (C6 H14)
                                                       C125 H61 Cl7 Mg N7

Formula weight 1933.27
Crystal system Monoclinic
Space group Pn
Unit cell dimensions a = 13.672(16) Å α= 90°

b = 35.32(4) Å β= 106.06(2)°
c = 18.14(2) Å γ= 90°

Volume 8418(17) Å3

Z, Z' 4, 2
Density (calculated) 1.525 Mg/m3

Wavelength 0.71073 Å
Temperature 100(2) K
wR(F2 all data)a wR2 = 0.3768
R(F obsd data) R1 = 0.1297
________________________________________________________________
___
awR2 = { Σ [w(Fo2 - Fc2)2] / Σ [w(Fo 2)2] }1/2

R1 = Σ ||Fo| - |Fc|| / Σ |Fo|

In the crystal packing, additional inter-complex type interactions

between magnesium porphyrin and C60 unit that is not directly coordinated to the 

magnesium but located on the other side of the porphyrin ring were observed 

(Figure 6.3).  That is, the inter-complex distances between the porphyrin ring 
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atoms and C60 carbons were shorter than the calculated van der Waals distances.

The central magnesium to the closest C60 carbon was located at 3.067 Å and 

3.123 Å, respectively, for the two structure forms.  In addition, the porphyrin ring 

revealed powing in one direction to accommodate the fullerene spheroid, that is, a 

concave host with a complementary convex guest type binding was observed.

These results indicate the existence of significant amounts of inter-complex

interaction in addition to the strong axial coordinate interactions in the investigated 

self-assembled supramolecular dyad.  As mentioned earlier, in the case of co-

crystallized porphyrin-fullerene structures, frequently, a fullerene 6:6 ring juncture 

‘double bond’ was found to be aligned with a trans N…N vector of the porphyrin 

ring.105

Optical absorption studies

The spectral features of 3 are similar to that of ZnTPP in o-

dichlorobenzene with an intense Soret band ~430 nm and two visible bands 

located at 565 and 605 nm, respectively.  It is known from earlier studies63

(Chapter 3) that MgTPP, upon penta-coordination exhibits increased Soret

intensity with slightly red shifted (3-6 nm) visible bands, while the hexa-

coordinated MgTPP exhibits both red shifted Soret (shift of about 10 nm) and 

visible bands (10-18 nm shift).61,63
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Figure 6.4: Spectral changes observed during the titration of 3 (6.62 μM) on 
increasing addition of 5 (1.31 μM each addition) in o-DCB.  The inset figure 
shows the Benesi-Hildebrand plot for the change of absorbance at 430 nm
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Figure 6.4 shows the UV-visible optical absorption spectral

changes observed during the complexation of 5 with 3.  Upon addition of 5 to a 

solution of MgTPP (3), the Soret band revealed an increased intensity while the 

visible bands were red shifted by < 3 nm.  These spectral features are

characteristic of a penta-coordinated species.61 Additional titrations using higher

concentration of 3 with increased addition of 5 (Figure 6.5) revealed a small red 

shift of visible bands with isosbestic points located at 550, 597 and 603 nm, 

respectively, which indicates the formation of a penta-coordinated complex.
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Figure 6.5: Spectral changes observed during the titration of 3 at higher 
concentration of with increased addition of 5 in o-DCB.
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Our attempts to obtain a hexa-coordinated 1:2 supramolecular

complex between 3 and 5 were not fully successful.  This is because the higher 

concentrations of 5 utilized to form the hexa-coordinated complex masked the 

spectral features associated with 3 absorption bands.  Hence, accurate spectral 

characterization was not possible, although at equilibrium conditions the

existence of small amounts of hexa-coordinated species is conceivable.  It may 

also be mentioned here that extending the spectral region to 1100 nm, revealed 

no new charge transfer bands for the 3:5 dyad suggesting absence of π−π  type 

interactions between porphyrin π-system and fullerene spheroid in the ground 

states.

The Benesi-Hildebrand plot78 constructed from the absorbance data 

revealed a straight line with a K1 value of 9.2 + 0.3 x 103 M-1 (Figure 6.4 inset) 

indicating fairly stable complex formation.  The binding constant K1 is larger than 

the product K1K2 for many studied axial ligands.61,63  Hence, large concentration 

of the complexing agent (1000 fold increase) was needed to observe the hexa-

coordinated MgTPP complex.

DFT B3LYP/3-21G(*) studies.

To gain insights into the molecular geometry and electronic

structure, computational studies were performed by using DFT B3LYP/3-21G(*)

method on the 3:5  dyad.  We have selected a DFT method over a Hartee Fock 
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method because of the former’s accuracy in predicting physico-chemical

properties as demonstrated on a number of molecular and supramolecular

complexes.24,58-59,63 For this, first, both the starting compounds, 3 and 5 were fully 

optimized to a stationary point on the Born-Oppenheimer potential energy

surface and allowed to interact.  The geometric parameters of the conjugates 

were obtained after complete energy minimization.  Figure 6.6 shows the

calculated B3LYP/3-2G(*) structures for the 3:5 dyad. 

 The Mg�N distance of the newly formed axial coordination bond 

was computed to be ~ 2.06 Å which was similar to the bond distances of the four 

other Mg-N bonds of the magnesium porphyrin ring.  The Mg was pulled out of 

the porphyrin ring by about 0.45 Å after axial bond formation.  From the X-ray

structural data, the pulling of the metal out of porphyrin plane in case of 1:1 

adducts, having square pyramidal geometry, is well-known.106  The center-to-

center distance was ~12.42 Å while the edge-to-edge distance between the 

porphyrin macrocycle and C60 entity was found to be 8.99 Å.  These values are 

not significantly different from data reported earlier for the 2:5 dyad74 studied in 

our lab.  The B3LYP/3-21G* calculated gas phase bond dissociation energy for 

the newly formed axial coordinate bond, that is, the energy difference between 

the dyad and the sum of the energies of 3 and 5, was found to be 124.3 kJ mol-1.

No basis set superposition error (BSSE) corrections were made, so it is probable 

that this value is too high (but can be compared to earlier dissociation energies 

calculated by the same method).74,79
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Figure 6.6: DFT  B3LYP/3-21G(*) optimized (a) structure (ball and stick ),

 and (b) frontier HOMO-1, HOMO, LUMO and LUMO+1 orbitals of the 3:5 dyad.
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The frontier HOMOs and LUMOs for the investigated dyad were 

also obtained by the B3LYP/3-21G(*) method as shown in Figure 6.6(b).  The 

majority of the orbital distributions of the HOMO and HOMO-1 were found to be 

located on the MgTPP entity with a very small orbital coefficient on the axial 

imidazole ligand. The majority of the orbital distributions of the LUMO and

LUMO+1 were located on the C60 spheroid.  The absence of HOMO’s on C60 and 

LUMO’s on the porphyrin macrocycle, suggest weak or no charge-transfer

interactions between MgTPP and C60Im entities in the ground state.  These 

results also suggest that the charge separated state in electron transfer reactions 

of the supramolecular complex is C60Im•-:MgTPP•+.  The orbital energies of the 

HOMO and the LUMO were found to be -4.61 and -3.52 eV which resulted in a 

gas phase ‘HOMO-LUMO gap’ of 1.09 eV.  This HOMO-LUMO gap agrees fairly 

with the electrochemically measured HOMO-LUMO gap.

Electrochemical studies

Determination of the redox potentials in the newly formed donor-

acceptor dyad is important to evaluate the energetic of electron transfer reactions 

and ground state interactions. The cyclic voltammetric technique was employed to

evaluate the redox behavior of the self-assembled dyad 3:5.  In o-DCB containing 

0.1 M (n-C4H9)4NClO4, 3 revealed two oxidations located at E1/2 = 0.07 and 0.46 V 

vs. Fc/Fc+, respectively.  Based on the peak-to-peak separation, ΔEpp values and the 

cathodic-to-anodic peak current ratio, both of the redox processes of 3 were found to 

be electrochemically and chemically reversible.65 The first reversible reduction of 3
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was located at -2.12 V.  An irreversible cathodic pre-wave located at Epc = -2.03 V 

was also observed.  The identity of this pre-wave was not fully clear.
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Figure 6.7: Cyclic voltammograms of 3 (0.05 mM) in the presence of (i) 0.25, 
(ii) 0.50, (iii) 0.75, (iv) 1.0, (v) 1.6 and (vi) 2.2 equivalents of 5 in o-DCB
containing 0.1 M (n-C4H9)4NClO4.  Scan rate = 100 mV s-1.  The site of electron 
transfer corresponding to each redox couple is shown on the top of the
voltammograms.
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The first oxidation potential of 3 located at 0.07 V compares with the 

first oxidation potential of 2 at 0.28 V under similar solution conditions, which

indicating MgTPP is a better electron donor than ZnTPP by 210 mV.  Addition of 5

revealed anodic shift of the first oxidation process of MgTPP as shown in Figure 6.7.

After addition of about 2.2 equivalents of 5, a new redox process at E1/2 = 0.17 V vs. 

Fc/Fc+ corresponding to the first oxidation of axially ligated 3 was observed, whereas 

no significant change in the second oxidation potential of 3 was noticed.  The 100 

mV anodic shift of the first oxidation potential of 3 upon addition of 5 is noteworthy 

since similar titrations involving 2 and 5 results changes less than 20 mV.74  The 

reduction potentials of 5 upon coordination to 3 did not reveal any significant

changes suggesting absence of π−π  type charge transfer interactions between the 

porphyrin and C60 entities.  The ‘HOMO-LUMO gap’ calculated using the first

oxidation of MgTPP and the first reduction of C60 in the dyad was found to be 1.21 V 

which agrees fairly well with the computationally calculated gas phase HOMO-

LUMO gap of 1.09 V.

The free-energy change for electron transfer was calculated by expressions 

used in previous chapters (Eq. 3.1 and 3.2).   The ΔGcs
o value thus calculated for 

the 3:5 dyad was found to be -0.90 eV indicating exothermic photoinduced 

electron transfer from the 1MgTPP*to C60 in o-dichlorobenzene.
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Emission studies

The photochemical behavior of the 3:5 dyad was investigated first,

by using steady-state fluorescence measurements.  In an argon saturated o-

DCB, compound 3 revealed two emission bands located at 613 and 667 nm 

corresponding, respectively to the (0,0) and (0,1) transitions.  These emission 

bands are red shifted by 15-20 nm when compared to the corresponding 2

emission bands under similar solution conditions.  On addition of C60Im (5) to an 

argon saturated o-DCB of MgTPP, the fluorescence intensity decreased over 95 

% of the initial intensity (Figure 6.8).  Scanning the emission wavelength to 

longer wavelength regions (700-775 nm) revealed a weak emission band at 720 

nm corresponding to the singlet emission of the fulleropyrrolidine moiety. The

intensity of this band increased with increased concentration of the

fulleropyrrolidine.  This could be due to either the direct excitation of C60Im at the 

excitation wavelength of MgTPP or due to the occurrence of energy transfer from 

1MgTPP* to C60Im.  Changing the excitation wavelength from 567 nm to 420 nm 

also revealed similar observations with slightly enhanced emission of

fulleropyrrolidine due to its higher absorbance at 420 nm.

The binding constant for the supramolecular complex formation

was evaluated by creating a Benesi-Hildebrand plot78 using the quenching data.

As shown in Figure 6.8(b), the plot yielded a straight line in the employed 

concentration range which is in agreement with the formation of 1:1

supramolecular complex.  The binding constant, K1, calculated was found to be
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Figure 6.8: (a) Fluorescence spectra of 3 (5.85 μM) in the presence of various 
amounts of 5 (8.78 μM each addition) in o-DCB (λex = 565 nm).  (b) Benesi-
Hildebrand analysis of the fluorescence data.  (c) Stern-Volmer plot for the 
fluorescence quenching of 3 at 615 nm by 5.



172

1.5 + 0.3 x 104 M-1, which is agreement with that calculated from the optical data 

shown in Figure 6.4.

Figure 6.8 (C) shows the Stern-Volmer plot89 for the quenching of 3

(MgTPP) by 5 (C60Im).  The plot revealed a higher slope, indicating the

occurrence of efficient quenching.  The Ksv value calculated from the linear

segment of the plot was found to be 2.8 x 104 M-1, from which the quenching rate 

constant (kq) was calculated to be 5.6 x 1012 M-1 s-1 by employing the

fluorescence lifetime of 5 ns for 1MgTPP*.  This kq value is nearly 3 orders of 

magnitude higher than what was expected for intermolecular type diffusion

controlled quenching (kdiff = 3.6 x 109 M-1 s-1 in o-DCB (η = 1.32 cP)). These 

results clearly demonstrate the occurrence of intramolecular quenching process 

in the 3:5 supramolecular dyad.

Further, the fluorescence of C60Im (5) was monitored at 720 nm by 

exciting the samples at 380 nm where the majority of the fulleropyrrolidine was 

excited.  It was observed that in o-dichlorobenzene on addition of excess of 3 (10 

eq), the emission intensity of fulleropyrrolidine at 720 nm was quenched less 

than 5 % of its original intensity.  This result suggests the absence of appreciable 

photochemical events occurring from the singlet excited fulleropyrrolidine to the 

bound MgTPP. To further evaluate the kinetics of the photoinduced processes 

and to characterize the photochemical products, picosecond time-resolved
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emission and nanosecond transient absorption studies were performed on the 

3:5 dyad.

The fluorescence decay-time profile of compound 3 monitored at 

613 nm revealed a mono-exponential decay (Figure 6.9), from which the

fluorescence lifetime (τf) of MgTPP was evaluated to be 5.0 ns.  The relatively 

long-lived singlet excited state of MgTPP compared to the lifetime of the widely 

used ZnTPP (2.1 ns in o-dichlorobenzene) in donor-acceptor dyads shows the 

importance of MgTPP as a better photo-sensitizer.

Figure 6.9: Fluorescence decay profiles of 3 (0.03 mM) at 615 nm in the 
presence of (a) 0.0, (b) 0.10, (c) 0.30, and (d) 0.60 mM 5 in o-DCB. λex = 400 
nm.
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The time-resolved fluorescence spectral features of the

C60Im:MgTPP dyad tracked that of the steady-state measurements and the 

emission decay could be fitted satisfactorily to a bi-exponential decay.  The fast 

decaying component had a lifetime (τf) of 0.09 ns while the slow decaying

component had a lifetime (τf) of 5.0 ns which is close to that of pristine MgTPP.

Increasing the concentration of 5 increased the fraction of the fast decaying 

component (Table 6.2), thus confirming that this component is due to the 

presence of 3:5 in solution.  Indeed, the fractions of the short fluorescence 

lifetimes are in good agreement with those calculated using K1 as listed in Table 

6.2.
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Figure 6.10: Time resolved fluorescence spectra of C60Im:MgTPP

(0.10:0.03 in mM) in o-DCB.
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The quenching in o-DCB could occur either from a charge-

separation process or from an energy transfer process from the 1MgTPP* to 

C60Im within the supramolecular complex.  The calculated negative ΔGCS value 

support the charge-separation process in o-DCB.  Additionally, time-resolved

emission studies were performed to examine the occurrence of energy-transfer

process from 1MgTPP* to C60Im.  As shown in Figure 6.10, the time-resolved

emission spectrum recorded at the time interval of 0.5 ns did not reveal

appreciable fluorescence enhancement of the fulleropyrrolidine moiety around 

720 nm as compared to that obtained at the time interval of 0.1 ns.  This result 

suggests energy transfer from the 1MgTPP* to C60Im is not a likely mechanism of 

fluorescence quenching in the studied supramolecular dyad.

By assuming the quenching is due to electron-transfer from the 

singlet excited MgTPP (3) to C60Im (5), which has been proved by the transient 

absorption methods in the next section, the rate of charge-separation (kcs
singlet)

and quantum yields (Φcs
singlet) were evaluated according to equations (3.4, 3.5)

used in previous chapters for the intramolecular electron-transfer process.  The 

measured kcs
singlet and Φcs

singlet were found to be 1.1 x 1010 s-1 and 0.99,

respectively in o–DCB.  It may be mentioned here that changing the solvent to 

toluene had virtually no effect on the kinetic data of the supramolecular dyad.
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Table 6.2: Fluorescence Lifetimes (τf), and fraction of fast and slow Components 
in o-DCB.

a See text for details.
b K1 = 9.2 x 103 M-1 from inset of Figure 1.

Compound τf /ns (fraction%)a Fraction of

C60Im:MgTPP

from K value b

MgTPP 5.0 (100%) 0%

C60Im:MgTPP

(0.05:0.03 in mM)

0.09 (36%), 5.0 

(64%)

28%

C60Im:MgTPP

(0.10:0.03 in mM)

0.09 (50%), 5.0 

(50%)

56%

C60Im:MgTPP
(0.20:0.03 in mM)

0.09 (50%), 5.0 

(50%)

63%

C60Im:MgTPP

(0.30:0.03 in mM)

0.09 (76%), 5.0 

(24%)

72%

C60Im:MgTPP

(0.60:0.03 in mM)

0.09 (82%), 5.0 

(18%)

84%
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Nanosecond transient absorption studies

 Evidence for charge-separation and rate of charge recombination, 

kCR were obtained from nanosecond transient absorption spectral studies using a 

532 nm laser light.  Figure 6.11 shows the transient absorption spectrum of a 

mixture of 3 and 5 in o-DCB at 10 ns and 100 ns time intervals.  Absorption 

bands corresponding to the triplet states of MgTPP (3MgTPP*) and C60 (3C60*)

entities were observed at 840 and 700 nm, respectively.70-72 Importantly, peaks 

corresponding to the formation of magnesium porphyrin cation radical, MgTPP•+

around 650-700 nm region,70 and fulleropyrrolidine anion radical, C60Im•−.around

1020 nm,22,25-28 were observed as evidence for the occurrence of photoinduced

electron transfer in this dyad.

Figure 6.11: Transient absorption spectra of C60Im:MgTPP (0.20:0.10 
in mM) in Ar-saturatred o-DCB obtained by 532 nm laser light excitation
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As shown in Figure 6.11 inset, the time profile of the 1020 nm peak 

showed a quick rise-decay, indicating supramolecular ion-pair formation via the 

singlet state of MgTPP.  In o-DCB, the decay of C60
•− around 1020 nm was in the 

nanosecond range which is shorter than the decay of the 3MgTPP* and 3C60*

entities.  From the decay of the 1020 nm band (inset of Figure 6.11), the kCR

value of C60Im•−:MgTPP•+ was evaluated to be 8.5 + 0.3 x 107 s-1 in o-

dichlorobenzene. Using kCS and kCR calculated for the C60Im:MgTPP dyad, the 

ratio kCS/kCR was evaluated as a measure of the excellence of photoinduced 

electron-transfer and was found to be in the range of 125-130.  These values are 

slightly better than the values obtained for self assembled supra molecular dyads 

studied in our lab..  However, in general, the kCR values for the supramolecular 

systems held by metal-ligand coordination are larger than those held by covalent 

bonds.22,28  This is probably due to relatively large electronic coupling matrix

element between the central metal atom of porphyrin cavity and imidazole

pendant of the fulleropyrrolidine. 

Energy level diagram

The energy level diagram constructed by utilizing the spectral, 

electrochemical and photochemical data of the studied supramolecular dyad in o-

dichlorobenzene is illustrated in Figure 6.12.  The free-energy calculations,

steady-state , time-resolved emission, and transient absorption studies have 
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revealed the occurrence of electron transfer from the singlet excited MgTPP to 

the coordinated C60Im resulting in the formation of C60Im•−:MgTPP•+.

Figure 6.12: Energy level diagram showing photochemical events of 

the supramolecular 3:5 dyad.
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6.3 Comparison between intra- and inter-molecularly interacting
magnesium porphyrin- fullerene dyads

Electron transfer in intermolecular magnesium octaethylporphyrin 

and chlorophyll-a/-b with pristine C60 was reported in literature.22 In these

systems, the intermolecular electron transfer occurred either via the triplet states 

of MgP and chlorophylls or via the triplet state of C60, depending on the excitation 

wavelength, giving solvated radical ions. But in the coordinated supramolecular 

system 3:5 (C60Im�MgTPP), the charge-separation predominantly occurred 

within the supramolecular dyad via the initially excited 1MgTPP*.64  where as 

incase of covalently linked MgPo~C60 ( Chapter 3, compound 15), the quenching 

pathway of the singlet excited MgP moiety involved energy transfer to the

appended C60 moiety, generating the singlet excited C60 moiety.63 Since the 

thermodynamic properties are almost the same for both the self-assembled and 

covalently linked systems, the preferential energy transfer in MgPo~C60 can be 

attributed to the close proximity of the MgP moiety to the C60 sphere, which is 

advantageous for the Förster-type energy-transfer.68

Interestingly, the charge-recombination rate constant, kCR for

MgPo•+~C60
•− is slower than that of C60Im•−�MgTPP•+ with a longer RCt-Ct.  In the 

case of C60Im•−�MgTPP•+, the back electron transfer occurs via through-

coordinated bonds, resulting in a faster rate. On the other hand, the charge-

recombination in MgPo•+~C60
•−  may occur either via through-space or through-

covalent bonds (the ethylene oxide links); both mechanisms may decelerate the 
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back electron transfer process compared with short through-coordination bond.

It is worthwhile to note that the driving force dependence of the kCR values is 

large, if the tunneling mechanism (through-space) is operating for the charge-

recombination process in the inverted region of the Marcus parabola.34 Our

results showed that only a small decrease in the the kCR values was observed by 

changing the ΔGCR values from anisole (-ΔGCR = 1.62) to DMF (-ΔGCR = 1.46).

On the other hand, larger difference for the kCR values by much smaller driving 

force difference has been reported previously for the linear covalently bonded

ZnP•+~C60
•− 29-33, where charge-recombination occurred via through bond

mechanism.  Therefore, the charge recombination mechanism for MgPo•+~C60
•−

may not involve the through-space tunneling mechanism.

6.4 Summary

The performed spectral studies revealed fairly stable, 1:1

supramolecular C60Im:MgTPP dyad formation in o-DCB. UV and fluorescence 

spectral data yielded formation constants (K1 ) 9.2 + 0.3 x 103 M-1 and 1.5 + 0.3 x 

104 M-1 respectively. Although 1:2 supramolecular complex was not fully possible

to form and characterize, the present spectral, electrochemical and

photochemical studies have provided interesting results in contrast to the earlier 

studied supramolecular dyads.  Fine tuning of the HOMO energy level (first

oxidation) upon penta-coordinated complex formation has been demonstrated for 
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the studied dyad using cyclic voltammetric studies. The measured rate constant 

(kET = 1.1 x 1010 s-1) and the quantum yield (ΦCS = 0.99) indicate efficient 

formation of C60Im•−:MgTPP•+ upon excitation of the magnesium porphyrin in the 

self-assembled dyad.  Nanosecond transient absorption spectrum of the

C60Im:MgTPP dyad exhibited the characteristic peak of C60
•− at 1020 nm.  The

measured kCR indicated higher opportunity to utilize the charge-separated state 

for further electron-mediating processes.
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CHAPTER 7

SUMMARY

The present investigation has made an attempt to build

noncovalently linked porphyrin-fullerene based donor-acceptor systems. In order 

to develop these noncovalently linked donor-acceptor systems we used different 

kind of multiple binding modes. The natural and artificial photosynthetic centers 

reported in literature provided hydrogen bonds, π−π  interactions, and axial

ligation as viable self-assembly mechanisms. As documented in chapter 3, first 

we build covalently linked porphyrin- fullerene complexes.  These complexes 

revealed π−π  type interactions between donor and acceptor.  We employed zinc

and magnesium porphyrins as donors. UV-visible spectral and computational 

studies revealed that there were π−π  interactions between the donor and the 

acceptor moieties. The DFT B3LYP/3-21G(*) computed geometry and electronic 

structure of the dyad predicted that the HOMO and LUMO are mainly localized 

on the metal porphyrin and C60 units respectively. It also showed that the HOMO 

is slightly delocalized on fullerene unit and LUMO is slightly on porphyrin unit, 

which proved the existence of π−π  interactions. In o-DCB containing 0.1 M (n-

Bu)4NClO4, the synthesized dyads exhibited six one-electron reversible redox

reactions within the potential window of the solvent.  The oxidation and reduction 

potentials of the metalloporphyrin and C60 units indicated stabilization of the 

charge-separated state. The emission, monitored by both steady-state and time-

resolved techniques, revealed efficient quenching of the singlet excited state of 

the metalloporphyrin and C60 units.  The quenching pathway of the singlet excited

porphyrin moiety involved energy transfer to the appended C60 moiety,
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generating the singlet excited C60 moiety, from which subsequent charge-

separation occurred.  The charge recombination rates, kCR, evaluated from

nanosecond transient absorption studies, were found to be 2 – 3 orders of

magnitude smaller than the charge separation rate, kCS. In o-DCB, the lifetime of 

the radical ion-pair, MgPo•+~C60
•−, was found to be 520 ns which was longer than 

that of ZnPo•+~C60
•− indicating better charge stabilization in MgPo~C60. The 

efficiency of radical ion pair for MgPo•+~C60
•−, can be justified by advantages of 

magnesium over zinc (lower oxidation potentials, high fluorescence quantum 

yields, and longer excited state lifetimes).  Additional prolongation of the lifetime

of MPo•+~C60
•− was achieved by coordinating nitrogenous axial ligands. These 

results also show that solvents play significant role in charge separation and 

charge recombination rates.

A better control over the separation, angular relationships,

electronic coupling, and composition of donor-acceptor assemblies at a

molecular level is essential to control the rates and yields of electron transfer 

reactions, and to minimize or eliminate the charge-recombination.  Towards this 

as we reported in chapter 4, formation of supramolecular triads A, B and C by 

axial coordination of the two pyridine ligands attached to a fulleropyrrolidine to 

the Zn metal in the specified donor moieties. The UV-visible, 1H NMR spectral 

studies revealed a 2:1 molecular stoichiometry for triads A, B and a 1:1

stoichiometry for triad C.  The determined formation constants, K, were larger 

than that of the dyad formed by axial ligation of ZnTPP/ZnNc and 4 and revealed 

non-cooperative binding nature.  However, triad C displayed higher binding 
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constants due to a cooperative effect.  Overall, fairly stable, self-assembled

supramolecular triads were achieved.   Cyclic voltammetric studies revealed a 

total of seven one-electron redox processes within the accessible potential

window of o-dichlorobenzene for triads A and C.  DFT calculations at the 

B3LYP/3-21G(*) level for triad B revealed a structure that resembled a Star Wars 

Tie Ship with two ZnNc macrocycles holding the fullerene in the center via axial 

coordination.  No π−π  type interactions between the different entities were 

observed, neither experimentally or computationally for all three triads.  In

toluene, upon coordination of the pyridine entities of 21 to two ZnNc entities, the 

main quenching pathway involved charge-separation from the singlet excited 

ZnNc to the C60 moiety.  In toluene, the measured charge-separation rate, kCS

and quantum yield, ΦCS were evaluated as 5.7 × 109 s-1 and 0.93, respectively, 

for triad B.  The results of the steady-state emission and nano-second transient 

absorption studies for triad A and C revealed the occurrence of electron transfer 

mainly from the singlet excited zinc porphyrin to the fullerene entity in the non-

coordinating solvent, o-DCB.  However, the main quenching pathway in the 

coordinating solvent, BN, was shown to take place via an intermolecular electron-

transfer from the triplet excited ZnTPP to the C60 entity.

One of the important characteristics of natural photosynthetic

reaction centers is assembly of different photo- and redox-active components via 

noncovalent interactions in a protein matrix. In order to achieve long-lived

charge-separated states during photoinduced electron transfer in model
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compounds, promoting multi-step electron transfer reactions along well-defined

redox gradients such as, triads, tetrads, pentads, etc. is most frequently used 

strategies. As we discussed in chapter 5, we have built donor-acceptor

complexes with two-point binding strategy involving axial coordination and

hydrogen bonding. We have attached different secondary donors in a vision of 

slowing down charge recombination, which further can give long-lived radical ion 

pairs. From UV-Vis spectral data higher binding constants were achieved when 

compared to the zinc porphyrin-dyad with ‘one point’ metal-ligand axial

coordination. The B3LYP/3-21G(*) studies revealed structures of the triads in 

which the different entities were arranged in a triangular fashion.

Electrochemical studies allowed evaluation of the redox potentials of the different 

entities and the oxidation potential of the second electron donor of the triads 

followed the trend: ferrocene < N,N-dimethylaminophenyl < N,N-

diphenylaminophenyl.  Time-resolved emission studies revealed efficient charge 

separation from the singlet excited state of zinc porphyrin in the studied triads.

Nanosecond transient absorption studies provided proof of electron transfer and 

revealed slower charge recombination in the case of triads having hydrogen-

bonding with the carboxylic acid group.  In the case of triads having amide 

hydrogen-bonding, appreciable prolongation of the charge-separated state was 

not observed.  The ratio of the experimentally measured kCS/kCR values revealed 

ability of some of these triads for light induced generation of charged species, 

especially in the case of porphyrins bearing carboxylic acid functionality. The
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second electron donor attached to C60 moiety also seems to affect indirectly the 

photophysical events of the conjugates as hole transfer reagents.

From literature, we learned that magnesium porphyrins are better 

candidates as donors than zinc porphyrins towards building efficient artificial

photosynthetic centers. Chapter 6 mainly focused on MgP-C60Im self-assembled

donor-acceptor complexes. The performed spectral studies shown fairly stable, 

1:1 supramolecular C60Im:MgTPP dyad formation in o-DCB. UV and

fluorescence spectral data yielded formation constants (K1 ) 9.2 + 0.3 x 103 M-1

and 1.5 + 0.3 x 104 M-1 respectively. Although a 1:2 supramolecular complex was 

not fully possible to form and characterize, the present spectral, electrochemical 

and photochemical studies have provided interesting results in contrast to the 

earlier studied supramolecular dyads.  Fine tuning of the HOMO energy level 

(first oxidation) upon penta-coordinated complex formation has been

demonstrated for the studied dyad using cyclic voltammetric studies. The

measured rate constant (kET = 1.1 x 1010 s-1) and the quantum yield (ΦCS = 0.99) 

indicate efficient formation of C60Im•−:MgTPP•+ upon excitation of the magnesium 

porphyrin in the self-assembled dyad.  Nanosecond transient absorption

spectrum of the C60Im:MgTPP dyad exhibited the characteristic peak of C60
•− at 

1020 nm.  The measured kCR indicated higher opportunity to utilize the charge-

separated state for further electron-mediating processes.

The past decade has seen numerous studies on noncovalently

linked porphyrin-fullerene based donor-acceptor systems.  These systems have

lead to a fundamental understanding of the advantages and disadvantages of the 
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noncovalent mode of binding.  One of the fundamental insight gained from

building noncovalently linked donor acceptors system has been that noncovalent 

interactions are just as efficient, if not better, than covalent bonds in mediating 

photo induced electron transfer.  Such examples have more attention in building 

noncovalently linked systems.  The future direction would be towards increasing 

the stability of these complexes in solution, and arrangement of different photo 

and redox active components in systematic way to improve the results. A

concerted effort also has to be made towards building systems with varying 

distance and orientation within the complex, and also varying different redox

components. The complexes like 21:2, 21:20, 21: 19, 27:30, and 27:32

developed here are the first step in building efficient noncovalently linked

systems with multiple noncovalent binding modes, and with different redox

gradients towards achieving better artificial photosynthetic systems. 
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Table 6.3. Atomic coordinates and equivalent isotropic displacement parameters 
for 05072. U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.
______________________________________________________________

x y z U(eq)
______________________________________________________________

Mg(1A) 0.4792(8) 0.3497(2) 0.3553(6) 0.0406(14)
N(1A) 0.5941(15) 0.3447(6) 0.3030(10) 0.0424(14)
N(2A) 0.3796(14) 0.3631(6) 0.2480(11) 0.0430(14)
N(3A) 0.3729(15) 0.3759(6) 0.4075(10) 0.0419(14)
N(4A) 0.5896(15) 0.3573(6) 0.4586(11) 0.0417(14)
N(5A) 0.4209(13) 0.2937(4) 0.3522(12) 0.0496(15)
N(6A) 0.3448(14) 0.2431(6) 0.3006(12) 0.0517(15)
N(7A) 0.1193(15) 0.1424(5) 0.0065(12) 0.0573(16)
C(1A) 0.6980(16) 0.3400(7) 0.3348(11) 0.0424(14)
C(2A) 0.7519(19) 0.3374(7) 0.2768(12) 0.0426(14)
C(3A) 0.6761(15) 0.3369(7) 0.2087(14) 0.0427(14)
C(4A) 0.5785(15) 0.3388(7) 0.2249(11) 0.0426(14)
C(5A) 0.4869(15) 0.3440(6) 0.1679(8) 0.0430(14)
C(6A) 0.3922(15) 0.3545(7) 0.1765(12) 0.0430(14)
C(7A) 0.2994(16) 0.3583(7) 0.1148(14) 0.0431(15)
C(8A) 0.231(2) 0.3670(7) 0.1557(11) 0.0431(15)
C(9A) 0.2773(15) 0.3712(7) 0.2374(11) 0.0430(14)
C(10A) 0.2317(12) 0.3863(6) 0.2910(10) 0.0427(14)
C(11A) 0.2738(16) 0.3867(7) 0.3705(10) 0.0422(14)
C(12A) 0.2274(18) 0.4068(7) 0.4216(12) 0.0421(15)
C(13A) 0.2950(15) 0.4012(7) 0.4927(14) 0.0420(15)
C(14A) 0.3889(15) 0.3855(7) 0.4841(11) 0.0419(14)
C(15A) 0.4818(14) 0.3812(6) 0.5401(8) 0.0420(14)
C(16A) 0.5712(15) 0.3670(7) 0.5277(12) 0.0418(14)
C(17A) 0.6660(16) 0.3666(7) 0.5883(14) 0.0419(15)
C(18A) 0.739(2) 0.3557(7) 0.5531(11) 0.0418(15)
C(19A) 0.6921(15) 0.3490(7) 0.4722(11) 0.0418(14)
C(20A) 0.7389(11) 0.3422(6) 0.4142(11) 0.0422(14)
C(21A) 0.4910(13) 0.3376(4) 0.0857(7) 0.0437(15)
C(22A) 0.5283(13) 0.3039(4) 0.0661(8) 0.0444(17)
C(23A) 0.5422(13) 0.2995(4) -0.0058(9) 0.0448(17)
C(24A) 0.5186(13) 0.3286(5) -0.0583(8) 0.0447(18)
C(25A) 0.4814(14) 0.3622(5) -0.0389(8) 0.0445(17)
C(26A) 0.4682(13) 0.3667(4) 0.0333(9) 0.0442(17)
C(27A) 0.1258(10) 0.4033(4) 0.2593(9) 0.0434(16)
C(28A) 0.1124(11) 0.4344(4) 0.2118(9) 0.0436(17)
C(29A) 0.0196(13) 0.4525(4) 0.1889(9) 0.0438(18)
C(30A) -0.0606(11) 0.4393(5) 0.2137(10) 0.0439(18)
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C(31A) -0.0475(10) 0.4081(5) 0.2611(10) 0.0440(18)
C(32A) 0.0453(11) 0.3900(4) 0.2839(9) 0.0437(17)
C(33A) 0.4843(12) 0.3940(4) 0.6208(7) 0.0426(16)
C(34A) 0.4358(12) 0.3731(4) 0.6643(9) 0.0429(17)
C(35A) 0.4435(13) 0.3839(5) 0.7389(9) 0.0432(18)
C(36A) 0.4995(14) 0.4153(5) 0.7697(8) 0.0431(18)
C(37A) 0.5479(13) 0.4362(4) 0.7263(9) 0.0430(18)
C(38A) 0.5400(13) 0.4256(4) 0.6517(9) 0.0427(17)
C(39A) 0.8543(9) 0.3385(4) 0.4374(9) 0.0435(16)
C(40A) 0.9136(12) 0.3702(4) 0.4597(9) 0.0441(17)
C(41A) 1.0181(11) 0.3671(4) 0.4828(9) 0.0444(18)
C(42A) 1.0632(10) 0.3322(5) 0.4836(10) 0.0448(18)
C(43A) 1.0040(12) 0.3004(4) 0.4612(10) 0.0449(18)
C(44A) 0.8994(11) 0.3036(4) 0.4380(9) 0.0444(17)
C(45A) 0.3786(14) 0.2765(6) 0.2865(13) 0.0506(16)
C(46A) 0.4183(15) 0.2721(6) 0.4167(13) 0.0507(16)
C(47A) 0.3682(15) 0.2399(7) 0.3809(12) 0.0513(16)
C(48A) 0.2977(15) 0.2169(5) 0.2396(10) 0.0535(16)
C(49A) 0.2074(14) 0.2233(5) 0.1841(11) 0.0546(16)
C(50A) 0.1690(13) 0.1960(5) 0.1291(10) 0.0555(16)
C(51A) 0.2212(15) 0.1626(5) 0.1299(10) 0.0559(15)
C(52A) 0.3111(15) 0.1560(5) 0.1857(11) 0.0551(16)
C(53A) 0.3496(13) 0.1834(6) 0.2404(10) 0.0544(16)
C(54A) 0.1736(16) 0.1254(5) 0.0774(11) 0.0571(15)
C(55A) 0.0829(19) 0.1033(6) -0.0235(10) 0.0579(16)
C(56A) 0.1781(19) 0.1586(7) -0.0421(14) 0.059(2)
C(1C) 0.1033(5) 0.10000(17) 0.1106(4) 0.0559(15)
C(2C) 0.0355(5) 0.08514(18) 0.0363(4) 0.0561(16)
C(3C) -0.0732(6) 0.09247(17) 0.0185(3) 0.0560(16)
C(4C) -0.1162(5) 0.11479(14) 0.0626(4) 0.0557(17)
C(5C) -0.0505(6) 0.13034(12) 0.1346(4) 0.0559(17)
C(6C) 0.0506(5) 0.12140(13) 0.1595(4) 0.0558(16)
C(7C) 0.0965(5) 0.11203(15) 0.2383(4) 0.0561(17)
C(8C) 0.1708(4) 0.08272(17) 0.2410(4) 0.0562(17)
C(9C) 0.1698(4) 0.07340(18) 0.1633(4) 0.0559(16)
C(10C) 0.1791(4) 0.03620(19) 0.1415(4) 0.0553(17)
C(11C) 0.1170(5) 0.02133(19) 0.0731(4) 0.0557(18)
C(12C) 0.0430(5) 0.04473(19) 0.0217(3) 0.0559(17)
C(13C) -0.0552(6) 0.03028(19) -0.0127(3) 0.0563(17)
C(14C) -0.1264(5) 0.05935(18) -0.0153(3) 0.0559(17)
C(15C) -0.2246(5) 0.04978(19) -0.0060(3) 0.0556(17)
C(16C) -0.2661(5) 0.07409(18) 0.0382(4) 0.0552(17)
C(17C) -0.2144(5) 0.10528(15) 0.0743(4) 0.0554(17)
C(18C) -0.2086(5) 0.11583(14) 0.1508(4) 0.0554(17)
C(19C) -0.1145(6) 0.13021(12) 0.1882(4) 0.0557(17)
C(20C) -0.0655(6) 0.12215(13) 0.2657(4) 0.0563(17)
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C(21C) 0.0395(5) 0.11260(15) 0.2925(4) 0.0562(17)
C(22C) 0.0494(5) 0.08283(17) 0.3478(3) 0.0561(17)
C(23C) 0.1251(5) 0.05367(19) 0.3513(3) 0.0554(17)
C(24C) 0.1868(4) 0.05325(19) 0.2971(4) 0.0554(17)
C(25C) 0.1961(4) 0.01657(19) 0.2776(4) 0.0545(17)
C(26C) 0.1935(4) 0.00657(19) 0.2034(4) 0.0546(17)
C(27C) 0.1404(5) -0.02583(17) 0.1666(4) 0.0542(17)
C(28C) 0.0896(5) -0.01828(17) 0.0873(4) 0.0554(18)
C(29C) -0.0088(6) -0.03008(16) 0.0452(4) 0.0567(18)
C(30C) -0.0814(6) -0.00783(18) -0.0016(3) 0.0566(17)
C(31C) -0.1769(5) -0.01695(17) 0.0093(3) 0.0571(17)
C(32C) -0.2463(5) 0.01010(19) 0.0054(3) 0.0563(17)
C(33C) -0.3105(4) 0.01419(19) 0.0614(4) 0.0561(17)
C(34C) -0.3193(4) 0.05145(19) 0.0832(4) 0.0555(17)
C(35C) -0.3161(4) 0.06026(19) 0.1539(4) 0.0557(18)
C(36C) -0.2619(5) 0.09167(17) 0.1942(4) 0.0556(18)
C(37C) -0.2145(5) 0.08317(18) 0.2736(4) 0.0560(18)
C(38C) -0.1215(6) 0.09819(16) 0.3081(4) 0.0565(18)
C(39C) -0.0445(6) 0.07504(18) 0.3589(3) 0.0565(17)
C(40C) -0.0693(5) 0.03673(19) 0.3700(3) 0.0568(18)
C(41C) 0.0036(5) 0.00725(19) 0.3745(3) 0.0564(17)
C(42C) 0.1013(5) 0.01588(19) 0.3633(3) 0.0553(17)
C(43C) 0.1422(5) -0.01023(18) 0.3152(4) 0.0546(17)
C(44C) 0.0922(5) -0.03974(15) 0.2836(4) 0.0546(18)
C(45C) 0.0892(5) -0.04941(14) 0.2087(4) 0.0545(17)
C(46C) -0.0089(6) -0.06398(12) 0.1683(4) 0.0560(18)
C(47C) -0.0582(6) -0.05604(13) 0.0932(4) 0.0571(18)
C(48C) -0.1621(6) -0.04671(15) 0.0635(4) 0.0573(17)
C(49C) -0.2231(5) -0.04661(15) 0.1191(4) 0.0574(17)
C(50C) -0.2966(4) -0.01692(18) 0.1141(4) 0.0570(18)
C(51C) -0.2904(4) -0.00687(18) 0.1940(4) 0.0566(18)
C(52C) -0.3004(4) 0.03045(19) 0.2162(4) 0.0557(18)
C(53C) -0.2379(5) 0.04553(19) 0.2854(4) 0.0562(18)
C(54C) -0.1699(5) 0.02351(19) 0.3325(3) 0.0568(18)
C(55C) -0.1550(5) -0.01736(17) 0.3133(4) 0.0568(18)
C(56C) -0.0501(6) -0.02552(17) 0.3389(3) 0.0563(18)
C(57C) -0.0107(6) -0.04777(14) 0.2960(4) 0.0556(18)
C(58C) -0.0688(6) -0.06328(12) 0.2240(4) 0.0566(18)
C(59C) -0.1731(5) -0.05463(14) 0.1977(4) 0.0574(18)
C(60C) -0.2170(5) -0.03107(16) 0.2455(4) 0.0568(18)
Mg(1B) 0.0204(8) 0.8498(2) 0.1425(6) 0.0491(15)
N(1B) 0.1161(15) 0.8625(6) 0.2511(11) 0.0519(15)
N(2B) 0.1195(15) 0.8753(6) 0.0922(11) 0.0504(15)
N(3B) -0.0893(15) 0.8573(6) 0.0426(11) 0.0504(15)
N(4B) -0.0973(15) 0.8416(6) 0.1945(11) 0.0506(14)
N(5B) 0.0730(14) 0.7929(4) 0.1441(12) 0.0632(17)
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N(6B) 0.1483(15) 0.7411(7) 0.1996(13) 0.0647(17)
N(7B) 0.3142(16) 0.6226(6) 0.4827(13) 0.0695(16)
C(1B) 0.0973(15) 0.8532(8) 0.3201(12) 0.0518(15)
C(2B) 0.1978(17) 0.8571(8) 0.3727(14) 0.0518(16)
C(3B) 0.271(2) 0.8700(7) 0.3451(11) 0.0516(16)
C(4B) 0.2154(16) 0.8754(7) 0.2656(11) 0.0514(15)
C(5B) 0.2627(12) 0.8847(6) 0.2089(11) 0.0511(15)
C(6B) 0.2171(16) 0.8876(8) 0.1300(11) 0.0506(15)
C(7B) 0.2597(19) 0.9023(7) 0.0712(12) 0.0505(16)
C(8B) 0.1916(16) 0.9046(7) 0.0035(15) 0.0504(16)
C(9B) 0.1048(16) 0.8848(8) 0.0157(11) 0.0503(15)
C(10B) 0.0120(15) 0.8791(7) -0.0394(9) 0.0502(15)
C(11B) -0.0813(15) 0.8681(8) -0.0291(12) 0.0502(15)
C(12B) -0.1766(16) 0.8643(7) -0.0881(14) 0.0503(16)
C(13B) -0.246(2) 0.8542(7) -0.0538(11) 0.0503(16)
C(14B) -0.1932(16) 0.8506(8) 0.0269(11) 0.0503(15)
C(15B) -0.2476(11) 0.8420(6) 0.0796(11) 0.0503(15)
C(16B) -0.2009(16) 0.8393(8) 0.1584(11) 0.0505(15)
C(17B) -0.253(2) 0.8315(7) 0.2164(12) 0.0509(15)
C(18B) -0.1848(16) 0.8325(7) 0.2844(15) 0.0509(15)
C(19B) -0.0877(16) 0.8429(8) 0.2728(11) 0.0511(14)
C(20B) 0.0032(15) 0.8444(7) 0.3318(8) 0.0517(15)
C(21B) 0.3683(10) 0.9021(4) 0.2391(9) 0.0515(17)
C(22B) 0.4497(12) 0.8870(4) 0.2181(9) 0.0520(18)
C(23B) 0.5434(11) 0.9045(5) 0.2411(10) 0.0521(19)
C(24B) 0.5559(11) 0.9369(5) 0.2849(10) 0.0519(19)
C(25B) 0.4747(13) 0.9520(4) 0.3058(10) 0.0516(19)
C(26B) 0.3811(12) 0.9345(4) 0.2828(10) 0.0514(18)
C(27B) 0.0094(13) 0.8924(5) -0.1197(8) 0.0503(16)
C(28B) 0.0560(13) 0.8713(4) -0.1641(9) 0.0506(17)
C(29B) 0.0492(13) 0.8824(5) -0.2381(9) 0.0508(18)
C(30B) -0.0040(14) 0.9146(5) -0.2679(8) 0.0508(19)
C(31B) -0.0505(14) 0.9359(5) -0.2236(10) 0.0507(19)
C(32B) -0.0437(13) 0.9247(4) -0.1496(9) 0.0505(18)
C(33B) -0.3632(10) 0.8400(4) 0.0509(10) 0.0508(16)
C(34B) -0.4120(12) 0.8059(4) 0.0302(9) 0.0516(18)
C(35B) -0.5166(12) 0.8048(5) 0.0022(9) 0.0520(19)
C(36B) -0.5725(10) 0.8377(5) -0.0051(10) 0.0519(19)
C(37B) -0.5239(12) 0.8718(5) 0.0156(10) 0.0517(19)
C(38B) -0.4194(12) 0.8729(4) 0.0431(10) 0.0512(18)
C(39B) -0.0020(14) 0.8397(4) 0.4142(7) 0.0530(16)
C(40B) 0.0134(14) 0.8705(4) 0.4627(9) 0.0535(17)
C(41B) 0.0118(14) 0.8661(5) 0.5378(9) 0.0540(18)
C(42B) -0.0049(14) 0.8309(6) 0.5645(8) 0.0544(19)
C(43B) -0.0209(14) 0.8001(5) 0.5160(9) 0.0543(18)
C(44B) -0.0189(14) 0.8044(4) 0.4409(9) 0.0538(17)
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C(45B) 0.1343(15) 0.7777(6) 0.2065(13) 0.0641(17)
C(46B) 0.0501(17) 0.7607(6) 0.0968(14) 0.0644(18)
C(47B) 0.0947(16) 0.7268(8) 0.1276(13) 0.0649(17)
C(48B) 0.1979(16) 0.7134(6) 0.2565(10) 0.0666(17)
C(49B) 0.1580(13) 0.6785(6) 0.2665(10) 0.0671(17)
C(50B) 0.2094(16) 0.6554(5) 0.3259(12) 0.0677(17)
C(51B) 0.3002(16) 0.6671(5) 0.3751(10) 0.0685(16)
C(52B) 0.3402(13) 0.7019(6) 0.3649(11) 0.0682(17)
C(53B) 0.2888(16) 0.7252(5) 0.3058(12) 0.0677(18)
C(54B) 0.3741(18) 0.6377(5) 0.4363(12) 0.0692(16)
C(55B) 0.3922(19) 0.5930(7) 0.5201(10) 0.0697(17)
C(56B) 0.267(2) 0.6473(8) 0.5280(15) 0.071(2)
C(1D) 0.4319(6) 0.60712(17) 0.4036(4) 0.0671(16)
C(2D) 0.4344(6) 0.57462(19) 0.4576(4) 0.0671(16)
C(3D) 0.5328(6) 0.5600(2) 0.5011(3) 0.0672(17)
C(4D) 0.6234(6) 0.57615(19) 0.5002(3) 0.0669(17)
C(5D) 0.6221(6) 0.60860(16) 0.4490(4) 0.0667(17)
C(6D) 0.5334(6) 0.62144(14) 0.4003(4) 0.0670(17)
C(7D) 0.5284(6) 0.63086(12) 0.3226(4) 0.0672(17)
C(8D) 0.4297(5) 0.61982(15) 0.2749(4) 0.0676(17)
C(9D) 0.3736(5) 0.60284(17) 0.3232(4) 0.0675(17)
C(10D) 0.3123(4) 0.57131(19) 0.2991(4) 0.0668(18)
C(11D) 0.3130(4) 0.5405(2) 0.3476(4) 0.0662(18)
C(12D) 0.3758(5) 0.5410(2) 0.4253(4) 0.0665(18)
C(13D) 0.4313(6) 0.50838(19) 0.4565(4) 0.0665(18)
C(14D) 0.5270(6) 0.5198(2) 0.5032(3) 0.0670(18)
C(15D) 0.6142(6) 0.49630(19) 0.5070(3) 0.0670(18)
C(16D) 0.7056(5) 0.5144(2) 0.5079(3) 0.0670(18)
C(17D) 0.7121(5) 0.5530(2) 0.5023(3) 0.0665(18)
C(18D) 0.7643(5) 0.5717(2) 0.4552(4) 0.0661(18)
C(19D) 0.7143(5) 0.60388(17) 0.4225(4) 0.0661(18)
C(20D) 0.7070(5) 0.61474(15) 0.3464(4) 0.0662(18)
C(21D) 0.6151(6) 0.62798(13) 0.2948(4) 0.0668(18)
C(22D) 0.6079(6) 0.61177(15) 0.2211(4) 0.0667(18)
C(23D) 0.5084(6) 0.60117(17) 0.1726(4) 0.0673(18)
C(24D) 0.4175(6) 0.60495(17) 0.1996(4) 0.0675(18)
C(25D) 0.3582(5) 0.5742(2) 0.1743(4) 0.0671(18)
C(26D) 0.3050(4) 0.5568(2) 0.2197(4) 0.0664(18)
C(27D) 0.2980(4) 0.5168(2) 0.2248(4) 0.0657(18)
C(28D) 0.3053(4) 0.5050(2) 0.3020(4) 0.0655(18)
C(29D) 0.3592(5) 0.47364(18) 0.3417(4) 0.0653(18)
C(30D) 0.4221(6) 0.47399(18) 0.4145(4) 0.0654(18)
C(31D) 0.5084(6) 0.45150(15) 0.4171(4) 0.0659(18)
C(32D) 0.5995(6) 0.46139(17) 0.4623(4) 0.0669(18)
C(33D) 0.6977(6) 0.46039(17) 0.4383(4) 0.0673(18)
C(34D) 0.7586(5) 0.4920(2) 0.4624(4) 0.0672(18)
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C(35D) 0.8078(4) 0.5081(2) 0.4183(4) 0.0668(18)
C(36D) 0.8148(4) 0.5479(2) 0.4092(4) 0.0664(18)
C(37D) 0.8097(4) 0.5583(2) 0.3317(4) 0.0663(18)
C(38D) 0.7597(5) 0.59052(18) 0.3021(4) 0.0660(18)
C(39D) 0.6941(6) 0.59066(17) 0.2245(4) 0.0662(18)
C(40D) 0.6834(6) 0.55629(19) 0.1820(4) 0.0678(19)
C(41D) 0.5869(6) 0.54506(19) 0.1330(3) 0.0675(18)
C(42D) 0.4980(6) 0.56749(19) 0.1298(3) 0.0672(18)
C(43D) 0.4029(5) 0.5474(2) 0.1302(3) 0.0670(18)
C(44D) 0.3992(5) 0.5110(2) 0.1337(3) 0.0667(18)
C(45D) 0.3465(5) 0.4937(2) 0.1800(4) 0.0661(18)
C(46D) 0.3982(5) 0.46029(17) 0.2155(4) 0.0659(18)
C(47D) 0.4070(6) 0.44957(15) 0.2897(4) 0.0657(18)
C(48D) 0.4959(6) 0.43599(13) 0.3430(4) 0.0665(18)
C(49D) 0.5868(6) 0.43222(12) 0.3146(4) 0.0672(18)
C(50D) 0.6838(6) 0.44343(14) 0.3643(4) 0.0676(18)
C(51D) 0.7371(5) 0.46217(16) 0.3140(4) 0.0678(18)
C(52D) 0.7993(4) 0.49366(19) 0.3381(4) 0.0673(18)
C(53D) 0.7989(4) 0.5248(2) 0.2891(4) 0.0670(18)
C(54D) 0.7406(5) 0.52390(19) 0.2173(4) 0.0675(19)
C(55D) 0.6719(6) 0.49066(18) 0.1863(4) 0.0676(19)
C(56D) 0.5807(6) 0.50487(19) 0.1371(3) 0.0678(18)
C(57D) 0.4945(6) 0.48828(19) 0.1377(3) 0.0671(18)
C(58D) 0.4886(6) 0.45722(16) 0.1874(4) 0.0666(18)
C(59D) 0.5792(6) 0.44342(14) 0.2376(4) 0.0673(18)
C(60D) 0.6742(6) 0.46083(16) 0.2355(4) 0.0674(19)
Cl(1S) 0.1710(9) 0.7678(4) -0.1005(5) 0.168(5)
Cl(2S) 0.0774(7) 0.7708(3) -0.2589(5) 0.130(4)
Cl(3S) 0.2750(9) 0.7991(4) -0.1992(8) 0.264(10)
C(1S) 0.1893(7) 0.7659(4) -0.1895(5) 0.19(2)
Cl(4S) 0.7208(8) 0.7043(5) 0.1935(6) 0.193(7)
Cl(5S) 0.8283(12) 0.7320(4) 0.0939(6) 0.304(13)
Cl(6S) 0.9206(7) 0.7306(4) 0.2525(6) 0.160(5)
C(2S) 0.8094(8) 0.7360(4) 0.1825(6) 0.065(10)
Cl(7S) 0.8601(9) 0.9486(3) 0.5056(5) 0.120(4)
Cl(8S) 0.9355(7) 1.0107(3) 0.6136(5) 0.108(4)
C(3S) 0.853(2) 0.9945(4) 0.5316(13) 0.125(14)
Cl(11) 0.5580(13) 0.5131(4) -0.1131(9) 0.076(5)
Cl(12) 0.6378(9) 0.4496(3) -0.0098(7) 0.059(5)
C(4S) 0.597(3) 0.4673(5) -0.1003(7) 0.078(6)
Cl(21) 0.5717(19) 0.5082(8) -0.1354(12) 0.068(6)
Cl(22) 0.7279(18) 0.5115(7) 0.0124(12) 0.118(12)
C(4S') 0.623(4) 0.4905(16) -0.046(2) 0.070(6)
Cl(13) 0.510(3) 0.7774(13) 0.248(2) 0.306(15)
Cl(14) 0.320(2) 0.7824(9) 0.1245(16) 0.214(14)
C(5S) 0.393(4) 0.797(2) 0.212(3) 0.206(15)
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Cl(23) 0.4422(14) 0.7153(5) 0.1725(10) 0.079(8)
Cl(24) 0.559(3) 0.7602(13) 0.303(2) 0.314(15)
C(5S') 0.489(11) 0.7578(10) 0.210(3) 0.305(16)
Cl(15) 0.0542(18) 0.2160(5) 0.3217(13) 0.198(10)
Cl(16) 0.1446(18) 0.2915(6) 0.3257(14) 0.220(11)
C(6S) 0.134(4) 0.2502(10) 0.3707(17) 0.206(11)
Cl(25) -0.276(3) 0.2144(8) 0.0646(16) 0.080(13)
C(2T) -0.149(4) 0.2531(16) 0.146(4) 0.14(2)
C(3T) -0.198(7) 0.2185(17) 0.059(4) 0.13(2)
C(4T) -0.138(4) 0.2234(13) 0.019(3) 0.077(17)
C(5T) -0.088(3) 0.2078(10) -0.027(2) 0.040(13)
C(1U) 0.664(3) 0.7221(10) 0.480(2) 0.096(13)
C(2U) 0.604(2) 0.7120(8) 0.5057(16) 0.048(9)
C(3U) 0.761(3) 0.7492(11) 0.387(2) 0.134(14)
C(4U) 0.759(3) 0.7107(10) 0.432(2) 0.091(12)
______________________________________________________________
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Table 6.4.   Bond lengths [Å] and angles [°] for  05072.
______________________________________________________________

Mg(1A)-N(1A) 2.06(2)
Mg(1A)-N(4A) 2.07(2)
Mg(1A)-N(2A) 2.10(2)
Mg(1A)-N(5A) 2.130(14)
Mg(1A)-N(3A) 2.15(2)
N(1A)-C(1A) 1.387(7)
N(1A)-C(4A) 1.389(7)
N(2A)-C(9A) 1.388(7)
N(2A)-C(6A) 1.389(7)
N(3A)-C(11A) 1.389(7)
N(3A)-C(14A) 1.389(7)
N(4A)-C(19A) 1.386(7)
N(4A)-C(16A) 1.387(7)
N(5A)-C(45A) 1.318(11)
N(5A)-C(46A) 1.405(13)
N(6A)-C(45A) 1.320(11)
N(6A)-C(47A) 1.407(13)
N(6A)-C(48A) 1.45(2)
N(7A)-C(54A) 1.428(18)
N(7A)-C(56A) 1.465(19)
N(7A)-C(55A) 1.516(19)
C(1A)-C(20A) 1.395(7)
C(1A)-C(2A) 1.446(8)
C(2A)-C(3A) 1.375(16)
C(2A)-H(2AA) 0.9500
C(3A)-C(4A) 1.446(8)
C(3A)-H(3AA) 0.9500
C(4A)-C(5A) 1.398(7)
C(5A)-C(6A) 1.396(7)
C(5A)-C(21A) 1.524(9)
C(6A)-C(7A) 1.448(8)
C(7A)-C(8A) 1.376(16)
C(7A)-H(7AA) 0.9500
C(8A)-C(9A) 1.449(8)
C(8A)-H(8AA) 0.9500
C(9A)-C(10A) 1.397(7)
C(10A)-C(11A) 1.397(7)
C(10A)-C(27A) 1.525(9)
C(11A)-C(12A) 1.447(8)
C(12A)-C(13A) 1.377(16)
C(12A)-H(12A) 0.9500
C(13A)-C(14A) 1.446(8)
C(13A)-H(13A) 0.9500

C(14A)-C(15A) 1.397(7)
C(15A)-C(16A) 1.396(7)
C(15A)-C(33A) 1.524(9)
C(16A)-C(17A) 1.449(8)
C(17A)-C(18A) 1.376(16)
C(17A)-H(17A) 0.9500
C(18A)-C(19A) 1.448(8)
C(18A)-H(18A) 0.9500
C(19A)-C(20A) 1.396(7)
C(20A)-C(39A) 1.522(9)
C(21A)-C(26A) 1.377(5)
C(21A)-C(22A) 1.379(5)
C(22A)-C(23A) 1.379(5)
C(22A)-H(22A) 0.9500
C(23A)-C(24A) 1.379(5)
C(23A)-H(23A) 0.9500
C(24A)-C(25A) 1.375(5)
C(24A)-H(24A) 0.9500
C(25A)-C(26A) 1.380(5)
C(25A)-H(25A) 0.9500
C(26A)-H(26A) 0.9500
C(27A)-C(28A) 1.377(5)
C(27A)-C(32A) 1.380(5)
C(28A)-C(29A) 1.377(5)
C(28A)-H(28A) 0.9500
C(29A)-C(30A) 1.377(5)
C(29A)-H(29A) 0.9500
C(30A)-C(31A) 1.377(5)
C(30A)-H(30A) 0.9500
C(31A)-C(32A) 1.379(5)
C(31A)-H(31A) 0.9500
C(32A)-H(32A) 0.9500
C(33A)-C(34A) 1.378(5)
C(33A)-C(38A) 1.378(5)
C(34A)-C(35A) 1.380(5)
C(34A)-H(34A) 0.9500
C(35A)-C(36A) 1.376(5)
C(35A)-H(35A) 0.9500
C(36A)-C(37A) 1.376(5)
C(36A)-H(36A) 0.9500
C(37A)-C(38A) 1.379(5)
C(37A)-H(37A) 0.9500
C(38A)-H(38A) 0.9500
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C(39A)-C(44A) 1.377(5)
C(39A)-C(40A) 1.377(5)
C(40A)-C(41A) 1.377(5)
C(40A)-H(40A) 0.9500
C(41A)-C(42A) 1.376(5)
C(41A)-H(41A) 0.9500
C(42A)-C(43A) 1.378(5)
C(42A)-H(42A) 0.9500
C(43A)-C(44A) 1.379(5)
C(43A)-H(43A) 0.9500
C(44A)-H(44A) 0.9500
C(45A)-H(45A) 0.9900
C(45A)-H(45B) 0.9900
C(46A)-C(47A) 1.39(2)
C(46A)-H(46A) 0.9500
C(47A)-H(47A) 0.9500
C(48A)-C(49A) 1.378(7)
C(48A)-C(53A) 1.379(7)
C(49A)-C(50A) 1.382(7)
C(49A)-H(49A) 0.9500
C(50A)-C(51A) 1.379(7)
C(50A)-H(50A) 0.9500
C(51A)-C(52A) 1.378(7)
C(51A)-C(54A) 1.647(18)
C(52A)-C(53A) 1.380(7)
C(52A)-H(52A) 0.9500
C(53A)-H(53A) 0.9500
C(54A)-C(1C) 1.552(6)
C(54A)-H(54A) 1.0000
C(55A)-C(2C) 1.549(6)
C(55A)-H(55A) 0.9900
C(55A)-H(55B) 0.9900
C(56A)-H(56A) 0.9800
C(56A)-H(56B) 0.9800
C(56A)-H(56C) 0.9800
C(1C)-C(9C) 1.4638
C(1C)-C(6C) 1.4945
C(1C)-C(2C) 1.5030
C(2C)-C(3C) 1.4536
C(2C)-C(12C) 1.4603
C(3C)-C(4C) 1.3673
C(3C)-C(14C) 1.4238
C(4C)-C(17C) 1.4549
C(4C)-C(5C) 1.4717
C(5C)-C(6C) 1.3661
C(5C)-C(19C) 1.4769

C(6C)-C(7C) 1.4312
C(7C)-C(21C) 1.4146
C(7C)-C(8C) 1.4413
C(8C)-C(24C) 1.4295
C(8C)-C(9C) 1.4438
C(9C)-C(10C) 1.3878
C(10C)-C(11C) 1.3983
C(10C)-C(26C) 1.5071
C(11C)-C(12C) 1.4326
C(11C)-C(28C) 1.4894
C(12C)-C(13C) 1.4103
C(13C)-C(14C) 1.4068
C(13C)-C(30C) 1.4211
C(14C)-C(15C) 1.4380
C(15C)-C(16C) 1.3990
C(15C)-C(32C) 1.4593
C(16C)-C(17C) 1.3733
C(16C)-C(34C) 1.4699
C(17C)-C(18C) 1.4179
C(18C)-C(19C) 1.3746
C(18C)-C(36C) 1.4822
C(19C)-C(20C) 1.4091
C(20C)-C(21C) 1.4221
C(20C)-C(38C) 1.4894
C(21C)-C(22C) 1.4330
C(22C)-C(39C) 1.3817
C(22C)-C(23C) 1.4489
C(23C)-C(42C) 1.4048
C(23C)-C(24C) 1.4627
C(24C)-C(25C) 1.3580
C(25C)-C(26C) 1.3833
C(25C)-C(43C) 1.4764
C(26C)-C(27C) 1.4196
C(27C)-C(45C) 1.4370
C(27C)-C(28C) 1.4374
C(28C)-C(29C) 1.4133
C(29C)-C(30C) 1.3633
C(29C)-C(47C) 1.5425
C(30C)-C(31C) 1.4121
C(31C)-C(32C) 1.3345
C(31C)-C(48C) 1.4159
C(32C)-C(33C) 1.5225
C(33C)-C(34C) 1.3889
C(33C)-C(50C) 1.4336
C(34C)-C(35C) 1.3080
C(35C)-C(36C) 1.4198
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C(35C)-C(52C) 1.5161
C(36C)-C(37C) 1.4373
C(37C)-C(38C) 1.3600
C(37C)-C(53C) 1.3976
C(38C)-C(39C) 1.4454
C(39C)-C(40C) 1.4228
C(40C)-C(41C) 1.4275
C(40C)-C(54C) 1.4334
C(41C)-C(56C) 1.4257
C(41C)-C(42C) 1.4383
C(42C)-C(43C) 1.4818
C(43C)-C(44C) 1.2904
C(44C)-C(45C) 1.3898
C(44C)-C(57C) 1.5131
C(45C)-C(46C) 1.4341
C(46C)-C(47C) 1.3719
C(46C)-C(58C) 1.4654
C(47C)-C(48C) 1.4118
C(48C)-C(49C) 1.4765
C(49C)-C(59C) 1.4290
C(49C)-C(50C) 1.4378
C(50C)-C(51C) 1.4726
C(51C)-C(52C) 1.3956
C(51C)-C(60C) 1.4459
C(52C)-C(53C) 1.4136
C(53C)-C(54C) 1.3263
C(54C)-C(55C) 1.5117
C(55C)-C(60C) 1.3741
C(55C)-C(56C) 1.4104
C(56C)-C(57C) 1.3200
C(57C)-C(58C) 1.4361
C(58C)-C(59C) 1.4065
C(59C)-C(60C) 1.4465
Mg(1B)-N(3B) 2.03(2)
Mg(1B)-N(2B) 2.04(2)
Mg(1B)-N(1B) 2.09(2)
Mg(1B)-N(4B) 2.10(2)
Mg(1B)-N(5B) 2.133(14)
N(1B)-C(1B) 1.385(7)
N(1B)-C(4B) 1.387(7)
N(2B)-C(9B) 1.386(7)
N(2B)-C(6B) 1.389(7)
N(3B)-C(11B) 1.389(7)
N(3B)-C(14B) 1.389(7)
N(4B)-C(16B) 1.389(7)
N(4B)-C(19B) 1.389(7)

N(5B)-C(45B) 1.321(11)
N(5B)-C(46B) 1.406(13)
N(6B)-C(45B) 1.319(11)
N(6B)-C(47B) 1.404(13)
N(6B)-C(48B) 1.45(3)
N(7B)-C(54B) 1.429(18)
N(7B)-C(56B) 1.463(19)
N(7B)-C(55B) 1.515(19)
C(1B)-C(20B) 1.395(7)
C(1B)-C(2B) 1.447(8)
C(2B)-C(3B) 1.322(17)
C(2B)-H(2BA) 0.9500
C(3B)-C(4B) 1.446(8)
C(3B)-H(3BA) 0.9500
C(4B)-C(5B) 1.397(7)
C(5B)-C(6B) 1.398(7)
C(5B)-C(21B) 1.524(9)
C(6B)-C(7B) 1.446(8)
C(7B)-C(8B) 1.323(16)
C(7B)-H(7BA) 0.9500
C(8B)-C(9B) 1.447(8)
C(8B)-H(8BA) 0.9500
C(9B)-C(10B) 1.396(7)
C(10B)-C(11B) 1.395(7)
C(10B)-C(27B) 1.522(9)
C(11B)-C(12B) 1.446(8)
C(12B)-C(13B) 1.322(16)
C(12B)-H(12B) 0.9500
C(13B)-C(14B) 1.448(8)
C(13B)-H(13B) 0.9500
C(14B)-C(15B) 1.397(7)
C(15B)-C(16B) 1.397(7)
C(15B)-C(33B) 1.523(9)
C(16B)-C(17B) 1.448(8)
C(17B)-C(18B) 1.323(16)
C(17B)-H(17B) 0.9500
C(18B)-C(19B) 1.447(8)
C(18B)-H(18B) 0.9500
C(19B)-C(20B) 1.399(7)
C(20B)-C(39B) 1.525(9)
C(21B)-C(26B) 1.376(5)
C(21B)-C(22B) 1.378(5)
C(22B)-C(23B) 1.378(5)
C(22B)-H(22B) 0.9500
C(23B)-C(24B) 1.376(5)
C(23B)-H(23B) 0.9500
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C(24B)-C(25B) 1.377(5)
C(24B)-H(24B) 0.9500
C(25B)-C(26B) 1.377(5)
C(25B)-H(25B) 0.9500
C(26B)-H(26B) 0.9500
C(27B)-C(28B) 1.377(5)
C(27B)-C(32B) 1.378(5)
C(28B)-C(29B) 1.378(5)
C(28B)-H(28B) 0.9500
C(29B)-C(30B) 1.377(5)
C(29B)-H(29B) 0.9500
C(30B)-C(31B) 1.378(5)
C(30B)-H(30B) 0.9500
C(31B)-C(32B) 1.377(5)
C(31B)-H(31B) 0.9500
C(32B)-H(32B) 0.9500
C(33B)-C(34B) 1.377(5)
C(33B)-C(38B) 1.378(5)
C(34B)-C(35B) 1.380(5)
C(34B)-H(34B) 0.9500
C(35B)-C(36B) 1.377(5)
C(35B)-H(35B) 0.9500
C(36B)-C(37B) 1.377(5)
C(36B)-H(36B) 0.9500
C(37B)-C(38B) 1.377(5)
C(37B)-H(37B) 0.9500
C(38B)-H(38B) 0.9500
C(39B)-C(40B) 1.378(5)
C(39B)-C(44B) 1.381(5)
C(40B)-C(41B) 1.378(5)
C(40B)-H(40B) 0.9500
C(41B)-C(42B) 1.376(5)
C(41B)-H(41B) 0.9500
C(42B)-C(43B) 1.377(5)
C(42B)-H(42B) 0.9500
C(43B)-C(44B) 1.379(5)
C(43B)-H(43B) 0.9500
C(44B)-H(44B) 0.9500
C(45B)-H(45C) 0.9900
C(45B)-H(45D) 0.9900
C(46B)-C(47B) 1.39(2)
C(46B)-H(46B) 0.9500
C(47B)-H(47B) 0.9500
C(48B)-C(49B) 1.379(7)
C(48B)-C(53B) 1.380(7)
C(49B)-C(50B) 1.380(7)

C(49B)-H(49B) 0.9500
C(50B)-C(51B) 1.378(7)
C(50B)-H(50B) 0.9500
C(51B)-C(52B) 1.378(7)
C(51B)-C(54B) 1.647(18)
C(52B)-C(53B) 1.380(7)
C(52B)-H(52B) 0.9500
C(53B)-H(53B) 0.9500
C(54B)-C(1D) 1.549(7)
C(54B)-H(54B) 1.0000
C(55B)-C(2D) 1.550(7)
C(55B)-H(55C) 0.9900
C(55B)-H(55D) 0.9900
C(56B)-H(56D) 0.9800
C(56B)-H(56E) 0.9800
C(56B)-H(56F) 0.9800
C(1D)-C(9D) 1.4639
C(1D)-C(6D) 1.4940
C(1D)-C(2D) 1.5033
C(2D)-C(3D) 1.4538
C(2D)-C(12D) 1.4598
C(3D)-C(4D) 1.3672
C(3D)-C(14D) 1.4241
C(4D)-C(17D) 1.4543
C(4D)-C(5D) 1.4721
C(5D)-C(6D) 1.3659
C(5D)-C(19D) 1.4772
C(6D)-C(7D) 1.4313
C(7D)-C(21D) 1.4152
C(7D)-C(8D) 1.4409
C(8D)-C(24D) 1.4295
C(8D)-C(9D) 1.4444
C(9D)-C(10D) 1.3894
C(10D)-C(11D) 1.3976
C(10D)-C(26D) 1.5057
C(11D)-C(12D) 1.4328
C(11D)-C(28D) 1.4890
C(12D)-C(13D) 1.4102
C(13D)-C(14D) 1.4070
C(13D)-C(30D) 1.4203
C(14D)-C(15D) 1.4379
C(15D)-C(16D) 1.3997
C(15D)-C(32D) 1.4584
C(16D)-C(17D) 1.3727
C(16D)-C(34D) 1.4698
C(17D)-C(18D) 1.4183
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C(18D)-C(19D) 1.3742
C(18D)-C(36D) 1.4824
C(19D)-C(20D) 1.4093
C(20D)-C(21D) 1.4224
C(20D)-C(38D) 1.4891
C(21D)-C(22D) 1.4326
C(22D)-C(39D) 1.3812
C(22D)-C(23D) 1.4495
C(23D)-C(42D) 1.4059
C(23D)-C(24D) 1.4624
C(24D)-C(25D) 1.3575
C(25D)-C(26D) 1.3840
C(25D)-C(43D) 1.4762
C(26D)-C(27D) 1.4200
C(27D)-C(28D) 1.4370
C(27D)-C(45D) 1.4373
C(28D)-C(29D) 1.4137
C(29D)-C(30D) 1.3632
C(29D)-C(47D) 1.5423
C(30D)-C(31D) 1.4121
C(31D)-C(32D) 1.3348
C(31D)-C(48D) 1.4167
C(32D)-C(33D) 1.5228
C(33D)-C(34D) 1.3896
C(33D)-C(50D) 1.4336
C(34D)-C(35D) 1.3083
C(35D)-C(36D) 1.4201
C(35D)-C(52D) 1.5162
C(36D)-C(37D) 1.4365
C(37D)-C(38D) 1.3594
C(37D)-C(53D) 1.3985
C(38D)-C(39D) 1.4451
C(39D)-C(40D) 1.4239
C(40D)-C(41D) 1.4280
C(40D)-C(54D) 1.4331
C(41D)-C(56D) 1.4252
C(41D)-C(42D) 1.4383
C(42D)-C(43D) 1.4824
C(43D)-C(44D) 1.2908
C(44D)-C(45D) 1.3904
C(44D)-C(57D) 1.5134
C(45D)-C(46D) 1.4331
C(46D)-C(47D) 1.3716
C(46D)-C(58D) 1.4659
C(47D)-C(48D) 1.4119
C(48D)-C(49D) 1.4764

C(49D)-C(59D) 1.4287
C(49D)-C(50D) 1.4373
C(50D)-C(51D) 1.4732
C(51D)-C(52D) 1.3950
C(51D)-C(60D) 1.4465
C(52D)-C(53D) 1.4125
C(53D)-C(54D) 1.3258
C(54D)-C(55D) 1.5119
C(55D)-C(60D) 1.3749
C(55D)-C(56D) 1.4097
C(56D)-C(57D) 1.3195
C(57D)-C(58D) 1.4357
C(58D)-C(59D) 1.4064
C(59D)-C(60D) 1.4464
Cl(1S)-C(1S) 1.701(4)
Cl(2S)-C(1S) 1.700(4)
Cl(3S)-C(1S) 1.701(4)
C(1S)-H(1S) 1.0000
Cl(4S)-C(2S) 1.703(4)
Cl(5S)-C(2S) 1.703(4)
Cl(6S)-C(2S) 1.700(4)
C(2S)-H(2S) 1.0000
Cl(7S)-C(3S) 1.699(4)
Cl(8S)-C(3S) 1.698(4)
C(3S)-H(3SA) 0.9900
C(3S)-H(3SB) 0.9900
Cl(11)-C(4S) 1.699(4)
Cl(12)-C(4S) 1.700(4)
C(4S)-H(4SA) 0.9900
C(4S)-H(4SB) 0.9900
Cl(21)-C(4S') 1.700(4)
Cl(22)-C(4S') 1.700(4)
C(4S')-H(4SC) 0.9900
C(4S')-H(4SD) 0.9900
Cl(13)-C(5S) 1.700(4)
Cl(14)-C(5S) 1.700(4)
C(5S)-H(5SA) 0.9900
C(5S)-H(5SB) 0.9900
Cl(23)-C(5S') 1.700(4)
Cl(24)-C(5S') 1.701(4)
C(5S')-H(5SC) 0.9900
C(5S')-H(5SD) 0.9900
Cl(15)-C(6S) 1.700(4)
Cl(16)-C(6S) 1.700(4)
C(6S)-H(6SA) 0.9900
C(6S)-H(6SB) 0.9900
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C(2T)-C(3T) 1.96(8)
C(3T)-C(4T) 1.24(8)
C(4T)-C(5T) 1.33(6)

C(1U)-C(2U) 1.10(4)
C(1U)-C(4U) 1.81(5)
C(3U)-C(4U) 1.59(5)

N(1A)-Mg(1A)-N(4A) 88.3(8)
N(1A)-Mg(1A)-N(2A) 88.5(8)
N(4A)-Mg(1A)-N(2A) 158.9(9)
N(1A)-Mg(1A)-N(5A) 103.6(8)
N(4A)-Mg(1A)-N(5A) 108.5(9)
N(2A)-Mg(1A)-N(5A) 92.5(8)
N(1A)-Mg(1A)-N(3A) 159.5(9)
N(4A)-Mg(1A)-N(3A) 87.6(8)
N(2A)-Mg(1A)-N(3A) 88.1(8)
N(5A)-Mg(1A)-N(3A) 96.8(8)
C(1A)-N(1A)-C(4A) 104.9(18)
C(1A)-N(1A)-Mg(1A) 130.1(15)
C(4A)-N(1A)-Mg(1A) 124.2(16)
C(9A)-N(2A)-C(6A) 107.3(18)
C(9A)-N(2A)-Mg(1A) 123.0(15)
C(6A)-N(2A)-Mg(1A) 126.9(15)
C(11A)-N(3A)-C(14A) 106.2(17)
C(11A)-N(3A)-Mg(1A) 126.4(15)
C(14A)-N(3A)-Mg(1A) 127.4(15)
C(19A)-N(4A)-C(16A) 108.5(18)
C(19A)-N(4A)-Mg(1A) 125.5(15)
C(16A)-N(4A)-Mg(1A) 125.5(15)
C(45A)-N(5A)-C(46A) 113.5(18)
C(45A)-N(5A)-Mg(1A) 121.2(16)
C(46A)-N(5A)-Mg(1A) 125.3(15)
C(45A)-N(6A)-C(47A) 106(2)
C(45A)-N(6A)-C(48A) 122(2)
C(47A)-N(6A)-C(48A) 132(2)
C(54A)-N(7A)-C(56A) 118.1(17)
C(54A)-N(7A)-C(55A) 88.7(16)
C(56A)-N(7A)-C(55A) 108.7(17)
N(1A)-C(1A)-C(20A) 119.6(18)
N(1A)-C(1A)-C(2A) 112.0(19)
C(20A)-C(1A)-C(2A) 128(2)
C(3A)-C(2A)-C(1A) 104(2)
C(3A)-C(2A)-H(2AA) 127.9
C(1A)-C(2A)-H(2AA) 127.9
C(2A)-C(3A)-C(4A) 109(2)
C(2A)-C(3A)-H(3AA) 125.5
C(4A)-C(3A)-H(3AA) 125.5
N(1A)-C(4A)-C(5A) 126.0(18)
N(1A)-C(4A)-C(3A) 108.9(19)

C(5A)-C(4A)-C(3A) 122.9(18)
C(6A)-C(5A)-C(4A) 128.4(16)
C(6A)-C(5A)-C(21A) 115.7(15)
C(4A)-C(5A)-C(21A) 115.9(15)
N(2A)-C(6A)-C(5A) 121.4(17)
N(2A)-C(6A)-C(7A) 113.1(19)
C(5A)-C(6A)-C(7A) 125.4(19)
C(8A)-C(7A)-C(6A) 101(2)
C(8A)-C(7A)-H(7AA) 129.7
C(6A)-C(7A)-H(7AA) 129.7
C(7A)-C(8A)-C(9A) 114(2)
C(7A)-C(8A)-H(8AA) 123.0
C(9A)-C(8A)-H(8AA) 123.0
N(2A)-C(9A)-C(10A) 127.5(18)
N(2A)-C(9A)-C(8A) 104.8(19)
C(10A)-C(9A)-C(8A) 126.8(19)
C(9A)-C(10A)-C(11A) 125.8(16)
C(9A)-C(10A)-C(27A) 116.6(15)
C(11A)-C(10A)-C(27A) 117.5(15)
N(3A)-C(11A)-C(10A) 124.3(18)
N(3A)-C(11A)-C(12A) 111.6(18)
C(10A)-C(11A)-C(12A) 122.6(19)
C(13A)-C(12A)-C(11A) 103(2)
C(13A)-C(12A)-H(12A) 128.4
C(11A)-C(12A)-H(12A) 128.4
C(12A)-C(13A)-C(14A) 110(2)
C(12A)-C(13A)-H(13A) 125.0
C(14A)-C(13A)-H(13A) 125.0
N(3A)-C(14A)-C(15A) 124.1(17)
N(3A)-C(14A)-C(13A) 107.6(19)
C(15A)-C(14A)-C(13A) 128.3(19)
C(16A)-C(15A)-C(14A) 125.7(16)
C(16A)-C(15A)-C(33A) 118.2(16)
C(14A)-C(15A)-C(33A) 116.1(15)
N(4A)-C(16A)-C(15A) 128.2(18)
N(4A)-C(16A)-C(17A) 109.7(19)
C(15A)-C(16A)-C(17A) 121.4(19)
C(18A)-C(17A)-C(16A) 105(2)
C(18A)-C(17A)-H(17A) 127.5
C(16A)-C(17A)-H(17A) 127.5
C(17A)-C(18A)-C(19A) 110(2)
C(17A)-C(18A)-H(18A) 124.9
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C(19A)-C(18A)-H(18A) 124.9
N(4A)-C(19A)-C(20A) 123.7(18)
N(4A)-C(19A)-C(18A) 106.5(19)
C(20A)-C(19A)-C(18A) 129(2)
C(1A)-C(20A)-C(19A) 130.6(17)
C(1A)-C(20A)-C(39A) 111.7(16)
C(19A)-C(20A)-C(39A) 117.6(16)
C(26A)-C(21A)-C(22A) 119.7(5)
C(26A)-C(21A)-C(5A) 120.2(6)
C(22A)-C(21A)-C(5A) 119.7(6)
C(23A)-C(22A)-C(21A) 120.0(6)
C(23A)-C(22A)-H(22A) 120.0
C(21A)-C(22A)-H(22A) 120.0
C(24A)-C(23A)-C(22A) 120.2(6)
C(24A)-C(23A)-H(23A) 119.9
C(22A)-C(23A)-H(23A) 119.9
C(25A)-C(24A)-C(23A) 119.9(6)
C(25A)-C(24A)-H(24A) 120.0
C(23A)-C(24A)-H(24A) 120.0
C(24A)-C(25A)-C(26A) 119.9(6)
C(24A)-C(25A)-H(25A) 120.0
C(26A)-C(25A)-H(25A) 120.0
C(21A)-C(26A)-C(25A) 120.3(6)
C(21A)-C(26A)-H(26A) 119.8
C(25A)-C(26A)-H(26A) 119.8
C(28A)-C(27A)-C(32A) 119.6(5)
C(28A)-C(27A)-C(10A) 119.8(6)
C(32A)-C(27A)-C(10A) 120.2(6)
C(29A)-C(28A)-C(27A) 120.7(6)
C(29A)-C(28A)-H(28A) 119.7
C(27A)-C(28A)-H(28A) 119.7
C(30A)-C(29A)-C(28A) 119.7(6)
C(30A)-C(29A)-H(29A) 120.2
C(28A)-C(29A)-H(29A) 120.2
C(29A)-C(30A)-C(31A) 119.8(6)
C(29A)-C(30A)-H(30A) 120.1
C(31A)-C(30A)-H(30A) 120.1
C(30A)-C(31A)-C(32A) 120.6(6)
C(30A)-C(31A)-H(31A) 119.7
C(32A)-C(31A)-H(31A) 119.7
C(31A)-C(32A)-C(27A) 119.7(6)
C(31A)-C(32A)-H(32A) 120.2
C(27A)-C(32A)-H(32A) 120.2
C(34A)-C(33A)-C(38A) 120.0(5)
C(34A)-C(33A)-C(15A) 120.3(6)
C(38A)-C(33A)-C(15A) 119.6(6)

C(33A)-C(34A)-C(35A) 119.8(6)
C(33A)-C(34A)-H(34A) 120.1
C(35A)-C(34A)-H(34A) 120.1
C(36A)-C(35A)-C(34A) 120.2(6)
C(36A)-C(35A)-H(35A) 119.9
C(34A)-C(35A)-H(35A) 119.9
C(35A)-C(36A)-C(37A) 120.1(6)
C(35A)-C(36A)-H(36A) 119.9
C(37A)-C(36A)-H(36A) 119.9
C(36A)-C(37A)-C(38A) 119.7(6)
C(36A)-C(37A)-H(37A) 120.2
C(38A)-C(37A)-H(37A) 120.2
C(33A)-C(38A)-C(37A) 120.3(6)
C(33A)-C(38A)-H(38A) 119.9
C(37A)-C(38A)-H(38A) 119.9
C(44A)-C(39A)-C(40A) 120.1(5)
C(44A)-C(39A)-C(20A) 120.4(6)
C(40A)-C(39A)-C(20A) 119.5(6)
C(41A)-C(40A)-C(39A) 120.0(6)
C(41A)-C(40A)-H(40A) 120.0
C(39A)-C(40A)-H(40A) 120.0
C(42A)-C(41A)-C(40A) 120.0(6)
C(42A)-C(41A)-H(41A) 120.0
C(40A)-C(41A)-H(41A) 120.0
C(41A)-C(42A)-C(43A) 120.1(6)
C(41A)-C(42A)-H(42A) 120.0
C(43A)-C(42A)-H(42A) 120.0
C(42A)-C(43A)-C(44A) 120.0(6)
C(42A)-C(43A)-H(43A) 120.0
C(44A)-C(43A)-H(43A) 120.0
C(39A)-C(44A)-C(43A) 119.9(6)
C(39A)-C(44A)-H(44A) 120.1
C(43A)-C(44A)-H(44A) 120.1
N(5A)-C(45A)-N(6A) 109(2)
N(5A)-C(45A)-H(45A) 109.9
N(6A)-C(45A)-H(45A) 109.9
N(5A)-C(45A)-H(45B) 109.9
N(6A)-C(45A)-H(45B) 109.9
H(45A)-C(45A)-H(45B) 108.3
C(47A)-C(46A)-N(5A) 100.2(19)
C(47A)-C(46A)-H(46A) 129.9
N(5A)-C(46A)-H(46A) 129.9
C(46A)-C(47A)-N(6A) 111(2)
C(46A)-C(47A)-H(47A) 124.4
N(6A)-C(47A)-H(47A) 124.4
C(49A)-C(48A)-C(53A) 120.2(6)
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C(49A)-C(48A)-N(6A) 124.9(16)
C(53A)-C(48A)-N(6A) 114.9(16)
C(48A)-C(49A)-C(50A) 119.8(6)
C(48A)-C(49A)-H(49A) 120.1
C(50A)-C(49A)-H(49A) 120.1
C(51A)-C(50A)-C(49A) 119.8(6)
C(51A)-C(50A)-H(50A) 120.1
C(49A)-C(50A)-H(50A) 120.1
C(52A)-C(51A)-C(50A) 120.3(6)
C(52A)-C(51A)-C(54A) 114.9(15)
C(50A)-C(51A)-C(54A) 123.8(16)
C(51A)-C(52A)-C(53A) 119.8(6)
C(51A)-C(52A)-H(52A) 120.1
C(53A)-C(52A)-H(52A) 120.1
C(48A)-C(53A)-C(52A) 120.0(6)
C(48A)-C(53A)-H(53A) 120.0
C(52A)-C(53A)-H(53A) 120.0
N(7A)-C(54A)-C(1C) 111.6(15)
N(7A)-C(54A)-C(51A) 102.1(15)
C(1C)-C(54A)-C(51A) 115.1(13)
N(7A)-C(54A)-H(54A) 109.2
C(1C)-C(54A)-H(54A) 109.2
C(51A)-C(54A)-H(54A) 109.2
N(7A)-C(55A)-C(2C) 106.6(13)
N(7A)-C(55A)-H(55A) 110.4
C(2C)-C(55A)-H(55A) 110.4
N(7A)-C(55A)-H(55B) 110.4
C(2C)-C(55A)-H(55B) 110.4
H(55A)-C(55A)-H(55B) 108.6
N(7A)-C(56A)-H(56A) 109.5
N(7A)-C(56A)-H(56B) 109.5
H(56A)-C(56A)-H(56B) 109.5
N(7A)-C(56A)-H(56C) 109.5
H(56A)-C(56A)-H(56C) 109.5
H(56B)-C(56A)-H(56C) 109.5
C(9C)-C(1C)-C(6C) 104.5
C(9C)-C(1C)-C(2C) 118.6
C(6C)-C(1C)-C(2C) 115.5
C(9C)-C(1C)-C(54A) 106.5(10)
C(6C)-C(1C)-C(54A) 113.0(9)
C(2C)-C(1C)-C(54A) 98.6(8)
C(3C)-C(2C)-C(12C) 104.6
C(3C)-C(2C)-C(1C) 118.4
C(12C)-C(2C)-C(1C) 116.5
C(3C)-C(2C)-C(55A) 111.7(11)
C(12C)-C(2C)-C(55A) 102.4(9)

C(1C)-C(2C)-C(55A) 102.1(9)
C(4C)-C(3C)-C(14C) 118.3
C(4C)-C(3C)-C(2C) 123.5
C(14C)-C(3C)-C(2C) 108.6
C(3C)-C(4C)-C(17C) 121.1
C(3C)-C(4C)-C(5C) 118.6
C(17C)-C(4C)-C(5C) 108.6
C(6C)-C(5C)-C(4C) 121.4
C(6C)-C(5C)-C(19C) 120.7
C(4C)-C(5C)-C(19C) 104.8
C(5C)-C(6C)-C(7C) 120.5
C(5C)-C(6C)-C(1C) 122.0
C(7C)-C(6C)-C(1C) 109.0
C(21C)-C(7C)-C(6C) 121.1
C(21C)-C(7C)-C(8C) 120.3
C(6C)-C(7C)-C(8C) 108.1
C(24C)-C(8C)-C(7C) 121.0
C(24C)-C(8C)-C(9C) 119.1
C(7C)-C(8C)-C(9C) 108.3
C(10C)-C(9C)-C(8C) 121.1
C(10C)-C(9C)-C(1C) 120.8
C(8C)-C(9C)-C(1C) 109.1
C(9C)-C(10C)-C(11C) 121.8
C(9C)-C(10C)-C(26C) 116.7
C(11C)-C(10C)-C(26C) 108.8
C(10C)-C(11C)-C(12C) 120.4
C(10C)-C(11C)-C(28C) 108.6
C(12C)-C(11C)-C(28C) 119.3
C(13C)-C(12C)-C(11C) 119.6
C(13C)-C(12C)-C(2C) 109.1
C(11C)-C(12C)-C(2C) 121.2
C(14C)-C(13C)-C(12C) 108.4
C(14C)-C(13C)-C(30C) 119.8
C(12C)-C(13C)-C(30C) 121.7
C(13C)-C(14C)-C(3C) 108.6
C(13C)-C(14C)-C(15C) 118.9
C(3C)-C(14C)-C(15C) 121.7
C(16C)-C(15C)-C(14C) 117.6
C(16C)-C(15C)-C(32C) 112.1
C(14C)-C(15C)-C(32C) 118.4
C(17C)-C(16C)-C(15C) 121.9
C(17C)-C(16C)-C(34C) 116.1
C(15C)-C(16C)-C(34C) 109.0
C(16C)-C(17C)-C(18C) 124.0
C(16C)-C(17C)-C(4C) 119.3
C(18C)-C(17C)-C(4C) 106.1
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C(19C)-C(18C)-C(17C) 111.8
C(19C)-C(18C)-C(36C) 118.8
C(17C)-C(18C)-C(36C) 117.8
C(18C)-C(19C)-C(20C) 122.6
C(18C)-C(19C)-C(5C) 108.7
C(20C)-C(19C)-C(5C) 116.9
C(19C)-C(20C)-C(21C) 123.0
C(19C)-C(20C)-C(38C) 117.3
C(21C)-C(20C)-C(38C) 107.7
C(7C)-C(21C)-C(20C) 117.6
C(7C)-C(21C)-C(22C) 120.8
C(20C)-C(21C)-C(22C) 107.7
C(39C)-C(22C)-C(21C) 109.6
C(39C)-C(22C)-C(23C) 122.2
C(21C)-C(22C)-C(23C) 118.8
C(42C)-C(23C)-C(22C) 119.3
C(42C)-C(23C)-C(24C) 107.2
C(22C)-C(23C)-C(24C) 121.0
C(25C)-C(24C)-C(8C) 121.1
C(25C)-C(24C)-C(23C) 107.3
C(8C)-C(24C)-C(23C) 117.9
C(24C)-C(25C)-C(26C) 121.1
C(24C)-C(25C)-C(43C) 113.4
C(26C)-C(25C)-C(43C) 113.8
C(25C)-C(26C)-C(27C) 122.4
C(25C)-C(26C)-C(10C) 120.7
C(27C)-C(26C)-C(10C) 105.3
C(26C)-C(27C)-C(45C) 118.6
C(26C)-C(27C)-C(28C) 111.3
C(45C)-C(27C)-C(28C) 117.9
C(29C)-C(28C)-C(27C) 127.6
C(29C)-C(28C)-C(11C) 115.5
C(27C)-C(28C)-C(11C) 105.8
C(30C)-C(29C)-C(28C) 126.0
C(30C)-C(29C)-C(47C) 109.7
C(28C)-C(29C)-C(47C) 111.7
C(29C)-C(30C)-C(31C) 108.9
C(29C)-C(30C)-C(13C) 117.8
C(31C)-C(30C)-C(13C) 121.0
C(32C)-C(31C)-C(30C) 120.1
C(32C)-C(31C)-C(48C) 122.1
C(30C)-C(31C)-C(48C) 107.8
C(31C)-C(32C)-C(15C) 121.7
C(31C)-C(32C)-C(33C) 124.4
C(15C)-C(32C)-C(33C) 100.5
C(34C)-C(33C)-C(50C) 122.8

C(34C)-C(33C)-C(32C) 113.0
C(50C)-C(33C)-C(32C) 112.2
C(35C)-C(34C)-C(33C) 121.5
C(35C)-C(34C)-C(16C) 121.8
C(33C)-C(34C)-C(16C) 105.2
C(34C)-C(35C)-C(36C) 124.2
C(34C)-C(35C)-C(52C) 121.7
C(36C)-C(35C)-C(52C) 102.2
C(35C)-C(36C)-C(37C) 112.3
C(35C)-C(36C)-C(18C) 116.0
C(37C)-C(36C)-C(18C) 120.0
C(38C)-C(37C)-C(53C) 121.7
C(38C)-C(37C)-C(36C) 118.9
C(53C)-C(37C)-C(36C) 107.1
C(37C)-C(38C)-C(39C) 119.7
C(37C)-C(38C)-C(20C) 122.2
C(39C)-C(38C)-C(20C) 105.2
C(22C)-C(39C)-C(40C) 118.5
C(22C)-C(39C)-C(38C) 109.7
C(40C)-C(39C)-C(38C) 117.9
C(39C)-C(40C)-C(41C) 120.8
C(39C)-C(40C)-C(54C) 118.5
C(41C)-C(40C)-C(54C) 110.6
C(56C)-C(41C)-C(40C) 107.6
C(56C)-C(41C)-C(42C) 119.3
C(40C)-C(41C)-C(42C) 119.9
C(23C)-C(42C)-C(41C) 119.2
C(23C)-C(42C)-C(43C) 111.0
C(41C)-C(42C)-C(43C) 117.9
C(44C)-C(43C)-C(25C) 125.7
C(44C)-C(43C)-C(42C) 121.6
C(25C)-C(43C)-C(42C) 101.0
C(43C)-C(44C)-C(45C) 120.1
C(43C)-C(44C)-C(57C) 119.1
C(45C)-C(44C)-C(57C) 108.8
C(44C)-C(45C)-C(46C) 111.0
C(44C)-C(45C)-C(27C) 119.4
C(46C)-C(45C)-C(27C) 117.4
C(47C)-C(46C)-C(45C) 124.5
C(47C)-C(46C)-C(58C) 117.9
C(45C)-C(46C)-C(58C) 105.3
C(46C)-C(47C)-C(48C) 126.3
C(46C)-C(47C)-C(29C) 120.7
C(48C)-C(47C)-C(29C) 101.4
C(47C)-C(48C)-C(31C) 112.0
C(47C)-C(48C)-C(49C) 116.1
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C(31C)-C(48C)-C(49C) 118.3
C(59C)-C(49C)-C(50C) 110.0
C(59C)-C(49C)-C(48C) 118.4
C(50C)-C(49C)-C(48C) 118.4
C(33C)-C(50C)-C(49C) 124.3
C(33C)-C(50C)-C(51C) 115.6
C(49C)-C(50C)-C(51C) 105.3
C(52C)-C(51C)-C(60C) 118.6
C(52C)-C(51C)-C(50C) 121.8
C(60C)-C(51C)-C(50C) 109.6
C(51C)-C(52C)-C(53C) 121.9
C(51C)-C(52C)-C(35C) 116.5
C(53C)-C(52C)-C(35C) 109.1
C(54C)-C(53C)-C(37C) 120.5
C(54C)-C(53C)-C(52C) 119.7
C(37C)-C(53C)-C(52C) 109.3
C(53C)-C(54C)-C(40C) 121.6
C(53C)-C(54C)-C(55C) 121.8
C(40C)-C(54C)-C(55C) 104.4
C(60C)-C(55C)-C(56C) 122.8
C(60C)-C(55C)-C(54C) 117.0
C(56C)-C(55C)-C(54C) 108.0
C(57C)-C(56C)-C(55C) 118.1
C(57C)-C(56C)-C(41C) 120.5
C(55C)-C(56C)-C(41C) 109.4
C(56C)-C(57C)-C(58C) 123.4
C(56C)-C(57C)-C(44C) 121.6
C(58C)-C(57C)-C(44C) 103.8
C(59C)-C(58C)-C(57C) 118.6
C(59C)-C(58C)-C(46C) 118.5
C(57C)-C(58C)-C(46C) 111.1
C(58C)-C(59C)-C(49C) 122.8
C(58C)-C(59C)-C(60C) 118.2
C(49C)-C(59C)-C(60C) 108.7
C(55C)-C(60C)-C(51C) 121.0
C(55C)-C(60C)-C(59C) 118.9
C(51C)-C(60C)-C(59C) 106.4
N(3B)-Mg(1B)-N(2B) 87.8(8)
N(3B)-Mg(1B)-N(1B) 158.7(10)
N(2B)-Mg(1B)-N(1B) 90.4(8)
N(3B)-Mg(1B)-N(4B) 87.1(8)
N(2B)-Mg(1B)-N(4B) 161.6(10)
N(1B)-Mg(1B)-N(4B) 88.0(8)
N(3B)-Mg(1B)-N(5B) 107.4(10)
N(2B)-Mg(1B)-N(5B) 99.1(9)
N(1B)-Mg(1B)-N(5B) 93.9(9)

N(4B)-Mg(1B)-N(5B) 99.3(9)
C(1B)-N(1B)-C(4B) 108.9(18)
C(1B)-N(1B)-Mg(1B) 125.2(16)
C(4B)-N(1B)-Mg(1B) 125.1(16)
C(9B)-N(2B)-C(6B) 105.8(18)
C(9B)-N(2B)-Mg(1B) 128.6(16)
C(6B)-N(2B)-Mg(1B) 125.6(16)
C(11B)-N(3B)-C(14B) 101.3(18)
C(11B)-N(3B)-Mg(1B) 130.0(16)
C(14B)-N(3B)-Mg(1B) 128.6(16)
C(16B)-N(4B)-C(19B) 106.3(18)
C(16B)-N(4B)-Mg(1B) 127.2(16)
C(19B)-N(4B)-Mg(1B) 125.9(16)
C(45B)-N(5B)-C(46B) 100.2(19)
C(45B)-N(5B)-Mg(1B) 121.7(16)
C(46B)-N(5B)-Mg(1B) 137.4(17)
C(45B)-N(6B)-C(47B) 113(2)
C(45B)-N(6B)-C(48B) 130(2)
C(47B)-N(6B)-C(48B) 116(2)
C(54B)-N(7B)-C(56B) 121.5(19)
C(54B)-N(7B)-C(55B) 94.2(18)
C(56B)-N(7B)-C(55B) 121.7(18)
N(1B)-C(1B)-C(20B) 126.9(19)
N(1B)-C(1B)-C(2B) 101.2(19)
C(20B)-C(1B)-C(2B) 132(2)
C(3B)-C(2B)-C(1B) 118(2)
C(3B)-C(2B)-H(2BA) 121.2
C(1B)-C(2B)-H(2BA) 121.2
C(2B)-C(3B)-C(4B) 100(2)
C(2B)-C(3B)-H(3BA) 129.9
C(4B)-C(3B)-H(3BA) 129.9
N(1B)-C(4B)-C(5B) 124.5(18)
N(1B)-C(4B)-C(3B) 111(2)
C(5B)-C(4B)-C(3B) 123(2)
C(4B)-C(5B)-C(6B) 127.1(17)
C(4B)-C(5B)-C(21B) 114.5(15)
C(6B)-C(5B)-C(21B) 116.7(16)
N(2B)-C(6B)-C(5B) 125.4(19)
N(2B)-C(6B)-C(7B) 106.0(19)
C(5B)-C(6B)-C(7B) 128.6(19)
C(8B)-C(7B)-C(6B) 113(2)
C(8B)-C(7B)-H(7BA) 123.7
C(6B)-C(7B)-H(7BA) 123.7
C(7B)-C(8B)-C(9B) 103(2)
C(7B)-C(8B)-H(8BA) 128.6
C(9B)-C(8B)-H(8BA) 128.6
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N(2B)-C(9B)-C(10B) 122.3(18)
N(2B)-C(9B)-C(8B) 112(2)
C(10B)-C(9B)-C(8B) 126(2)
C(11B)-C(10B)-C(9B) 128.8(17)
C(11B)-C(10B)-C(27B) 115.8(16)
C(9B)-C(10B)-C(27B) 114.6(16)
N(3B)-C(11B)-C(10B) 121.0(18)
N(3B)-C(11B)-C(12B) 112(2)
C(10B)-C(11B)-C(12B) 127(2)
C(13B)-C(12B)-C(11B) 107(2)
C(13B)-C(12B)-H(12B) 126.4
C(11B)-C(12B)-H(12B) 126.4
C(12B)-C(13B)-C(14B) 106(2)
C(12B)-C(13B)-H(13B) 127.0
C(14B)-C(13B)-H(13B) 127.0
N(3B)-C(14B)-C(15B) 127.1(19)
N(3B)-C(14B)-C(13B) 113(2)
C(15B)-C(14B)-C(13B) 120(2)
C(14B)-C(15B)-C(16B) 122.4(17)
C(14B)-C(15B)-C(33B) 118.3(17)
C(16B)-C(15B)-C(33B) 118.9(17)
N(4B)-C(16B)-C(15B) 126.6(19)
N(4B)-C(16B)-C(17B) 108(2)
C(15B)-C(16B)-C(17B) 125(2)
C(18B)-C(17B)-C(16B) 108(2)
C(18B)-C(17B)-H(17B) 125.8
C(16B)-C(17B)-H(17B) 125.8
C(17B)-C(18B)-C(19B) 108(2)
C(17B)-C(18B)-H(18B) 126.1
C(19B)-C(18B)-H(18B) 126.1
N(4B)-C(19B)-C(20B) 126.6(18)
N(4B)-C(19B)-C(18B) 108(2)
C(20B)-C(19B)-C(18B) 124(2)
C(1B)-C(20B)-C(19B) 123.6(17)
C(1B)-C(20B)-C(39B) 118.0(16)
C(19B)-C(20B)-C(39B) 118.2(16)
C(26B)-C(21B)-C(22B) 119.8(5)
C(26B)-C(21B)-C(5B) 119.9(6)
C(22B)-C(21B)-C(5B) 120.1(6)
C(23B)-C(22B)-C(21B) 119.9(6)
C(23B)-C(22B)-H(22B) 120.1
C(21B)-C(22B)-H(22B) 120.1
C(24B)-C(23B)-C(22B) 120.2(6)
C(24B)-C(23B)-H(23B) 119.9
C(22B)-C(23B)-H(23B) 119.9
C(23B)-C(24B)-C(25B) 120.0(6)

C(23B)-C(24B)-H(24B) 120.0
C(25B)-C(24B)-H(24B) 120.0
C(24B)-C(25B)-C(26B) 119.8(6)
C(24B)-C(25B)-H(25B) 120.1
C(26B)-C(25B)-H(25B) 120.1
C(21B)-C(26B)-C(25B) 120.4(6)
C(21B)-C(26B)-H(26B) 119.8
C(25B)-C(26B)-H(26B) 119.8
C(28B)-C(27B)-C(32B) 119.8(5)
C(28B)-C(27B)-C(10B) 120.0(6)
C(32B)-C(27B)-C(10B) 120.1(6)
C(27B)-C(28B)-C(29B) 119.8(6)
C(27B)-C(28B)-H(28B) 120.1
C(29B)-C(28B)-H(28B) 120.1
C(30B)-C(29B)-C(28B) 120.3(6)
C(30B)-C(29B)-H(29B) 119.9
C(28B)-C(29B)-H(29B) 119.9
C(29B)-C(30B)-C(31B) 120.0(6)
C(29B)-C(30B)-H(30B) 120.0
C(31B)-C(30B)-H(30B) 120.0
C(32B)-C(31B)-C(30B) 119.7(6)
C(32B)-C(31B)-H(31B) 120.2
C(30B)-C(31B)-H(31B) 120.2
C(31B)-C(32B)-C(27B) 120.4(6)
C(31B)-C(32B)-H(32B) 119.8
C(27B)-C(32B)-H(32B) 119.8
C(34B)-C(33B)-C(38B) 119.6(5)
C(34B)-C(33B)-C(15B) 120.8(6)
C(38B)-C(33B)-C(15B) 119.5(6)
C(33B)-C(34B)-C(35B) 120.0(6)
C(33B)-C(34B)-H(34B) 120.0
C(35B)-C(34B)-H(34B) 120.0
C(36B)-C(35B)-C(34B) 120.2(6)
C(36B)-C(35B)-H(35B) 119.9
C(34B)-C(35B)-H(35B) 119.9
C(37B)-C(36B)-C(35B) 119.9(6)
C(37B)-C(36B)-H(36B) 120.1
C(35B)-C(36B)-H(36B) 120.1
C(36B)-C(37B)-C(38B) 119.9(6)
C(36B)-C(37B)-H(37B) 120.1
C(38B)-C(37B)-H(37B) 120.1
C(37B)-C(38B)-C(33B) 120.4(6)
C(37B)-C(38B)-H(38B) 119.8
C(33B)-C(38B)-H(38B) 119.8
C(40B)-C(39B)-C(44B) 120.0(5)
C(40B)-C(39B)-C(20B) 120.0(6)
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C(44B)-C(39B)-C(20B) 120.0(6)
C(41B)-C(40B)-C(39B) 120.1(6)
C(41B)-C(40B)-H(40B) 119.9
C(39B)-C(40B)-H(40B) 119.9
C(42B)-C(41B)-C(40B) 120.0(6)
C(42B)-C(41B)-H(41B) 120.0
C(40B)-C(41B)-H(41B) 120.0
C(41B)-C(42B)-C(43B) 120.1(6)
C(41B)-C(42B)-H(42B) 119.9
C(43B)-C(42B)-H(42B) 119.9
C(42B)-C(43B)-C(44B) 120.0(6)
C(42B)-C(43B)-H(43B) 120.0
C(44B)-C(43B)-H(43B) 120.0
C(43B)-C(44B)-C(39B) 119.8(6)
C(43B)-C(44B)-H(44B) 120.1
C(39B)-C(44B)-H(44B) 120.1
N(6B)-C(45B)-N(5B) 113(2)
N(6B)-C(45B)-H(45C) 109.0
N(5B)-C(45B)-H(45C) 109.0
N(6B)-C(45B)-H(45D) 109.0
N(5B)-C(45B)-H(45D) 109.0
H(45C)-C(45B)-H(45D) 107.8
C(47B)-C(46B)-N(5B) 117(2)
C(47B)-C(46B)-H(46B) 121.5
N(5B)-C(46B)-H(46B) 121.5
C(46B)-C(47B)-N(6B) 97(2)
C(46B)-C(47B)-H(47B) 131.5
N(6B)-C(47B)-H(47B) 131.5
C(49B)-C(48B)-C(53B) 120.1(6)
C(49B)-C(48B)-N(6B) 125.0(18)
C(53B)-C(48B)-N(6B) 114.8(18)
C(48B)-C(49B)-C(50B) 119.9(6)
C(48B)-C(49B)-H(49B) 120.1
C(50B)-C(49B)-H(49B) 120.1
C(51B)-C(50B)-C(49B) 120.0(6)
C(51B)-C(50B)-H(50B) 120.0
C(49B)-C(50B)-H(50B) 120.0
C(50B)-C(51B)-C(52B) 120.1(6)
C(50B)-C(51B)-C(54B) 121.4(17)
C(52B)-C(51B)-C(54B) 117.5(17)
C(51B)-C(52B)-C(53B) 120.0(6)
C(51B)-C(52B)-H(52B) 120.0
C(53B)-C(52B)-H(52B) 120.0
C(48B)-C(53B)-C(52B) 119.9(6)
C(48B)-C(53B)-H(53B) 120.1
C(52B)-C(53B)-H(53B) 120.1

N(7B)-C(54B)-C(1D) 113.8(17)
N(7B)-C(54B)-C(51B) 106.7(16)
C(1D)-C(54B)-C(51B) 117.6(15)
N(7B)-C(54B)-H(54B) 105.9
C(1D)-C(54B)-H(54B) 105.9
C(51B)-C(54B)-H(54B) 105.9
N(7B)-C(55B)-C(2D) 108.6(15)
N(7B)-C(55B)-H(55C) 110.0
C(2D)-C(55B)-H(55C) 110.0
N(7B)-C(55B)-H(55D) 110.0
C(2D)-C(55B)-H(55D) 110.0
H(55C)-C(55B)-H(55D) 108.3
N(7B)-C(56B)-H(56D) 109.5
N(7B)-C(56B)-H(56E) 109.5
H(56D)-C(56B)-H(56E) 109.5
N(7B)-C(56B)-H(56F) 109.5
H(56D)-C(56B)-H(56F) 109.5
H(56E)-C(56B)-H(56F) 109.5
C(9D)-C(1D)-C(6D) 104.5
C(9D)-C(1D)-C(2D) 118.6
C(6D)-C(1D)-C(2D) 115.5
C(9D)-C(1D)-C(54B) 105.0(9)
C(6D)-C(1D)-C(54B) 111.0(11)
C(2D)-C(1D)-C(54B) 101.8(9)
C(3D)-C(2D)-C(12D) 104.6
C(3D)-C(2D)-C(1D) 118.4
C(12D)-C(2D)-C(1D) 116.6
C(3D)-C(2D)-C(55B) 103.1(9)
C(12D)-C(2D)-C(55B) 111.1(11)
C(1D)-C(2D)-C(55B) 102.2(10)
C(4D)-C(3D)-C(14D) 118.3
C(4D)-C(3D)-C(2D) 123.5
C(14D)-C(3D)-C(2D) 108.6
C(3D)-C(4D)-C(17D) 121.1
C(3D)-C(4D)-C(5D) 118.6
C(17D)-C(4D)-C(5D) 108.6
C(6D)-C(5D)-C(4D) 121.3
C(6D)-C(5D)-C(19D) 120.8
C(4D)-C(5D)-C(19D) 104.8
C(5D)-C(6D)-C(7D) 120.5
C(5D)-C(6D)-C(1D) 122.0
C(7D)-C(6D)-C(1D) 109.0
C(21D)-C(7D)-C(6D) 121.2
C(21D)-C(7D)-C(8D) 120.3
C(6D)-C(7D)-C(8D) 108.1
C(24D)-C(8D)-C(7D) 121.1
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C(24D)-C(8D)-C(9D) 119.1
C(7D)-C(8D)-C(9D) 108.3
C(10D)-C(9D)-C(8D) 121.1
C(10D)-C(9D)-C(1D) 120.7
C(8D)-C(9D)-C(1D) 109.1
C(9D)-C(10D)-C(11D) 121.8
C(9D)-C(10D)-C(26D) 116.6
C(11D)-C(10D)-C(26D) 108.9
C(10D)-C(11D)-C(12D) 120.5
C(10D)-C(11D)-C(28D) 108.5
C(12D)-C(11D)-C(28D) 119.3
C(13D)-C(12D)-C(11D) 119.6
C(13D)-C(12D)-C(2D) 109.2
C(11D)-C(12D)-C(2D) 121.2
C(14D)-C(13D)-C(12D) 108.4
C(14D)-C(13D)-C(30D) 119.8
C(12D)-C(13D)-C(30D) 121.8
C(13D)-C(14D)-C(3D) 108.6
C(13D)-C(14D)-C(15D) 118.9
C(3D)-C(14D)-C(15D) 121.7
C(16D)-C(15D)-C(14D) 117.6
C(16D)-C(15D)-C(32D) 112.1
C(14D)-C(15D)-C(32D) 118.5
C(17D)-C(16D)-C(15D) 121.9
C(17D)-C(16D)-C(34D) 116.1
C(15D)-C(16D)-C(34D) 109.1
C(16D)-C(17D)-C(18D) 124.0
C(16D)-C(17D)-C(4D) 119.3
C(18D)-C(17D)-C(4D) 106.1
C(19D)-C(18D)-C(17D) 111.8
C(19D)-C(18D)-C(36D) 118.7
C(17D)-C(18D)-C(36D) 117.8
C(18D)-C(19D)-C(20D) 122.7
C(18D)-C(19D)-C(5D) 108.7
C(20D)-C(19D)-C(5D) 116.9
C(19D)-C(20D)-C(21D) 123.0
C(19D)-C(20D)-C(38D) 117.3
C(21D)-C(20D)-C(38D) 107.7
C(7D)-C(21D)-C(20D) 117.6
C(7D)-C(21D)-C(22D) 120.9
C(20D)-C(21D)-C(22D) 107.7
C(39D)-C(22D)-C(21D) 109.6
C(39D)-C(22D)-C(23D) 122.2
C(21D)-C(22D)-C(23D) 118.7
C(42D)-C(23D)-C(22D) 119.2
C(42D)-C(23D)-C(24D) 107.2

C(22D)-C(23D)-C(24D) 121.1
C(25D)-C(24D)-C(8D) 121.2
C(25D)-C(24D)-C(23D) 107.3
C(8D)-C(24D)-C(23D) 117.9
C(24D)-C(25D)-C(26D) 121.2
C(24D)-C(25D)-C(43D) 113.5
C(26D)-C(25D)-C(43D) 113.8
C(25D)-C(26D)-C(27D) 122.4
C(25D)-C(26D)-C(10D) 120.7
C(27D)-C(26D)-C(10D) 105.3
C(26D)-C(27D)-C(28D) 111.3
C(26D)-C(27D)-C(45D) 118.6
C(28D)-C(27D)-C(45D) 117.9
C(29D)-C(28D)-C(27D) 127.6
C(29D)-C(28D)-C(11D) 115.5
C(27D)-C(28D)-C(11D) 105.9
C(30D)-C(29D)-C(28D) 125.9
C(30D)-C(29D)-C(47D) 109.7
C(28D)-C(29D)-C(47D) 111.7
C(29D)-C(30D)-C(31D) 108.9
C(29D)-C(30D)-C(13D) 117.8
C(31D)-C(30D)-C(13D) 121.0
C(32D)-C(31D)-C(30D) 120.1
C(32D)-C(31D)-C(48D) 122.1
C(30D)-C(31D)-C(48D) 107.8
C(31D)-C(32D)-C(15D) 121.6
C(31D)-C(32D)-C(33D) 124.4
C(15D)-C(32D)-C(33D) 100.5
C(34D)-C(33D)-C(50D) 122.9
C(34D)-C(33D)-C(32D) 113.0
C(50D)-C(33D)-C(32D) 112.2
C(35D)-C(34D)-C(33D) 121.5
C(35D)-C(34D)-C(16D) 121.8
C(33D)-C(34D)-C(16D) 105.2
C(34D)-C(35D)-C(36D) 124.3
C(34D)-C(35D)-C(52D) 121.7
C(36D)-C(35D)-C(52D) 102.2
C(35D)-C(36D)-C(37D) 112.3
C(35D)-C(36D)-C(18D) 116.0
C(37D)-C(36D)-C(18D) 120.1
C(38D)-C(37D)-C(53D) 121.7
C(38D)-C(37D)-C(36D) 118.9
C(53D)-C(37D)-C(36D) 107.1
C(37D)-C(38D)-C(39D) 119.8
C(37D)-C(38D)-C(20D) 122.2
C(39D)-C(38D)-C(20D) 105.2
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C(22D)-C(39D)-C(40D) 118.5
C(22D)-C(39D)-C(38D) 109.7
C(40D)-C(39D)-C(38D) 117.9
C(39D)-C(40D)-C(41D) 120.8
C(39D)-C(40D)-C(54D) 118.5
C(41D)-C(40D)-C(54D) 110.6
C(56D)-C(41D)-C(40D) 107.6
C(56D)-C(41D)-C(42D) 119.3
C(40D)-C(41D)-C(42D) 119.8
C(23D)-C(42D)-C(41D) 119.2
C(23D)-C(42D)-C(43D) 111.0
C(41D)-C(42D)-C(43D) 117.9
C(44D)-C(43D)-C(25D) 125.8
C(44D)-C(43D)-C(42D) 121.6
C(25D)-C(43D)-C(42D) 101.0
C(43D)-C(44D)-C(45D) 120.1
C(43D)-C(44D)-C(57D) 119.0
C(45D)-C(44D)-C(57D) 108.8
C(44D)-C(45D)-C(46D) 111.0
C(44D)-C(45D)-C(27D) 119.3
C(46D)-C(45D)-C(27D) 117.5
C(47D)-C(46D)-C(45D) 124.5
C(47D)-C(46D)-C(58D) 117.9
C(45D)-C(46D)-C(58D) 105.3
C(46D)-C(47D)-C(48D) 126.2
C(46D)-C(47D)-C(29D) 120.7
C(48D)-C(47D)-C(29D) 101.5
C(47D)-C(48D)-C(31D) 111.9
C(47D)-C(48D)-C(49D) 116.1
C(31D)-C(48D)-C(49D) 118.2
C(59D)-C(49D)-C(50D) 110.0
C(59D)-C(49D)-C(48D) 118.4
C(50D)-C(49D)-C(48D) 118.4
C(33D)-C(50D)-C(49D) 124.3
C(33D)-C(50D)-C(51D) 115.6
C(49D)-C(50D)-C(51D) 105.3
C(52D)-C(51D)-C(60D) 118.6
C(52D)-C(51D)-C(50D) 121.9
C(60D)-C(51D)-C(50D) 109.5
C(51D)-C(52D)-C(53D) 121.9
C(51D)-C(52D)-C(35D) 116.5
C(53D)-C(52D)-C(35D) 109.1
C(54D)-C(53D)-C(37D) 120.4
C(54D)-C(53D)-C(52D) 119.7
C(37D)-C(53D)-C(52D) 109.2
C(53D)-C(54D)-C(40D) 121.7

C(53D)-C(54D)-C(55D) 121.8
C(40D)-C(54D)-C(55D) 104.3
C(60D)-C(55D)-C(56D) 122.8
C(60D)-C(55D)-C(54D) 117.0
C(56D)-C(55D)-C(54D) 108.0
C(57D)-C(56D)-C(55D) 118.1
C(57D)-C(56D)-C(41D) 120.5
C(55D)-C(56D)-C(41D) 109.4
C(56D)-C(57D)-C(58D) 123.4
C(56D)-C(57D)-C(44D) 121.6
C(58D)-C(57D)-C(44D) 103.8
C(59D)-C(58D)-C(57D) 118.6
C(59D)-C(58D)-C(46D) 118.5
C(57D)-C(58D)-C(46D) 111.1
C(58D)-C(59D)-C(49D) 122.8
C(58D)-C(59D)-C(60D) 118.2
C(49D)-C(59D)-C(60D) 108.7
C(55D)-C(60D)-C(59D) 118.9
C(55D)-C(60D)-C(51D) 120.9
C(59D)-C(60D)-C(51D) 106.4
Cl(2S)-C(1S)-Cl(3S) 111.0(5)
Cl(2S)-C(1S)-Cl(1S) 111.2(5)
Cl(3S)-C(1S)-Cl(1S) 110.9(5)
Cl(2S)-C(1S)-H(1S) 107.9
Cl(3S)-C(1S)-H(1S) 107.9
Cl(1S)-C(1S)-H(1S) 107.9
Cl(6S)-C(2S)-Cl(5S) 111.0(5)
Cl(6S)-C(2S)-Cl(4S) 110.9(4)
Cl(5S)-C(2S)-Cl(4S) 110.7(4)
Cl(6S)-C(2S)-H(2S) 108.0
Cl(5S)-C(2S)-H(2S) 108.0
Cl(4S)-C(2S)-H(2S) 108.0
Cl(8S)-C(3S)-Cl(7S) 119.3(6)
Cl(8S)-C(3S)-H(3SA) 107.5
Cl(7S)-C(3S)-H(3SA) 107.5
Cl(8S)-C(3S)-H(3SB) 107.5
Cl(7S)-C(3S)-H(3SB) 107.5
H(3SA)-C(3S)-H(3SB) 107.0
Cl(11)-C(4S)-Cl(12) 119.2(6)
Cl(11)-C(4S)-H(4SA) 107.5
Cl(12)-C(4S)-H(4SA) 107.5
Cl(11)-C(4S)-H(4SB) 107.5
Cl(12)-C(4S)-H(4SB) 107.5
H(4SA)-C(4S)-H(4SB) 107.0
Cl(21)-C(4S')-Cl(22) 119.1(6)
Cl(21)-C(4S')-H(4SC) 107.5
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Cl(22)-C(4S')-H(4SC) 107.5
Cl(21)-C(4S')-H(4SD) 107.5
Cl(22)-C(4S')-H(4SD) 107.5
H(4SC)-C(4S')-H(4SD) 107.0
Cl(14)-C(5S)-Cl(13) 119.2(6)
Cl(14)-C(5S)-H(5SA) 107.5
Cl(13)-C(5S)-H(5SA) 107.5
Cl(14)-C(5S)-H(5SB) 107.5
Cl(13)-C(5S)-H(5SB) 107.5
H(5SA)-C(5S)-H(5SB) 107.0
Cl(23)-C(5S')-Cl(24) 119.1(6)
Cl(23)-C(5S')-H(5SC) 107.5
Cl(24)-C(5S')-H(5SC) 107.5
Cl(23)-C(5S')-H(5SD) 107.6
Cl(24)-C(5S')-H(5SD) 107.6
H(5SC)-C(5S')-H(5SD) 107.0
Cl(16)-C(6S)-Cl(15) 119.2(6)
Cl(16)-C(6S)-H(6SA) 107.5
Cl(15)-C(6S)-H(6SA) 107.5
Cl(16)-C(6S)-H(6SB) 107.5
Cl(15)-C(6S)-H(6SB) 107.5
H(6SA)-C(6S)-H(6SB) 107.0
C(4T)-C(3T)-C(2T) 104(6)
C(3T)-C(4T)-C(5T) 147(5)
C(2U)-C(1U)-C(4U) 148(4)
C(3U)-C(4U)-C(1U) 100(3)
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