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Preface 

Emergence-upon-assembly approach is a bottom-up strategy unrivalled in 

nature wherein diverse properties are embedded in hierarchical superstructures by 

bringing simple modular components together, to engineer nano/micro scale 

organization. The order and periodicity across the molecular-macroscopic continuum is 

dictated by various non-covalent interactions programmed into individual molecular 

components. The supramolecular ordering prevailing in such architectures can emulate 

remarkable changes in orbital interactions which would find potential applications in 

electronic devices such as solar cells, field effect transistors and light emitting diodes. 

Molecular ordering at nano/micro dimensions can aid tuning of the optoelectronic 

properties for controlling the energy and electron transfer processes in artificial light 

harvesting assemblies. The increasing energy crisis demands a renewable resource of 

energy which can replenish at a rate much faster than the rate at which non-renewable 

resources are being consumed. As solar energy serves as nature’s rechargeable battery 

we set out to explore various strategies which can efficiently perform photon-to-energy 

conversion by efficiently capturing sunlight through self-assembly.  

The present thesis aims at designing and constructing ordered and oriented 

supramolecular architectures from simple organic frameworks for efficient capture, 

transfer and storage of solar light employing self-assembly approach. A brief 

illustration of various strategies adopted incorporating electronically complementary 

donor and acceptor (D-A) chromophores to modulate the behavior of photogenerated 

excitons in the aggregated state relative to the monomeric state is provided in Chapter 

1. Electronic interaction between D-A pairs, possessing suitable redox counterparts, can 

lead to photoinduced electron/hole transfer a key process in generating the excitons in 

photovoltaic and opto-electronic devices for efficient light capture. 

The second chapter demonstrates a significant (10,000-fold) enhancement in the 

charge recombination lifetime of photogenerated excitons in the aggregated state 

relative to the monomeric state of D-A bichromophores comprised of naphthalene and 

naphthalimide (NIN). The observed enhancement in the survival time of the charge 

transfer intermediates (CTIs) in the aggregated state could be attributed to the non-

parallel arrangement of the D and A stacks and/or delocalization of the excitons across 

the segregated bi-continuous D-A stacks. The molecule being amphiphilic undergo self-

assembly in CHCl3 to form spherical aggregates that transform into thick torroidal 



architectures by virtue of non-covalent interactions. The CTIs survive for > 1.2 ns in the 

aggregated state (𝜏𝑐𝑟
𝑎 ) when compared to the monomeric state (CH3CN; 𝜏𝑐𝑟

𝑚  = 110 fs) as 

probed by femtosecond transient absorption spectroscopic investigations.  

Multi-chromophoric arrays of organic molecules that self-assemble into ordered 

segregated D-A frameworks can ensure unrestricted charge transport across the 

symmetrical domains. The third chapter deals with C3-symmetric D-A multicomponent 

redox gradient trefoils constituted from triphenylamine and naphthalimide. The trefoils 

undergo self-assembly in THF forming spherical/vesicular aggregates in contrast to 

monomer in ACN aided by weak non-covalent interactions. Long-lived CTIs surviving 

for 2.52 ns are probed in the aggregated state in comparison to ≤ 110 fs, in the 

monomeric state. Enhancement in the lifetime of CTIs by four orders in the aggregated 

state when compared to the monomeric state could be due to the delocalization of 

photogenerated excitons along non-planar twisted D-A domains. 

Fourth chapter describes a colossal enhancement in the lifetime of the charge 

separated states in the self-assembled non-symmetric D-D-A triad composed of 

triphenylamine, anthracene and naphthalimide (TAN). Steric inhibition imposed by 

diisopropyl units of naphthalimide and propeller shaped triphenylamine enforces the 

D-D-A triad to possess antiparallel dimeric arrangement, via C-OO-C and C-Hπ 

interactions. Nanosecond and femtosecond transient absorption spectroscopic 

investigations in the monomeric and aggregated state validate persistence of CTIs by 

108-fold in the aggregated state relative to the monomeric state. The observed long-lived 

charge separated lifetime of photogenerated excitons n the aggregated state could be a 

direct consequence of hoping of photogenerated excitons through naphthalimide 

domains and/or structural heterogeneity. 

The organic photonic nanostructures capable of efficient light harvesting and 

storage detailed in the present thesis can provide new avenues for the design and 

construction of solution processable organic solar cells, photovoltaic devices and 

photofunctional materials. 

 

 

 



 

Contents 

 List of Figures   

 List of Tables   

 List of Schemes 

 
  

1. Approaches to Reduce Rate of Charge Recombination Through Self-Assembly 

 

  

 1.1 Photosynthesis 18  

 1.2. Energy source 20  

 1.3. Fundamental aspects of conventional organic photovoltaic devices  21  

 1.4. Charge transfer (CT) interactions 28  

 1.5. Photoinduced electron and hole transfer  32  

 1.6. Models proposed for describing aromatic stacking interactions 37  

  1.6.1. Polar/π model  37  

  1.6.2. Local, direct interaction model  39  

 1.7. Non-covalent interactions 42  

 1.8. Approaches to reduce rate of charge recombination  46  

  1.8.1. Self-assembled D-A dyad conjugates  46  

  1.8.2. Self-assembled D-A trefoils 53  

  1.8.3. Self-assembled D-A triad conjugates 59  

 1.9. Objective of the thesis 

 

72  

2. Nonparallel Stacks of Donor and Acceptor Chromophores Evade Geminate 

Charge Recombination 

 

  

 2.1. Introduction 74  

 2.2. Syntheses and Characterization of naphthalimide derivatives NI, NIPh and 

NIN 

76  

 2.3. Crystal structure analyses of NIPh and NIN 78  

 2.4. Morphological analyses 82  

 2.5. Frontier molecular orbital analysis 85  

 2.6. Steady-state absorption and emission measurements 87  

 2.7.  Transient absorption spectroscopic measurements 90  

 2.8. Electrochemical measurements 95  

 2.9. Conclusion 

 

99  

3. Self-Assembled Light Harvesting Donor-Acceptor Trefoils: Long-Lived Charge 

Separated State Through Aggregation 

  



 

 3.1. Introduction 102  

 3.2.  Syntheses and characterization of TN Conjugates 103  

 3.3.  Hirshfeld surface and electrostatic surface potential maps 112  

 3.4. Morphological analyses 113  

 3.5. Frontier molecular orbital analysis 116  

 3.6. Steady-state absorption and fluorescence measurements 118  

 3.7. Solvent-polarity and concentration dependent absorption and fluorescence 

measurements 

121  

 3.8. Transient absorption experiments 128  

 3.9. Electrochemical measurements 134  

 3.10. Conclusion 

 

137  

4. Colossal Enhancement in the Lifetime of Charge Separated States in Self-

Assembled Twisted Non-Symmetric Donor-Acceptor Triad 

 

  

 4.1.  Introduction 140  

 4.2. Syntheses and characterization of naphthalimide derivatives AN and TAN 142  

 4.3. Crystal structure analysis 145  

 4.4. Hirshfeld surface analysis 151  

 4.5. Morphological analyses 153  

 4.6. Frontier molecular orbital analysis 155  

 4.7. Steady-state absorption and fluorescence measurements 156  

 4.8. Solvent and concentration dependent absorption and fluorescence 

measurements 

160  

 4.9. Transient absorption experiments 164  

 4.10. Electrochemical measurements 169  

 4.11. Conclusion 

 

183  

5. Appendix 177  

6. Bibliography 193  

7. List of publications 211  

8. Presentations at conferences 212  

9. Copyrights and permission 213  



 

List of Figures 

1.1. Schematic representation of (a) modular components of natural photosynthetic 

reaction center and (b) chromatophoric unit found at the reaction center. 

19 

1.2. Schematic representation of conventional organic photovoltaic device 

architecture. 

23 

1.3. * charge transfer complex formed between benzene and iodine in the 

ground state. 

28 

1.4. Schematic representation of D-A interaction existing in aromatic cores 

functionalized with complementary electronic distribution. 

30 

1.5. Molecular energy level diagram describing CT interactions observed in D-A 

pair. 

31 

1.6. Scheme representing photo-induced electron (left side) and hole (right side) 

transfer. 

32 

1.7. Top view of the solid state herringbone arrangement observed in (a), 

tetrathiafulvalene [TTF], (b) 7,7,8,8-tetracyanoquinodimethane (TCNQ) and (c) a 

quasi-one dimensional chain like arrangement of the TTF and TCNQ charge 

transfer complex. 

35 

1.8. Packing arrangement observed in segregated (a) donor, (b) acceptor stacks. (c) 

interdigitating arrangement of D and A units. (d) segregated D-on-D and A-on-

A, (e) alternate D-on-A and A-on-D and (f) random/dispersed D-A arrangement 

observed in various motifs. 

36 

1.9. Plausible interactions observed between electron-rich and electron-deficient 

aromatics. 

40 

1.10. Schematic illustration of alternating D-A stack observed in aedamers. 41 

1.11. Disordered D-A arrangement of PCDTBT and PC61BM in PMMA matrix. 47 

1.12. Co-axial D-A nanotubular arrangement of HBC and TNF. 49 

1.13. Contiguous D-A nanotubular arrangement of HBC1 and HBC2. 51 

1.14. Core-shell D-A columnar arrangement of guanine and PDI. 53 

1.15. (a), (b) chlorophylls explored to investigate linker controlled energy and charge 

transfer. 

55 

1.16. Self-assembled 1,3,5-triphenylbenzene (a), PMI and (b) PDI light harvesting 

trefoils. 

56 

1.17. Molecular structure of (a) decacyclenetrianhydride. (b) polyimide dendrimers 

containing multiple donor-acceptor chromophores for light harvesting. 

58 

1.18. Parallel D-A columnar arrangement of HBC and PDI. 60 



 

1.19. 2:1 co-assembled superstructures of OPPV and PDI formed through 

complementary intermolecular H-bonding. 

61 

1.20. Slip-stacked D-A arrangement in vapor annealed thin films of DPP and PDI. 63 

1.21. Double helical columnar arrangement in 2:1 co-assembled DPP and PDI. 64 

1.22. Schematic representation illustrating photo-induced electron transfer upon 

photoexcitation of ‘a1’in (a) SHJ, (b) OMARG-SHJ and (c) SOSIP operating in 

self-assembled stacks of oligothiophene and fullerene. 

65 

1.23. Schematic representation of (a) Apy-PDI, DAB-APy-PDI and DAB-APy-PDI-

APy-DAB triads under investigation and (b) model representing the 

photoinduced electron transfer through heptameric columnar stacks. 

67 

1.24. Schematic representation of modular components in bisthiophene-PDI-

bisthiophene D-A-D triad self-assembly appended with siloxane functionality. 

69 

1.25. Self-assembled 1,3,5-triphenylbenzene (a), PMI and (b) PDI light harvesting 

trefoils. 

70 

1.26. Supramolecular polymer films composed of a 2:1 mixture of 

monodiamidopyridine diketopyrrolopyrrole (DPP) electron donors and 

perylenebisdiimide (PDI) electron acceptors. 

71 

2.1. (a) Syntheses scheme for dyads NIPh and NIN with respective chemical 

structures. Packing arrangements of (b) NIPh (along c-axis) and (d) NIN (along 

b-axis). Perspective views of (c) NIPh and (e) NIN along c and a-axis, 

respectively. Self-assembled structures of (f) NIPh and (g) NIN, respectively 

along c-axis. 

79 

2.2. (a) QTAIM topological analysis of NIN. Self-assembled dimers of NIN formed 

by (b) C17-H17••• interaction with the distance of 2.82 Å, (c) O2-H3•••O3 

hydrogen bonding interaction with the distance and angle of 2.30 Å and 132.8⁰ 

respectively and (d) double helical columnar arrangement of NIPh generated as 

a result of C-H•••and C-H•••O bonding interactions. 

81 

2.3. (a) Concentration-dependent particle size distribution of NIN from DLS; (b) 

tapping-mode AFM, (c) confocal microscopic image of 0.1 mM NIN excited at 

405 nm; TEM images of (d) 0.1 and (e-g) 1 mM NIN; (h-i) SEM image of NIN in 

CHCl3 drop casted on carbon coated Cu substrate; (j) SAED pattern of NIN. (k-l) 

scheme representing time-dependent transformation of spherical aggregates into 

torroidal nanostructures. 

83 

2.4. (a), (b), (c) and (d) represent AFM, SEM, TEM, and confocal fluorescence images 

of 2 mM NIN drop casted from CHCl3 representing larger aggregates. (e-s) TEM 

images of 1 mM NIN drop casted from CHCl3 showing transformation of 

spherical aggregates to ring-like architectures. 

84 

2.5. Energy level diagram of NI derivatives calculated from B3LYP/6-311G**+ level 

of theory in Schrödinger Materials Science Suite using Jaguar DFT engine. 

85 



 

2.6. Frontier molecular orbital (FMO) analysis of NIN (mono, di and tetramer) 

calculated from B3LYP-D3/6-311G**+ level of theory from crystal structure in 

Schrödinger Materials Science Suite using Jaguar DFT engine. 

86 

2.7. Normalized (a) absorption spectra, (b) emission spectra (exc = 340 nm) of N, NI 

and NIN in ACN, (c) excitation spectra for NI, NIN and NIPh recorded in ACN 

and collected at respective emission maxima, (d) absorption spectra of benzene 

(B), NI and NIPh, (e) emission spectra of NI and NIPh (exc = 340 nm) and (f) 

fluorescence lifetime decay profiles of NI, NIN and NIPh (exc = 340 nm). Arrow 

indicates the characteristic feature corresponding to aggregate. Solvent polarity 

dependent normalized (g) absorption spectra, (h) emission spectra, (i) Lippert-

Mataga plot of NIN, concentration dependent normalized (j) absorption spectra, 

(k) emission spectra (exc = 340 nm) and (l) excitation spectra collected at 470 nm 

of NIN in CHCl3. 

88 

2.8. Solvent polarity dependent normalized (a) absorption spectra, (b) emission 

spectra (exc = 340 nm), concentration dependent (c) absorption spectra, and (d) 

emission spectra (exc = 340 nm) of NIPh in CHCl3. 

90 

2.9. Nanosecond transient absorption spectra of (a) NI, (b) NIPh, (c) NIN (exc = 355 

nm) in ACN and (d), (e), (f) represent corresponding right singular vectors 

obtained from singular value decomposition analysis.  

91 

2.10. Femtosecond transient absorption spectra of 5 mM NIN in (a) ACN and (b) 

CHCl3. (c and d) Right singular vectors obtained from singular value 

decomposition. 

92 

2.11. fTA spectra of NIPh in (a) ACN, (b) CHCl3 and (c), (d) represent corresponding 

right singular vectors obtained from global analyses.  

93 

2.12. Right singular vectors obtained from global analyses for NIPh in (a) ACN and 

(b) CHCl3 respectively and NIN in (c) ACN (d) CHCl3 respectively. 

94 

2.13. (a) Cyclic voltammograms of NI, NIPh and NIN in ACN, (b) concentration 

dependent (1-15 mM) cyclic voltammetric measurements of NIN in CHCl3 and 

(c) a plot showing variation of reduction potential of NIN with concentration. 

96 

2.14. Jablonski diagram depicting excited state energy levels of naphthalene (N), 

naphthalimide (NI) and the charge separated state of NIN. aExperimental (in eV) 

and btheoretical (in eV) energies corresponding to each levels are provided; 

theoretical calculations were performed at B3LYP/6-311G**+ level of theory 

using Gaussian-09 program suite.  

97 

3.1. (a) π−π, (b) C-H•••O and (c) C-H•••H-C interactions observed in crystalline 

TNDI. (d), (e) two dimensional solid state arrangement in TNDI. (f) pore size 

distribution analyses in two dimensions for TNDI. 

110 

3.2. Synthesis scheme of triphenylamine-naphthalimide dyads and trefoils. 111 



 

3.3. (a) Hirshfeld surface analyses of TNDI. (d), (e), (f), (g) describes two-

dimensional fingerprint plots representing π−π, C•••H, H•••H and O•••H 

interactions. (b) and (c) indicates dnorm and electrostatic surface potential maps of 

TNDI respectively. 

112 

3.4. Morphological analyses of TN conjugates. Column 1; dynamic light scattering 

experiments, column 2; SEM, column 3; TEM, column 4; AFM, column 5; 

confocal fluorescence microscopic measurements exciting the samples at 405 nm 

and column 6; selected area electron diffraction experiments of 0.5 mM TN 

conjugates as drop-casted from THF. Row 1, row 2, row 3 and row 4 correspond 

to morphological analyses of TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively. 

115 

3.5. Particle size distribution analyses of TN conjugates obtained from (a) SEM, (b) 

TEM, (c) AFM and (d) confocal fluorescence microscopic measurements 

respectively. (e) mechanism of formation of spherical/vesicular aggregates of TN 

conjugates in THF. 

116 

3.6. Representative frontier molecular orbital energy diagram of TNDI and TN(DI)3 

constructed employing B3LYP/6-311G+** level of theory. 

117 

3.7. Steady-state (a) UV-Vis and fluorescence measurements of T and N in ACN. (b) 

spectral overlap of emission spectrum of T with absorption spectrum of N in 

ACN illustrating light harvesting properties. (c) absorption and (d) emission 

spectrum of TN conjugates in ACN. (e) excitation spectra of TN conjugates 

monitored at respective emission maxima and (f) time-resolved fluorescence 

decay profile of TN conjugates in ACN excited at 440 nm. 

119 

3.8. Solvent polarity dependent (a-d) absorption and (e-h) emission spectra of 

TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively. 

121 

3.9. Solvent polarity dependent (a-d) time-resolved fluorescence decay profiles 

excited at 440 nm and (e-h) Lippert- Mataga plots of TNOH, TNDI, TN(OH)3 

and TN(DI)3 respectively. 

123 

3.10. Concentration dependent (a-d) absorption and (e-h) emission measurements 

(exc = 420 nm) of TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively in THF. 

125 

3.11. Concentration dependent excitation spectral measurements of TN conjugates in 

(a-d) THF and (e-h) ACN. 

126 

3.12. Concentration dependent (a-d) absorption and (e-h) emission measurements 

(exc = 420 nm) of TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively in ACN. 

127 

3.13. Nanosecond transient absorption (exc = 355 nm) spectroscopic 

measurements of TNOH, TNDI, TN(OH)3 and TN(DI)3 in the monomeric 

(a-d) aggregated state (e-h). 

129 

3.14. fTA measurements of (a) TNOH, (b) TNDI, (c) TN(OH)3 and (d) TN(DI)3 respectively 

in ACN (exc = 400 nm).  
130 

3.15. Species associated decay spectra (SADS) obtained for (a,e) TNOH, (b,f) TNDI, 

(c,g) TN(OH)3 and (d,h) TN(DI)3 respectively after singular value decomposition 

(SVD)  and global analysis of fTA spectra in ACN. 

131 



 

3.16. fTA (exc = 400 nm) spectroscopic measurements of TN(OH)3 and TN(DI)3 in the 

aggregated state. fTA spectra of (a) TN(OH)3 and (b) TN(DI)3; SADS spectra of 

(c) TN(OH)3 and (d) TN(DI)3 in THF obtained after global analyses. Lower panel 

of (a) and (b) shows photoprocesses occurring in TN(OH)3 and TN(DI)3 after 1 - 2 

ps of photoexcitation respectively while second panel shows the photoprocesses 

occurring in TN(OH)3 and TN(DI)3 after 2.5 ps - 2.5 ns of photoexcitation 

respectively. 

132 

3.17. (a) cyclic voltammetric measurements of TN conjugates in ACN and (b) 

concentration dependent cyclic voltammetric measurements of TN(DI)3 in THF. 

135 

4.1. (a) Synthesis scheme for dyad ANBr and the triad TAN with respective chemical 

structures. Packing arrangements of (b) ANBr (along a-axis) and (c) TAN (along 

b-axis). Self-assembled structures of (d) ANBr and (e) TAN along a and b-axis, 

respectively. 

147 

4.2. QTAIM topological analyses of ANBr describing (a) C-H•••π and (b) C-O•••Br 

interactions. (c), (d) represents self-assembled dimers in ANBr formed as a result of C-

H•••π and C-O•••Br interactions respectively. (e) describes wave-like arrangement 

observed in ANBr.  

149 

4.3. QTAIM topological analyses of TAN representing (a) C-H•••π interaction. (b) 

describes self-assembled dimers in TAN formed through C-H•••π interaction. (c) 

perspective view of the packing in TAN along c-axis.  

150 

4.4. (a), (c) 2D-fingerprint plots for ANBr, TAN respectively and (b), (d) Hirshfeld 

surface (dnorm) for ANBr, TAN respectively obtained from Hirshfeld surface 

analyses. 

151 

4.5. Two-dimensional fingerprint plots of ANBr and TAN determined from 

Hirshfeld surface (HS) analyses. (a), (e) represents C•••C, (b), (f) depicts 

C•••H, (c), (g) describes H•••H and (d), (h) represents O•••H interactions 

observed in ANBr (first row) and TAN (second row)  respectively as established 

from HS analyses. 

152 

4.6. Morphological analyses of AN (first row) and TAN (second row) in CHCl3; (a), 

(d) SEM image; (b), (e) TEM image and (c), (f) SAED pattern of 0.8 mM AN and 1 

mM TAN respectively in as dropcasted from CHCl3. 

153 

4.7. Frontier molecular orbital analyses of ANBr and TAN performed at B3LYP/6-

31G+** level of theory. 

156 

4.8. (a) absorption, (b) emission spectra (ex = 440 nm), (c) excitation spectra and (d) 

time correlated single photon counting decay profiles (ex = 375 nm) of AN and 

TAN in ACN. 

157 

4.9. Solvent polarity dependent (a), (c) absorption and (b), (d) emission spectra and 

(e), (f) Lippert-Mataga plots of AN and TAN respectively. 

159 

4.10. Concentration dependent absorption spectra (a), (b) of AN and (b), (d) of TAN 

in CHCl3 and ACN respectively. Concentration dependent excitation spectra of 

(e) AN, (f) TAN in CHCl3. Concentration dependent excitation spectra of (g) AN 

and (h) TAN in ACN. 

161 



 

4.11. Represents centroid to centroid distance between donor and acceptor units in 

AnBr and TAN. shows the centroids of A, N and T units of dyad ANBr and 

TAN. 

163 

4.12. (a), (b) nanosecond (ex = 355 nm) and (c), (d) femtosecond (ex = 400 nm) 

transient absorption spectra of 3 M AN, TAN in ACN respectively. 

164 

4.13. (a), (b) nanosecond (ex = 355 nm) and (c), (d) femtosecond (ex = 400 nm) 

transient absorption spectra of 3 mM AN and TAN in CHCl3 respectively. 

165 

4.14. Nanosecond transient decay profiles corresponding to (a) radical anion of N (N.-

), (b) triplet absorption of N (3N*), (c) radical cation of T (T.+) and (d) radical 

cation of A (A.+) observed in aggregated state of TAN.  

166 

4.15. Femtosecond transient decay profiles of (a) TAN in the aggregated state.  

Experimental (black trace) and simulated (red trace) light induced continuous 

wave electron paramagnetic resonance spectra of 3 mM of TAN (b) at 298 K and 

(c) 77 K  in CHCl3. 

168 

4.16. Cyclic voltammetric measurements of (a) model compounds A, N and T and (b) 

0.8 mM AN and TAN in ACN. Concentration dependent (c) cyclic and (d) 

square wave voltammetric measurements of TAN in CHCl3.  

170 

4.17. Concentration dependent (a) cyclic and (b) square wave voltammetric 

measurements of AN in CHCl3. 

171 

4.18. Scheme represents heterogeneity in structure responsible for differences in 

charge recombination rates observed in TAN. 

172 

 

                                                           List of Tables 

1.1. Schematic representation of various non-covalent interactions. 44 

2.1. Crystal data and structure refinement of NI derivatives. 78 

2.2. Photophysical properties of NI derivatives. 89 

2.3. Lifetimes obtained from SVD analysis of nanosecond laser flash photolysis of NI 

derivatives in ACN (exc = 355 nm). 

92 

2.4. Lifetime obtained from global analyses of fTA spectra of NIN and NIPh (exc = 400 nm). 95 

2.5. Geometry optimized (B3LYP/6-311G**+ level of theory) calculations and redox properties 

of NIPh and NIN using in Schrödinger Materials Science Suite using Jaguar DFT engine. 

97 

2.6. A comparative account of the charge recombination lifetimes of photo-generated radical 

ion pair intermediates in the monomeric (τcr
m) and aggregated state (τcr

a ) reported in 

various literatures. 

99 

3.1. Particle size distribution of TNOH, TNDI, TN(OH)3 and TN(DI)3 in THF obtained from 114 

(   )



 

DLS, SEM, TEM, AFM and confocal measurements. 

3.2. Geometry optimized (B3LYP/6-311G**+ level of theory) calculations and redox properties 

of representative TN conjugates [TNDI and TN(DI)3]. 

117 

3.3. Solvent polarity dependent photophysical measurements of TNOH, TNDI, TN(OH)3 and 

TN(DI)3. 

122 

3.4. Lifetimes of TN derivatives obtained from kinetic analyses of nTA spectra (exc = 355 nm). 130 

3.5. Lifetimes of TN derivatives obtained from kinetic analyses of fTA spectra (exc = 

400 nm). 

133 

3.6. A comparative account of the C3-symmterical donor-acceptor molecular 

architectures reported in various literatures. 

137 

4.1. Crystal data and structure refinement of ANBr and TAN. 146 

4.2. Calculated topological properties of the electron density for the intermolecular 

interaction in ANBr and TAN.  

148 

4.3. Represents percentage of intermolecular interactions and packing motifs in ANBr and 

TAN obtained from Hirshfeld surface analyses.  

151 

4.4. Particle size distribution of AN and TAN obtained from DLS, SEM and TEM 

measurements. 

154 

4.5. Geometry optimized (B3LYP/6-311G**+ level of theory) calculations and redox properties 

of AN and TAN using Schrödinger Materials Science Suite using Jaguar DFT engine. 

155 

4.6. Solvent dependent photophysical measurements of AN and TAN. 158 

4.7. Lifetimes of AN and TAN obtained from kinetic analyses of nTA and fTA spectra (exc  = 

400 nm for fTA and 355 nm for nTA measurements). 

167 

4.8. A comparative account of the charge recombination lifetimes of photo-generated radical 

ion pair intermediates in the monomeric (τcr
m) and aggregated state (τcr

a ) reported in 

various literatures in symmetric donor-acceptor triad. 

175 

 

                                                      List of Schemes 

2.1 Representative strategies adopted to spatially organize electron donors and acceptors for 

emergent properties. 

75 

3.1. (i) Acetic acid; 110 oC; 5 h, (ii) Pd(PPh3)4; Anhyd. THF; 2 M K2CO3; 70 oC; 12 h.   106 

3.2.  (i) Acetic acid; 110 oC; 5 h, (ii) Pd(PPh3)4; Anhyd. THF; 2 M K2CO3; 70 oC; 12 h.   109 

4.1. (i) Acetic acid; 110 oC; 5 h, (ii) Pd[(PPh3)4]; Anhyd. THF; 2 M K2CO3; 70 oC; 12 h.   142 



 

Chapter 1 

Approaches to Reduce Rate of Charge Recombination 

Through Self-Assembly 

 

1.1. Photosynthesis 

Life on earth is preserved by means of “photosynthesis,” a fundamental process 

involving the conversion of solar energy, the most abundant resource of energy we 

have at our disposal, into chemical energy by green plants and photosynthetic bacteria 

[1-4]. Natural photosynthesis involves a series of highly efficient electron/energy 

transfer cascades wherein the light energy trapped by the chromophore bound light 

harvesting complexes (LHCs) is funneled to the photosynthetic reaction center (RC) [5]. 

The unrivalled creation and designs of nature, which never ceases to amaze chemists by 

its complex and elegant supramolecular architectures inspired researchers to 

understand and mimic the structural and functional aspects of such superstructures. 

The pursuit to translate the rudimentary principles governing the organization of 

modular components in natural photosynthetic reaction center paved the pathway in 

constructing novel organic materials with specific functions (Figure 1.1.a).  

Klaus Schulten et. al. through theoretical calculations [6] demonstrated that 

chromatophoric units (Figure 1.1.b) identified at the surface of RC, through their 
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curvature properties funnels the light energy towards  center on a 10-100 ps timescale, 

enhancing photon-to-energy conversion. A series of electron transfer events associated 

with RC and therein converts water and carbon dioxide to oxygen and carbohydrates 

which serve as food and fuel for mankind. Capturing of sunlight by LHC and the 

subsequent electron transfer processes occurring in RC are governed by electronic 

coupling between the molecules. Electronic excited states thus produced in the RC are 

converted into separated charges via an array of sequential electron transfer processes 

and ‘gear down’ the ultrafast dynamics of light harvesting to relatively slow timescales 

[5, 7]. Organic materials which could be transformed into higher order superstructures 

via supramolecular organization can find potential application in mimicking natural 

photosynthesis, solution processable organic solar cells and photovoltaic devices [1-3]. 

 

Figure 1.1. Schematic representation of (a) modular components of natural photosynthetic 

reaction center and (b) chromatophoric unit found at the reaction center (adapted from the 

references 3 and 6 respectively). 

(a) (b)
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1.2. Energy source 

Existing energy resources have been placed on a huge strain by economic 

acceleration, demographic explosion and technical evolution [8]. Complementing the 

scenario, modern lifestyles, industrialization and future technological revolution 

demand at least a 56% enhancement in the world energy consumption to in the next 30 

years. However, the fossil fuels which are predominantly consumed to meet our current 

energy demands, apart from belonging to limited reserves is also a major contributor to 

global warming and climate issues [8]. One of the most comprehensive insurances for 

ensuring the quality of life in future could be to discover a novel, renewable, cheap and 

clean energy source [9]. In lieu of non-renewable energy resources, solar energy 

represents a renewable, economic and green alternative in the future energy market 

which can replenish at a rate much faster than the non-renewable resources are getting 

consumed. The solar power received on earth’s surface is approximately 6.12x1020 J/h, 

which could cover the world’s total energy consumption in a whole year (5.6x1020 J in 

the year of 2010). Solar cells with an efficiency of 10% covering 0.16% of land area could 

produce 20 TW energy with extremely low economic and environmental cost, which is 

approximately twice the energy produced by fossil fuel.  

The implementation of solar fuel as energy source [9] is still not widespread, 

mainly due to the high costs and the low power conversion efficiency (PCE) [10]. The 
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commercially available silicon based photovoltaic cells are relatively expensive because 

of their calumniatory manufacturing and processing conditions. Consequently, the 

scientists and engineers are relentlessly in search of an efficient and inexpensive 

technology for the conversion of sunlight to electricity [10]. Organic photovoltaics 

(OPV), a young technology has encouraged scientists to continue their efforts toward 

new classes of solar cells due to their outstanding potentials in the cost-effective 

production along with unique properties such as prevalent material availability, low-

temperature solution-processability, and roll-to-roll refinement. Ready availability of 

numerous carbon feedstocks [11] with flexible synthetic pathways, are attractive 

materials for solar applications. As global warming continues to be the most serious 

issue of the century, undoubtedly we have to find an alternative non-CO2-releasing way 

to produce, transport, and store electricity [11]. However, critical requirements such as 

efficiency, lifetime, cost, clean and prospect (how far OPVs will go into the market) 

need to be addressed for the commercialization of OPVs.  

1.3. Fundamental aspects of conventional organic photovoltaic devices 

Solution processable organic heterojunction solar cells [12-14] have gained a lot 

of attention in recent years due to the higher values of efficiency being reported for 

OSCs [15]. Over the past 20 years after the first report on bilayer heterojunction cell 

from Tang and co-workers [16], PCE of heterojunction devices crept from an uncertified 
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value of 1% to slightly less than 5%. Following the pioneering report by Heeger, Brabec 

and co-workers in 1996 [17, 18], forecasting the significance of bulk heterojunction solar 

cells, wherein 10% enhancement in energy conversion efficiency is achieved [10], 

efficiency values have surged with Solarmer and Heliatek demonstrating organic 

photovoltaic cells with efficiencies exceeding the 8% barrier [19, 20]. 

A solar cell device converts solar photons into electrons followed by electrical 

energy (Figure 1.2.). The light to energy conversion [10] process involves the following 

sub-processes [20], (i) solar photon absorption and exciton generation, (ii) exciton 

diffusion and subsequent separation at the donor-acceptor interface, (iii) mobile 

electron and hole transport and (iv) mobile charge collection and (v) electrical power 

output. An organic heterojunction solar cell (OSCs) [21] typically consists of a thin 

photoactive organic layer sandwiched between a high work function anode, typically a 

transparent indium tin oxide (ITO) layer or fluorine doped tin oxide (FTO), and a 

relatively low work function metal cathode such as Aluminium (Al)/Calcium (Ca)/ 

Barium (Ba).The thin photoactive layer in OSCs is composed of two light-absorbing 

organic semiconductors, one with an electron-donating character (donor) and the other 

with an electron-accepting character (acceptor). These semiconductors could either be 

deposited as two distinct layers where the donor–acceptor interface resides only 

between the two layers (bilayer), or be blended as an almost homogeneous mix where 
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interfacial interaction between donor and acceptor exists throughout the blended bulk 

layer, otherwise termed as bulk heterojunctions).  

When incident photons are absorbed by the photoactive layer [20, 21], electrons 

belonging to the donor and acceptor entities get excited. Electrons from HOMO (highest 

occupied molecular orbital) of the donor (D) jump to the LUMO (lowest unoccupied 

molecular orbital) of the acceptor (A), forming geminate pairs (excitons) in which the 

electron–hole pairs are bound together through electrostatic attraction [21]. The excitons 

diffuse within the active layer, and may recombine back to their ground state through 

destructive geminate charge recombination beyond the lifetime of the exciton. 

Alternatively, if the exciton reaches a D–A interface within the exciton’s lifetime, 

electrons can transfer from the LUMO of D to that of the A and holes can transfer from 

the HOMO of the A to that of the D. In this state, the electron and hole on the A and D  

 

Figure 1.2. Schematic representation of conventional organic photovoltaic device architecture 

(adapted from the reference 21).  
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respectively, remain Coulombically bound, forming a germinate D.+/A.- pair [21]. The 

electron–hole pair can naturally undergo germinate recombination to return to the 

ground state, but with the assistance of the built-in electric field that exists between the 

two electrodes of differing work functions, the electron–hole pair can also dissociate 

into free hole/ electron charges which then move in opposite directions and gets 

collected at the respective electrodes to drive the external circuit [21].  

Solar photons are captured by the photoactive layer and subsequently separated 

at the donor-acceptor interface due to the differences in the D and A LUMO (ELUMO,D-A = 

ELUMO,D − ELUMO,A) and HOMO energies (EHOMO,D-A = EHOMO,D − EHOMO,A). In general, the 

difference between ELUMO,D-A and EHOMO,D-A should be greater than 0.3 eV for efficient 

exciton separation [21]. The energy difference (ED-A) between the acceptor LUMO 

(ELUMO,A) and donor HOMO (EHOMO,D) is related to the open-circuit voltage (Voc) via the 

following empirical relationship: Voc = (ED-A − E0)/q, where E0 is an empirical factor with 

a typical value of 0.3−0.4 eV, and q is the electron charge (−1.602×10−19 C). Furthermore, 

recent studies found that experimental Voc values can be linearly correlated to the 

energy level of the charge transfer state (CT state) generated at the D-A interface [21]. 

As observed for many donor-acceptor systems, a higher acceptor LUMO energy 

(acceptors having high electron affinity) and lower donor HOMO energy (donors 

having low ionization energy) generally lead to a higher Voc [21].  
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The hetero-junctions (HJs) [22, 23] in the active layer of organic photovoltaics are 

termed as “transport highways” [24] which drives the charge carriers to the respective 

electrodes. Wise design and organization at the molecular level is vital in accomplishing 

nanoscopic dimensions of the HJs in OSCs dictating the fate of photo-generated 

excitons[25]. An elegant approach to address this thorny issue is to design 

interpenetrating donor (D) - acceptor (A) networks at the HJs which could self-

assemble/self-sort into various novel architectures. Alternatively, taking cue from 

nature emergence-on-self-assembly approach has been adapted to mimic natural 

photosynthetic reaction center wherein molecules act in concert. Nevertheless, 

molecular ordering relies on interplay between various inter/intra molecular 

interactions such as multi-pole electrostatic interactions, dispersion and inductive 

effects, ππ interactions, hydrogen bonding etc. thermodynamically and kinetically 

control the aggregation and donor-to-acceptor phase segregation behaviors of organic 

semiconducting molecules [25]. It is observed that increasing the solid-state order of the 

donor and acceptor domains can significantly reduce the geminate charge 

recombination. The reduction in the geminate losses might result from the fact that the 

local crystallinity of the electron acceptor domains can promote the delocalization of the 

geminate electron-hole pair states, thereby facilitating charge dissociation at the D-A 

interface [21, 25].  
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Moreover, it is found that normal and inverted cell structures have different solar 

cell performances, partially due to the vertical phase separation of the blended D-A 

materials. Studies on such device architectures concluded that breaking the co-planarity 

of the conjugated backbone can improve the solution processability of organic 

molecules with a large π system [21]. Also, the twisted conformation can reduce 

aggregation, thereby reducing excimer formation leading to nanoscale domain 

formation, facilitating exciton dissociation. Orthogonal arrangement of D and A 

scaffolds through a single covalent bond can attenuate orbital overlap of the D-A atomic 

orbitals assisting photo-generated excitons to sustain for longer times [21]. However, 

organic molecules with twisted conformations are less likely to form compact, long-

range π-π stacks than planar organic molecules. Therefore, newly designed molecules 

with twisted π systems can create charge transport pathways possessing favorable π-π 

stacks for efficient charge-dissociation, transport and trapping [21]. Top-down 

approaches [26] to improve the molecular organization, and thus the conductivity 

exploit the use of differential solubilizers [15], dendritic polymers, covalent dyad 

systems and mixed crystals [23].   

In biological photosystems, excitation of the “special pair” of chlorophylls is 

followed by directional, ultrafast electron transfer cascade along sophisticated redox 

gradients to the remote ubiquinone acceptor [24, 27-29]. The hole left behind is 

transferred in the other direction along orthogonal redox gradient ultimately oxidizing 
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water [30]. These cascade electron/hole transfer pathways are essential for the efficiency 

of photosynthesis, and are held together in antiparallel manner by a large protein 

bilayer membrane [24]. Increasing organization of BHJs ultimately leads to a situation 

wherein hole (h+) and electron (e-) transporting channels are separated and aligned at 

the molecular level otherwise termed as supramolecular n/p-heterojunctions (SHJs) [24]. 

The bottom-up nature of this approach allows the rational design of ordered and 

oriented nanostructures to achieve high conductivity and to impart structural 

complexity in the system.  

The funneling of electronically complementary holes and electrons through 

antiparallel hole and electron transporting π-columnar conduits is termed as oriented 

multicolored antiparallel redox gradients (OMARG-SHJ), as coined by Prof. Stefan 

Matile [24]. The discussion of oriented SHJs on surfaces began with selected examples 

like the ‘‘fuzzy’’ architectures obtained from layer-by-layer (LBL) assembly. Oriented 

SHJs on solid grounds could also be installed through interdigitating inter- and intra-

layer recognition motifs in LBL architectures [24]. Modulating photo-generated excitons 

in crowded environments is crucial in the development of photo-functional materials 

such as organic light emitting diodes and photovoltaic devices [31]. 
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1.4. Charge transfer (CT) interactions 

Benesi and Hildebrand [32] seven decades ago published their seminal 

investigations describing the unique UV-Vis spectral changes accompanying the 

spontaneous complexation of various aromatic hydrocarbons (ArH) with iodine in 

nonpolar solvents such as CCl4, C6H14, etc. Later, Keefer and Andrews [33] while 

extending such spectroscopic studies predicted the formation of 1:1 inter-molecular 

complexes from the values of the thermodynamic equilibrium constants KCT. 

Immediately following the Benesi–Hildebrand report, Mulliken published another 

landmark paper in 1950 [34, 35], in which he assigned the observed new spectral 

features to the unusual electronic transition from the ground-state complex [D, A] to the 

dative excited state [𝐷.+,  𝐴.−] where D is the generic representation of electron donors 

and A represents the electron acceptors [35]. The most important characteristic of the 

ground state charge transfer (CT) interaction is the retention of covalent character of the 

system along with presence of ionic character as a result of partial charge separation in 

the system owing to electronic complementarity between the constituents [35]. One of  

 

Figure 1.3. * charge transfer complex formed between benzene and iodine in the ground 

state (adapted from the reference 34). 
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the elegant examples of the ground state CT is observed in benzene-iodine charge 

transfer complex, where benzene donates its electron to the * orbital of iodine thereby 

forming * CT complex as shown in Figure 1.3. [34]. 

The design of the donor acceptor molecules with complementary electronic 

distribution is also important in the operation of the CT interactions. Usually, aromatic 

cores functionalized with electron donating groups serve as better donors, whilst 

incorporation of the electron withdrawing groups reduce the electron density 

considerably, enhancing the acceptor character [34, 35]. These molecules can stack one 

over the other to form CT complexes having alternating, inter-digitating arrangement 

[25]. A schematic representation of D-A interaction existing in such arrangement is 

depicted in Figure 1.4. 

When a donor (D) having very low ionization potential is in close proximity with 

an acceptor (A) possessing high electron affinity, due to complementary nature of 

electron density distributions between the two entities, there will be a re-distribution of 

electronic cloud or transfer of charge from the former (D) to the latter (A) giving rise to 

charge transfer (CT) complex [21, 25].  The CT interactions existing in such D-A pair can 

operate either in the ground state or in the excited state of the CT complex. As 

electronically complementary D and A are involved in CT interactions, such 

interactions are otherwise designated as electron donor-acceptor (EDA) interactions. 

According to Valence bond theory proposed by Mulliken et al., the CT interactions in  
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Figure 1.4. Schematic representation of D-A interaction existing in aromatic cores 

functionalized with complementary electronic distribution (adapted from the reference 25). 

the ground/excited state occur as a result of orbital mixing of the respective orbitals [35, 

36]. The HOMO of D mixes with the HOMO of the A to generate bonding and 

antibonding HOMO of the D-A pair and the electrons present in the parent HOMO’s of 

D and A gets evenly distributed in orbitals of D-A and the latter (antibonding HOMO of 

D-A) acts as the HOMO of the D-A pair. Similarly, lowest unoccupied molecular 

orbitals (LUMO) of D and A mixes to form bonding and antibonding LUMO’s of D-A 

pair, wherein former (bonding LUMO of D-A) features as the LUMO of the D-A pair. 

The energy difference between LUMO and HOMO of D-A pair is termed as the energy 

gap of D-A pair. Thus in general one can emphasize that HOMO of D and LUMO of A 

units are largely responsible for the location of Frontier orbitals in the D-A system [34].  

Tuning of energy gap in D-A system is achieved by altering the HOMO and 

LUMO levels of D and A respectively which in turn dictate the light absorbing 

characteristics of the material. Appearance of an additional band in the absorption 
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spectrum distinct from the constituents signifies EDA interactions operating in the 

ground state [34]. Generally absorption spectra of CT complexes are broad and devoid 

of vibrational structure due to the small binding energies of the interactions. Many 

structural configurations possible for the complex can cause them to exist in 

equilibrium with each other resulting in the broadening of CT band [37]. An important 

characteristic of an EDA absorption band is the sensitivity towards solvent polarity. 

Due to the stabilization of the D-A pair through the CT interactions in highly polar 

solvents such as methanol, DMSO etc. a bathochromic shift in the absorption and 

emission maxima are observed [37, 38] which could be attributed to the solvent 

 

Figure 1.5. Molecular energy level diagram describing CT interactions observed in D-A pair. 
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assisted mixing of the wave-functions for the states involved in the EDA interactions 

[38]. An energy level diagram depicting EDA interaction in a D-A pair is illustrated in 

Figure 1.5. 

1.5. Photoinduced electron and hole transfer 

The photoinduced electron transfer (PET) process plays vital role in natural and 

artificial photosynthesis, bio-molecular sensing and photo-voltaic devices [7, 39]. 

Photoexcitation enhances the electron or hole transfer properties of the molecules, 

which are other ways not possible through ground state electron transfer processes. 

Electron transfer processes can operate through two possible mechanisms namely 

photoinduced electron and hole transfer both of which require a compatible A in close 

proximity to the D moiety. In photoinduced electron transfer an electron is transferred 

from the D excited state (LUMO) to the empty, lower energetic LUMO of the nearby A  

 

Figure 1.6. Scheme representing photo-induced electron (left side) and hole (right side) electron 

transfer (adapted from the reference 39). 
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unit creating a charge separated state with a positively charged D and negatively 

charged A. In the photoinduced hole transfer, HOMO of the A in the excited state 

abstract an electron from the HOMO of the D thereby creating similar charge separated 

state as in the case of photoinduced electron transfer. Both the electron transfer 

mechanisms can be followed by back electron transfer, after which both D and A will be 

returned to the ground state. The high energy charge separated state lead to various 

types of photochemistry, which can be useful for various photochemical reactions and 

long-lived charge separated intermediates for n- and p-type semiconducting solar cells. 

The electron transfer across the interface can happen through a static binding process 

by the formation of an encounter complex or by collisional pathways (Figure 1.6.).  

The energy change for a PET is given by the Rehm Weller equation [40, 41] 

ccs
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where, Eox(D) represents the oxidation potential of the donor,  Ered(A) is the reduction 

potential of the acceptor,  E00 is the zero–zero excitation energy (smallest bandgap in the 

system), e is the electronic charge,  is the dielectric constant of the solvent under 

consideration and dcc is the center to center distance between the donor and acceptor. 

Factors affecting the energetics of electron transfer and theories governing the 

thermodynamics and kinetics of these processes (Marcus theory) are well documented 

and hence not elaborated.  



34 Chapter 1 - Approaches to Reduce Rate of Charge Recombination Through Self-Assembly 

 

The discovery of metallic electrical conductivity in molecular-based materials has 

led to the development of new fields of research such as room temperature 

conductivity, high temperature superconductivity etc [42]. Well-known examples 

include iodine doping of polyacetylene [43] which paved path for the emergence of 

polymer electronics [44, 45], alkali intercalation of the fullerenes [46, 47] and the 

development of charge-transfer salts [48]. All these properties has been confined to bulk 

compounds while the realization of metallic conductivity [49] at the surface of 

molecular-based materials received less success and attention The electronic properties 

of interfaces [50] between two different solids [51] can differ strikingly from those of the 

parent constituent materials [50]. Highly conducting interfaces [42] with resistivity 

ranging from 1 to 30 k per square. The observed electrical conduction originates from 

a large transfer of charge between the two crystals that takes place at the interface, on a 

molecular scale [42].  

As the interface assembly process is simple and can be applied to crystals of 

virtually any conjugated molecule, the conducting interfaces described by 

tetrathiafulvalene (TTF) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) represent the 

first examples of a new class of electronic systems [52]. TTF and TCNQ forms the first 

charge transfer complex discovered in 1973 wherein the constituent units are arranged 

in quasi one-dimensional linear chains [42], in contrast to the herringbone arrangement 

observed in the constituents (Figure 1.7.). Electrons in the HOMO of TTF are transferred  
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Figure 1.7. Solid state herringbone arrangement observed in (a), tetrathiafulvalene [TTF], (b) 

7,7,8,8-tetracyanoquinodimethane (TCNQ) and (c) a quasi-one dimensional chain like 

arrangement of the TTF and TCNQ charge transfer complex (adapted from the reference 42).  

to the LUMO of TCNQ, with virtually no hybridization between the molecular levels. 

As a result, the TTF and TCNQ chains behave as decoupled one dimensional electronic 

system, and at room temperature the material is highly conducting [42]. 

Material properties of D-A CT complexes are dictated by many factors such as 

crystal structure, precise spatial organization and relative orientation of the D and A 

subunits (Figure 1.8.) [25]. Governed by the complementary electrostatic and aromatic 

- interactions between the redox gradients, D-A complexes can adopt segregated 

(Figures 1.8.a,b,d) and/or interdigitating, mixed (Figures 1.8.c,e,f) stacking 

arrangements [25]. Examples of interdigitating stacking arrangement (-A–D–A–D-) 

include CT complexes of anthracene–pyromellitic dianhydride, 

dibenzotetrathiafulvalene-TCNQ, pyrene–TCNQ, and perylene–TCNQ [25]. The 

segregated-stacking arrangement arising as a result of -stacking of D and A subunits 

separately as represented by A–A–A–A and D–D–D–D and/or D-on-D and A-on-A 

(a) (b) (c)
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arrangement  is observed in CT salt of TTF–TCNQ and HBC appended with PMI or PDI 

[25]. Random organization of D and A moieties results in mixed D-A arrangement as 

illustrated in P3HT polymer films blended with fullerenes usually observed in the 

heterojunctions of BHJ-OSCs. Surprisingly, the CT complexes formed from 

tetramethyltetraselenafulvalene (TMTSF) and TCNQ, crystallizes both in segregated-

stacked and mixed-stack arrangements displaying metallic and semiconducting 

properties respectively [25].  

Though each type of stacking geometry shows some general trends in properties 

segregated stacking is necessity for room temperature metallic conductivity. Further 

studies need to be devoted to elucidate specific relationships between the structure of 

the crystal and the electronic function. The degree of tilt between the donor–acceptor  

 

Figure 1.8. Packing arrangement observed in segregated (a) donor, (b) acceptor stacks. (c) 

interdigitating arrangement of D and A units. (d) segregated D-on-D and A-on-A, (e) alternate 

D-on-A and A-on-D and (f) random/dispersed D-A arrangement observed in various motifs 

(adapted from the reference 25).  

(a) (b) (d)(c) (e) (f)
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pairs with respect to the stacking axis can be correlated to both the degree of charge 

transfer and the conductivity of the sample [25]. The overlap between the molecular 

orbitals of the charge-donating and charge accepting moieties of the parent compounds 

can be associated with the degree of charge transfer between donor and acceptor pairs 

as suggested by Herbstein [25]. CT complexes with complex D:A ratios, such as 2 : 1, 3 : 

1, and 3 : 2, are less prominent to promote charge transport. In these cases, extra donor 

or acceptor molecules have been shown to exist either within the stack thereby 

participating in the charge transfer process, or lie within the interstitial space between 

the stacks. For example, perylene–TCNQ D-A CT complex, which exhibit 2:1 ratio show 

that an additional perylene molecule located perpendicular and between the stacks; 

does not participate in the charge transfer [25]. Hence a detailed understanding of 

aromatic stacking interactions is necessary to examine the nature and various 

intermolecular interactions responsible for precise spatial organization of modular 

components. 

1.6. Models proposed for describing aromatic stacking interactions 

1.6.1. Polar/π model 

In 1990s, Hunter and Sanders proposed a model to predict the aromatic stacking 

geometry that emphasizes on the overall polarization of the aromatic π-electron cloud 

[53]. The model partitions electron-rich π-cloud of aromatic molecules from the -
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framework. According to this model, the partially positively-charged -framework 

around the periphery of the molecule is ‘‘sandwiched’’ between two partially 

negatively-charged π-electron clouds, envisaging the existence of a quadrupole moment 

in the system, when visualized from a side-on perspective. The term ‘‘polar/π’’ model 

was coined by Cozzi and Siegel [54]. Conducting a series of experiments on 1,8-

diarylnaphthalene system, they established that interaction of aromatic molecules can 

be predicted in terms of the polarization of π-electron density (Figure 1.9.). The 

approaches put forth by (i) Cozzi and Siegel [54] and (ii) Hunter– Sanders could offer 

[53] an explanation for the general tendency of neutral, non-substituted polyaromatic  

 

Figure 1.9. Plausible interactions observed between electron-rich and electron-deficient 

aromatics (adapted from the reference 58). 
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hydrocarbons to interact with each other in a T-shaped, or ‘‘herringbone’’ geometry or 

possibly an off-set (slip) stacked geometry rather than a face-centered (co-facial) stacked 

geometry. The partially negatively-charged π-electron clouds are presumed to repel 

each other, resulting in disruption of face-centered (co-facial) arrangement in most of 

the aromatic units [55].  

The polar/π model also predicts that when strongly electron-withdrawing 

functional groups are placed on the periphery of an aromatic molecule, the π-electron 

cloud can be polarized such that the quadrupole moment is reversed, generating an 

electron-deficient aromatic core surrounded by a partially negatively-charged periphery 

[55]. Reversal in polarization of the aromatic core is often used to explain why aromatics 

with strongly electron-withdrawing substituents at the core prefer to stack in an 

alternating face-centered arrangement when associated with relatively electron-rich 

units, as exemplified in solid-state complex of benzene with hexafluorobenzene [55].  

1.6.2. Local, direct interaction model 

An alternative model to demonstrate the aromatic stacking interactions existing 

in substituted aromatic molecules was proposed by Rashkin and Waters from their 

seminal experimental work [56]. Rashkin and Waters [56] predicted that orientation of 

stacks constituted from substituted aromatic molecules plays pivotal role in the 

magnitude of observed interactions between aromatic units (Figure 1.9.). Direct 
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through-space electrostatic interactions of polarized substituents around the periphery 

of the aromatic core provide a stabilizing effect. Wheeler and Houk [57] from the 

calculated interaction energies between substituted benzene dimers, examined the 

direct complementary interactions between the substituents of aromatic units and 

concluded that the interaction energy provide a driving force for stacking interactions. 

The resulting trends in interaction energies indicated that no significant additional 

stabilizing energy was afforded by the aromatic core of the substituted benzene relative 

to the H–X analogue, even when the substituents (X) demonstrated similar trends in 

interaction energies. This led to the conclusion that ‘‘substituent effects in the sandwich 

configuration of the benzene dimer do not involve the π-system of the substituted 

benzene’’. This observation was in agreement with experimental work by Houk et al. 

[57] and computational work by Wheeler to develop a refined model for predicting the 

interaction of substituted aromatic units. Besides, ‘‘local, direct interaction’’ model, 

administers that the local, direct through-space electrostatic attraction/repulsion 

between highly polarized substituents around the periphery of aromatic units is the 

dominant factor in determining the stacking geometry of aromatics. 

Iverson and co-workers [58] ascertained the existence of aromatic interactions in 

naphthyl units functionalized with electronically complementary subunits (DAN- 1, 5-

dialkoxynaphthalene and NDI- 1,4,5,8-naphthalenetetracarboxylic acid diimide). 

Specific non-covalent interactions existing between aromatic core of DAN and NDI 
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assist the construction of foldameric assemblies in aqueous environments (Figure 1.10.) 

[58]. The electrostatic potential surface maps of these two molecules reveal that the 

polarization of aromatic core and substituents is derived from the electron-donating 

alkoxy groups in DAN and electron withdrawing imide carbonyl groups in NDI, 

respectively. Replacement of dialkoxy substituent with flexible hydrophilic amino acid 

residues resulted in pleated structures leading to the formation of alternating face-

centered (co- facial) stacks of D and A entities termed as aedamers. Face-centered 

stacking is predicted by either the ‘‘polar/π’’ or ‘‘local, direct interaction’’ models [59]. 

π-orbital mixing introduced by the face centered geometry results in a bathochromic 

charge-transfer absorption band, characteristic of red-purple color once the colorless 

solutions of DAN and NDI are mixed. According to Martinez and Iverson [59], for  

 

Figure 1.10. Schematic illustration of alternating D-A stack observed in aedamers (adapted 

from the reference 58). 
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aromatic units, stacking is a geometry, not a particular interaction and these terms do 

not have meaning while discussing energetically important interactions despite their 

common use in the literature. Dispersion interactions does contribute to the stability of 

stacked aromatic molecules, moreover, is the dominant stabilizing contribution to the 

interaction energy for the benzene dimer in certain configurations suggesting that 

aromaticity in monomeric units is not a requirement for the stacked geometry [59]. 

1.7. Non-covalent interactions 

Molecular interactions [60] individually seem weaker with enthalpy change of 1-

10 kcal/mol, lower limit of the order of RT and an upper limit significantly lesser than 

that of a covalent bond. Even though they are weak individually, cumulatively the 

energies of molecular interactions are significant. Covalent interaction holds atoms 

together within molecules. Covalent bonds are strong, with enthalpies of the order of 

100 kcal/mole (400 kJ/mol) [60]. Covalent bonds break during chemical reactions and 

remain intact when ice melts, water boils, proteins unfold, RNA unfolds, DNA strands 

separate and when membranes disassemble. Whereas when two aromatic molecules 

interact with each other in close proximity they do so non-covalently resulting in slip-

stacked, T-shaped or face-centered (co-facial) stacking arrangement [60]. Usually, non-

covalent interactions originating as a result of intricate array of mutually competing and 

interacting hydrogen bonding, ionic, electrostatic, van der Waals, solvophobicity and 
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charge transfer interactions constitutes more thermodynamically favorable association, 

resulting in folding and assembly of biochemically useful structures [60].  

Non-covalent interactions are strongly dependent on the electron density 

distributions of the counterparts [60]. Non-covalent inter- and intra-molecular 

interactions arising from different combinations of monomeric units along an oligomer 

or polymer chain form complex and sophisticated higher order molecular architectures 

such as the DNA double-helix, secondary, tertiary and quaternary protein structures. 

How these non-covalent interactions work together to form such complex and highly 

ordered architectures is of particular interest for organic chemists and biochemists who 

desire to improve, mimic, or manipulate natural biological systems. 

One of the finest aspects of supramolecular chemistry [61] is the ability to 

employ noncovalent interactions acting in concert, for modulating self-assembly of 

functional building blocks to impart emergent properties. Noncovalent interactions can 

be constituted by attractive or repulsive intermolecular forces, with interaction energies 

ranging from 4-400 kJ/mol as stated in Table 1.1 [61]. The decreasing strength of non-

covalent interactions follow the order (a) electrostatic interactions (ion-ion, ion-dipole 

and dipole-dipole interactions) (b) hydrogen bonding (c) π-π stacking (d) solvent effects 

and (e) van der Waals interactions [62]. Ion-ion, ion-dipole and dipole-dipole 

interactions are basically electrostatic (Coulombic) interactions, arising due to the  
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Table 1.1. Schematic representation of various non-covalent interactions. 
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delocalization of charges [63]. Ion-ion interactions are the strongest non-covalent 

interaction, having strength comparable to the covalent bonds and result from the 

attraction between opposite charges. The binding of an ion, such as Na+, with a polar 

molecule, such as water, due to the attraction of oxygen lone pairs to the cation is a 

well-known example of ion-dipole interactions. Another typical example is the binding 

of cations to crown ethers [62].  

Alignment of adjacent dipoles in the opposite direction leads to the electrostatic 

attraction between the opposite poles [62]. A hydrogen bond (H-bond), D-H…A, is 

formed between a hydrogen atom attached to an electronegative donor atom (D and a 

neighboring acceptor atom with lone pair of electrons (A). The directionality, specificity 

and tunability of the H-bonds make them favorite glue to stick molecules. Weak 

electrostatic interactions operating between aromatic rings are termed as π-π stacking 

interactions. There are two general types of π-π stacking interactions (i) face-to-face (co-

facial, slip-stacked) and edge-to-face (T-shaped). Stacking of nucleobases to stabilize the 

DNA double helical arrangement is an example of one such interaction co-facial 

interactions [63].  

Hydrophilic and hydrophobic interactions [62] between solute and solvent 

molecules constitute solvent effects in supramolecular chemistry. Hydrophobic 

interactions tend to exclude large solvent molecules from the proximity of the weakly 
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solvated solutes in polar solvents, particularly from water [63]. This in turn leads to an 

attraction between organic molecules and play a crucial role in the binding of organic 

guest molecules to cyclodextrin or cyclophane host systems in water. Hydrophilic 

interactions are the attractive interactions between water and organic molecules. van 

der Waals interactions arise from the temporary polarization of an electron cloud by the 

proximity of an adjacent nucleus, resulting in a weak electrostatic interaction [63]. They 

are usually non-directional and can be of attractive or repulsive in nature. Despite the 

fragile nature of non-covalent interactions, the cooperative action of several such 

interactions may lead to thermodynamically and kinetically stable supramolecular 

assemblies under various conditions [63]. The reversibility of such non-covalent 

interactions will allow self-sorting, self-correction and self-healing during the 

organization process leading to well-defined supramolecular architectures. The term 

'non-covalent synthesis' refers to the use of non-covalent interactions to design 

reversible and complex macromolecular structures [63]. 

1.8. Approaches to reduce rate of charge recombination 

1.8.1. Self-assembled D-A dyad conjugates 

Investigation of charge-separation mechanism in OPVs is necessary for 

developing strategies to design devices with high efficiency. Photo-generated hole and 

electrons are still subject to their mutual Coulomb interaction and can self-trap at the 

heterojunction, giving rise to charge transfer (CT) excitons. By tracking the modulation 
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of the optical absorption arising from the electric field generated between the charges, 

R.H. Friend and coworkers [64] evaluated electrostatic energy arising from electron-

hole separation in disordered OPVs, composed of [(poly[N-11”–henicosanyl-2,7-

carbazolealt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] as donor with PC61BM 

(phenyl-C61-butyricacid methyl ester), as acceptor (Figure 1.11.). It was estimated that 

within 40 fs of excitation, corresponding to a charge separation (CS) distance of 4 nm, 

electrostatic energy arising from electron-hole separation is of the order of ~200 meV. At 

this separation (4 nm), the residual Coulomb attraction between charges is at or below 

thermal energies, so that electron and hole separate freely. Coulomb barrier for CS is 

surmounted at 40 fs, suggesting that rapid charge motion away from the interface  

 

Figure 1.11. Disordered D-A arrangement of PCDTBT and PC61BM in PMMA matrix 

(adapted from the reference 64).  

(a)

(b)

(c)
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through delocalized band states is necessary for long-range charge seperation. 

Aida and coworkers [65] perceived that heterojunctions constituted by electron D 

and A entities at a macroscopic level allows the conversion of light energy into electrical 

energy. If one can elaborate a nanoobject composed of molecularly conjugated domains 

of such a redox couple, the resultant material is expected to serve as a nanoscopic 

energy converter. With this intention, Aida and coworkers demonstrated the formation 

of nanotubes or microfibers possessing distinct photochemical properties via controlled 

self-assembly of a trinitrofluorenone-appended gemini-shaped amphiphilic 

hexabenzocoronene (HBC). Gemini-shaped amphiphilic HBCs can self-assemble to 

form well-defined nanotubular objects, whose walls consist of a graphitic layer of -

stacked HBC with their inner and outer surfaces covered by hydrophilic triethylene 

glycol (TEG) chains (Figure 1.12.). Doping of HBC with oxidants, HBC graphitic 

nanotubes become electrically conductive. Aida and his coworkers prepared HBC-TNF 

conjugates, which bear an electron accepting 4, 5, 7-trinitro-9-fluorenone (TNF) 

functionality at the terminus of TEG chains.  

HBC-TNF was synthesized by oxidative cyclization of hexaphenylbenzene 

precursors with FeCl3 in CH2Cl2/ MeNO2 [65]. Investigation of HOMO and LUMO 

energy levels of HBC and TNF respectively by means of square wave voltammetry 

established that, photoinduced electron transfer (PET) is energetically feasible between  
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Figure 1.12. Co-axial D-A nanotubular arrangement of HBC and TNF (adapted from the 

reference 65). 

HBC and TNF functionalities. A molecular layer of electron-accepting TNF laminates an 

electron-donating graphitic layer of -stacked HBC generating nanotubes, which are of 

16 nm in diameter and several micrometers long. HBC-TNF in tetrahydrofuran (THF) 

was colored brown, indicating a CT interaction between HBC and TNF. Coaxial 

nanotubular architecture thus generated allows photochemical generation of spatially 

separated charge carriers and a quick photoconductive response with a large on/off 

ratio greater than 104 that is difficult to attain with other carbon-based materials. 

Molecularly engineered photoconductive materials with tubular morphology are 

unusual and join the few examples of photoconductive nanostructured assemblies that 

have electrical conduction. Meanwhile, the microfibers formed as a result of CT 

interaction between the HBC and TNF parts exhibiting almost no photocurrent 

generation [65].  

(a) (b)
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Widely studied D-A molecular architectures which find uses in OSCs so-called 

bulk heterojunctions are formed coincidentally from D/A mixtures upon phase 

separation. One of the fundamental challenge existing would be to tailor a linear 

organic heterojunction at the nanoscale joining dissimilar semiconducting one-

dimensional molecular objects by overcoming the dynamic nature of molecular 

assembly. Organic nanostructures connected one-dimensionally possessing dissimilar 

semiconducting properties are expected to provide reliable platform in understanding 

the behaviors of photo-carriers, which are essential for the construction of efficient 

photon-to-electrical energy conversion systems. Bottom-up supramolecular approaches 

are considered to be promising for the realization of nanoscale heterojunctions. Aida 

and coworkers [66] developed semiconducting nanoscale organic heterojunctions, by 

stepwise nanotubular co-assembly of two strategically designed molecular graphenes. 

The dissimilar nanotubular segments, even though connected non-covalently, were able 

to communicate electronically with one another over the heterojunction interface. 

Unlike respective homotropically assembled nanotubes these hetero-nanotubes 

displayed characteristic charge transport. 

Gemini-shaped hexa-perihexabenzocoronene (HBC) derivative [66], bearing two 

triethylene glycol-appended phenyl groups on one side of the HBC core and dodecyl 

side chains on the other, self-assembles into a semiconducting nanotube (HBCi) with 

inner and outer diameters of 14 and 20 nm, respectively was realized by Aida and co-
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workers (Figure 1.13.). Structural analysis of HBCi employing synchrotron x-ray 

diffraction technique revealed that the nanotube is composed of a graphite-like bilayer 

wall consisting of helically twisted columnar arrays of π-stacked HBC units. For the 

realization of a nanotubular heterojunction using this self-assembling motif, essential 

pre-requisites are (i) formation of morphologically stabilized seed nanotube and (ii) 

design of a second graphene monomer capable of tubularly assembling from the 

extremely thin facets of the seed nanotube termini. To address these features Aida and 

coworkers synthesized respective seed (HBC1) and second monomeric (HBC2) 

nanotubular fragments. HBC 1 carries two bipyridine (bpy) subunits that enable 

 

Figure 1.13. Contiguous D-A nanotubular arrangement of HBC1 and HBC2 (adapted from the 

reference 66). 
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resulting seed nanotube to be morphologically stabilized by forming a metal-

coordination network [66]. The charged surface of the resultant seed also merits its 

homogeneous dispersion to electrostatic repulsion. On the other hand, HBC 2 bears four 

electron-withdrawing fluorine substituents, so it can adhere electronically to the seed 

termini and self-assemble selectively from their nanotubular facets. When these HBC 

molecules co-assemble stepwise, the resultant connecting segments are electronically 

dissimilar to one another.  

Positioning D and A chromophores in well-defined distance is indispensable in 

ameliorating energy and electron-transfer cascades in OPVs as recognized in natural 

photosynthetic systems (PS) for efficient light-harvesting and long-lived charge 

separation (CS) [67]. The development of easily tailorable scaffolds for multi-

chromophore organization and photophysical studies of the energy- and charge-

transfer dynamics in such systems can provide insight into how factors such as 

geometry, energetics, and environment modulate these photo-conversion processes. 

Inspired by elegant supramolecular organization in natural PS architecture, 

Wasielewski and coworkers [67] attempted (Figure 1.14.) to spatially organize guanine 

(G, D) and PDI (A) chromophores in such a way as to facilitate antithetical conduction 

for the traversal of photo-generated excitons, resulting in long lived CS states. In 

presence of cations such as potassium the highly symmetrical guanine-PDI D-A motifs, 

transforms into guanine quadruplex (GPDI), possessing core−shell columnar  
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Figure 1.14. Core-shell D-A columnar arrangement of guanine and PDI (adapted from the 

reference 67). 

arrangement. Guided by synergistic cation−dipole, π−π, and Coulombic interactions, G-

PDI derivatives undergo cation induced G-quadruplex formation forming H-bonded 

cyclic tetramers (G-quartet) which stack into octamers, hexadecamers and higher 

analogues. Estimation of lifetimes of transient intermediates formed as a result of 

photo-induced electron transfer from G to PDI, reveals that the charge transfer 

intermediates survives > 100-fold in the aggregated state relative to the monomeric 

state.  

1.8.2. Self-assembled D-A trefoils 

Trefoil (from Latin trifolium, "three-leaved plant") is a graphic form composed of 

the outline of three overlapping rings and three-fold shape used in architecture and 

Christian symbolism. Unrestricted ambipolar charge transport of photogenerated 
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excitons could be ensured in multi-chromophoric arrays of organic molecules that self-

assemble into ordered phase-segregated D-A frameworks. Realization of isotropic 

photoinduced charge transport in symmetrical D-A molecular scaffolds encouraged 

construction of easily tailorable superstructures at nanoscopic dimensions. Well-

ordered multi-chromophore structures are inevitable for optimized energy transfer in 

artificial photosynthetic systems for solar energy conversion.  

Chlorophyll (Chl)-based derivatives [68-70] (Figure 1.15.) have been widely 

exploited in energy transfer systems because they exhibit wide spectral coverage, and 

the presence of reduced pyrrole moiety in Chls greatly enhances the transition dipole 

moment of their lowest energy Qy optical transitions. To mimic the versatile precise 

spatial organization observed in artificial photosynthetic systems, Wasielewski and 

coworkers prepared Chl trefoil arrays which displayed both energy and charge transfer 

controlled by the structure of the rigid linker between three identical Chls. The Chl 

trefoils exhibited laser energy dependent singlet-singlet annihilation. Assuming that 

annihilation is the result of random exciton energy transfer between the adjacent 

chromophores exciton hopping lifetime constant have been calculated as 6.0 ps from 

annihilation time constant of 1.8 ps. Charge transport within the Chl trefoils was 

studied by generating their radical cations, by the addition of I2 and AgClO4 dissolved in 

acetonitrile and characterized employing electron nuclear double resonance (ENDOR) 

spectroscopy [69]. 
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Figure 1.15. (a), (b) chlorophylls explored to investigate linker controlled energy and charge 

transfer (adapted from the references 68-70). 

Chemically identical chlorophylls (Chls) operating through symmetry breaking 

charge separation serve as donors and acceptors for transporting energy and charge in 

natural photosynthetic organisms [69]. The specific role that these Chls perform is 

differentiated by their specific interactions with other Chls, nearby redox cofactors, and 

the surrounding protein. In light-harvesting proteins, the interactions of the Qy 

transition dipole moments of neighboring Chls induce significant spectral shifts as a 

result of exciton coupling. In addition, metal–ligand binding using bridging ligands has 

successfully been implemented to self-assemble supramolecular structures from 

covalent, multi-Chl(and multi-porphyrin) building blocks [70]. The bifunctional ligand 

1,4-diazabicyclo[2.2.2]octane(DABCO), has been used to assemble a wide variety of 

supramolecular porphyrin systems, exploiting metal–ligand binding between two 

porphyrin metal centers and the two nitrogens of one DABCO molecule thereby 

(a) (b)
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generating a dimeric sandwich complex from two covalent multi-porphyrin arrays. 

Femtosecond transient absorption spectroscopic investigation implied laser pulse 

energy dependent singlet–singlet annihilation resulting from energy transfer between 

1Chl* molecules. The unique hexagonal supramolecular light-harvesting arrays of Chls 

offer interesting insights into the self-assembly of Chls that could be explored in 

artificial photosynthetic systems and photofunctional devices.  

Imitation of the economic design seen in photosynthetic proteins is a key strategy 

for solar energy conversion; where well-ordered chromophore assemblies carry out the 

initial steps of photosynthesis, including efficient light harvesting as well as energy and 

charge transfer over large distances (Figure 1.16.). The trefoil is synthesized substituting 

1, 3 and 5 positions of 1,3,5-triphenylbenzene by perylenemonoimide through Suzuki-

Miyaura cross coupling reaction [71]. The trefoils undergo self-assembly in MCH to 

form cofacial trimeric and larger tridecameric assemblies as evidenced by synchrotron-

based small- and wide-angle X-ray scattering measurements in contrast to the 

 

Figure 1.16. Self-assembled 1,3,5-triphenylbenzene (a), PMI and (b) PDI light harvesting 

trefoils (adapted from the references 71 and 72). 

(a) (b)
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monomeric assembly in THF. Time-resolved spectroscopy reveals that the trefoils 

initially form excitonically coupled excited states that subsequently relax to excimer 

states having 20 - 8.4 ns lifetimes. Long-lived excimer states thus produced in the 

aggregated state will help in exploring charge transport phenomenon through various 

types of π-stacked PMI assemblies. 

The delocalization or rapid hopping of charge transfer intermediates among 

neighboring molecules is a prerequisite to achieve long-lived charge separated states 

and larger exciton diffusion lengths in organic electronic and photovoltaic devices [68]. 

Pioneering studies of charge delocalization in both photosynthetic proteins and 

aromatic molecules in solution have employed electron paramagnetic resonance (EPR) 

and electron-nuclear double resonance (ENDOR) spectroscopy to reveal charge sharing 

in dimers [68]. Imidization of perylene-3,4:9,10-bisanhydride (PDA) with 1,3,5-tri(4-

aminophenyl)benzene afforded the trefoil (b). The significant blue shift of the trefoils in 

CH2Cl2 relative to the monomers validates characteristic exciton coupling in H-

aggregates formed through π- π interactions in CH2Cl2.Photoexcitation of the trefoil 

with an Ar+ laser at 457 - 488 nm indicated the presence of radical ion pair 

intermediates, could be due to the electron transfer from TEA to 1PDI* in dry CH2Cl2 

occurring within the timescale of the experiment [68]. 

Organic semiconductors have become indispensable building blocks for the 

production of next-generation cost-effective flexible electronic devices such as OPVs 



58 Chapter 1 - Approaches to Reduce Rate of Charge Recombination Through Self-Assembly 

 

and OLEDs. The performance of hole-transporting (p-type) organic semiconductors has 

steadily been improved demonstrating charge carrier mobilities similar to that of 

amorphous silicon. On the other hand, n-type semiconductor materials with multiple 

imide substituents may increase the electron affinity of the parent material, facilitating 

electron injection and charge transport. However, the incorporation of multiple imide 

substituents is synthetically challenging, and only a few examples of tri- and 

tetraimides have been reported through lengthy and/or low-yielding synthetic routes 

such as oxidative Diels–Alder reactions on rylenes/equatorial fusion of rylene diimides. 

Fred Wudl and coworkers [26, 72, 73] (Figure 1.17.) reported a novel 10-ring fused 

polycyclic hydrocarbon decacyclene with three fold symmetry that can be 

functionalized using various imides resulting in a promising class of n-type organic 

semiconductors called decacyclenetriimides (DTIs). DTIs undergo self-assembly in THF 

 

Figure 1.17. Molecular structure of (a) decacyclenetrianhydride. (b) polyimide dendrimers 

containing multiple donor-acceptor chromophores for light harvesting (adapted from the 

references 72 and 73).  

(a) (b)



Chapter 1 - Approaches to Reduce Rate of Charge Recombination Through Self-Assembly 59 
 

to form well-defined hexagonal pillars approximately 1 m wide and 3 m long as 

validated by scanning tunneling microscopy. 

Fascinated by the self-assembling properties of decacyclenetriimides obtained 

through regioselective hextuple Friedel Crafts carbamylation, polyimide dendrimers 

decorated with multiple electron donor–acceptor units were explored by Wudl and co-

workers [72]. The photo-physical properties of the dendrimers were investigated by 

steady-state a8bsorption, time-resolved emission and pump–probe transient absorption 

spectroscopic techniques. Photoinduced charge-separated (CS) states were formed on 

the femtosecond timescale (230 fs) upon visible excitation of the polyimide dendrimers 

that deactivate with a lifetime ofca.10–100 ps. To be precise, interchromophoric 

coupling among dye subunits was negligible in the ground state but upon excitation 

very fast photoinduced CS states were formed, via PET from TPA units to DTIs or PDIs. 

Indeed, these macromolecular D–A dendrimeric architectures with well-defined 

structures possess film forming capabilities similar to polymers exhibiting high charge-

carrier mobilities.  

1.8.3. Self-assembled D-A triad conjugates 

Control of supramolecular organization in the active layer of OPVs and OSCs has 

been found to be beneficial in dictating properties and performance of OSCs. Especially 

when blends of self-organizing D and A moieties are utilized at the HJs, their precise 

organization, mutual orientation and degree of supramolecular ordering are decisive in 
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controlling the fundamental charge transport characteristics. Discotic organic 

chromophores such as HBC and perylenetetracarboxydiimide (PDI) were found to be 

promising candidates for OPVs, as they can be functionalized and self-assembled into 

discrete columnar superstructures. The emergent properties emulated in the bulk state 

with specific phase separation on the nanometer scale can provide efficient transport 

channels for charge carriers. The remarkable performance achieved is mainly attributed 

to the excellent horizontal phase separation within the active layer, providing a large 

interfacial area and close packing between D and A domains. Driven by non-covalent 

intermolecular interactions, Mullen and coworkers [74] successfully synthesized the 

HBC-PDI D-A dyads that self-assemble into well-ordered two-dimensional 

nanostructures (2.1 nm, Figure 1.18.) with controllable mutual orientations and 

distances between D and A in the solution and in the solid state. Nano-segregated 

stacks of HBC and PDI provide charge transport channels for efficient intermolecular 

electron transfer preserving potential percolation pathways for holes and electrons 

facilitating ambipolar charge transport. 

 

Figure 1.18. Parallel D-A columnar arrangement of HBC and PDI (adapted from the reference 

74). 
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Molecular recognition in organized chromophoric assemblies in crowded 

environment plays key role in the structural design of functional motifs for mimicking 

and constructing natural PS, OPVs and OSCs. Wurthner and coworkers [75] exploiting 

complementary H-bonding interactions present in [oligo(p-phenylenevinylene), OPPV] 

and PDIs constructed hierarchical D-A chiral helical nanofibers exhibiting photo-

induced electron transfer (Figure 1.19.). Existence of intermolecular triple H-binding 

interactions between OPPV and PDI in 2:1 co-assembled superstructures was confirmed 

by assembling and dissembling the superstructures performing temperature dependent 

absorption, emission and circular dichroism spectroscopic investigations.  Charge 

transfer intermediates (CTIs) generated as a result of photoexcitation of OPPV-PDI is 

examined employing femtosecond transient absorption spectroscopic measurements. 

fTA measurements of OPPV-PDI in methylcyclohexane at room temperature showed 

CTIs that live for 60 ps in the self-assembled state whereas in the monomeric state at 

80oC the CTIs survive for 300 ps [75]. Ratio of CTI lifetime in the aggregated to 

 

Figure 1.19. 2:1 co-assembled superstructures of OPPV and PDI formed through 

complementary intermolecular H-bonding (adapted from the reference 75). 
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monomeric state is estimated to be 0.2 which shows that CTIs live longer in monomeric 

state compared to aggregated state.  

Rapidly increasing performance of OPVs and the impetus to understand the 

physics underlying CT interactions between the D and A brought out various 

strategical designs, wherein electron transfer rates can be easily modulated. 

Wasielewski and coworkers [76] succeeded in attaining long-lived charge carrier 

generation in ordered and oriented films of covalently linked PDI-diketopyrrolopyrrole 

(DPP)-PDI (Figure 1.20.). Ultrafast photodriven charge separation is envisaged in PDI-

DPP dyad and PDI-DPP-PDI triad constituted by end capping PDI with PDI-DPP dyad. 

Solvent vapor annealing (SVA) of PDI-DPP-PDI thin films in saturated 

dichloromethane revealed presence of self-assembled co-facial PDI chromophoric stacks 

possessing higher degree of intermolecular coupling. More precisely, PDI forms H-

aggregates to stipulate efficient transport of mobile electrons. Grazing incidence X-ray 

scattering measurements of PDI-DPP-PDI affirmed that DPP and PDI are oriented 

perpendicular to each other, quintessential for enhanced OPV efficiencies. 

Photoexcitation of PDI-DPP-PDI in toluene results in charge separated states that 

recombine within 340 ps (monomeric state, solution state), while 

unannealed/disordered films of the same displays recombination lifetime of 6 ns [76]. 

Counterintuitive to this, photoexcitation of vapor annealed thin films of PDI-DPP-PDI 

exhibited spin-correlated radical ion pairs that survive for ~4 s [76]. The absence of  
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Figure 1.20. Slip-stacked D-A arrangement in vapor annealed thin films of DPP and PDI 

(adapted from the reference 76). 

long-lived charge transfer intermediates in the disordered/unannealed film suggests 

that few charge carriers are generated. Persistence of charge carriers for longer time in 

ordered/vapor annealed films of PDI-DPP-PDI could be corroborated to the slip-stacked 

arrangement of PDI-DPP-PDI in the self-assembled state [76]. Significant enhancement 

(~ 1.1x104-fold) in the lifetime of charge transfer intermediates engendered in the vapor 

annealed thin films of PDI-DPP-PDI with respect to the unannealed films suggest that 

charge carriers are stabilized by dissociation into free charge carriers through well-

ordered slip-stacks of PDI-DPP-PDI [76].  

Complex optical and electronic properties in natural systems are achieved by 

employing an “emergence upon assembly” approach [77], wherein new properties that 

are absent in the individual components emerges upon formation of hierarchical 

superstructures [78]. Desire to mimic natural PS reaction center and its attractive 

aspects, motivated Braunschweig and coworkers (Figure 1.21.) to design D-A 

supramolecular system composed of electron rich DPP donor and PDI acceptor that  

(a) (b)
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Figure 1.21. Double helical columnar arrangement in 2:1 co-assembled DPP and PDI (adapted 

from the reference 77).  

forms 2:1 co-assembled helical architectures as a result of triple H-bonding between PDI 

and DPP and π-π stacking orthogonal to the H-bonding axis [78]. Braunschweig and 

coworkers demonstrated that electronic and optical properties of these assemblies are 

directed by reversible supramolecular interactions. DPP and PDI are selected as D and 

A subunits in such a way that the two chromophores are electronically complementary 

and the FMO levels are positioned such that photoexcitation of either DPP or PDI, 

generate charge separated states by photo-induced electron transfer either from PDI or 

DPP [77]. 

Disaggregated individual components did not exhibit charge transfer 

intermediates upon photo-exciting either DPP or PDI [77]. This approach demonstrates 

that hierarchical superstructures generated conjoining favorable cooperative 

interactions operating in concert with desirable thermodynamically favored charge 

separation between D and A entities can impart emergent charge transfer properties. 

(a) (b)
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Variable temperature fluorescence measurements displayed that the co-assembled 

superstructures undergo dissembly at higher temperatures as intermolecular H-

bonding between DPP and PDI get destroyed collapsing the superstructure. 

Femtosecond transient absorption spectroscopic measurements in the disassembled and 

co-assembled state revealed that ~150-fold enhancement in the survival time of charge 

transfer intermediates is achieved in the co-assembled state compared to the 

disaggregated state. 

Construction of sophisticated multicomponent supramolecular functional 

architectures on transparent conducting oxide solid film surfaces, through self- 

organizing surface-initiated polymerization (SOSIP) [79-81] was accomplished by 

 

Figure 1.22. Schematic representation illustrating photo-induced electron transfer upon 

photoexcitation of ‘a1’in (a) SHJ, (b) OMARG-SHJ and (c) SOSIP operating in self-assembled 

stacks of oligothiophene and fullerene (adapted from the references 79-81). 

(a)

(b)

(c)
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Matile and coworkers (Figure 1.22.). SOSIP employs pertinent lessons from nature to 

elaborate directional growth of oriented and ordered superstructures to mimic natural 

PS through dynamic covalent bonds.  The unique SOSIP approach could yield 

covalently linked, ordered and oriented D-A oligomers, which can perform stack 

exchanging with fullerenes, lateral and templated self- sorting on surfaces, self-repair, 

surface reactivation and charge transport in napthalenedimide, perylenediimde and 

oligothiophene stacks through symmetry breaking charge separation. SOSIP technique 

was further exploited to construct complex multifunctional frameworks such as three 

co-axial charge transporting conduits and antiparallel three-component gradients [24] 

in double channel pathways. Artificial photosystems thus generated validated that 

oriented multi-component antiparallel redox gradients are crucial in driving the charges 

apart after their generation. With increase in each level of sophistication charge 

recombination rates were found to decrease from 29% to 2% [30, 82].  

Water soluble conjugated organic polymers constituted from small organic 

molecules have been studied widely as photoactive materials for OPVs [83]. Unlike 

most inorganic materials, organic materials allow easy solution processing and 

inexpensive device fabrication. Lack of solid-state order in conjugated polymers, results 

in charge traps which attenuates charge-carrier mobilities relative to those of crystalline 

aromatic small molecules. Improved degree of order in the solid state could be 

translated to enhanced charge carrier mobilities, employing various self-assembly  
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Figure 1.23. Schematic representation of (a) Apy-PDI, DAB-APy-PDI and DAB-APy-PDI-

APy-DAB triads under investigation and (b) model representing the photoinduced electron 

transfer through heptameric columnar stacks (adapted from the reference 83).  

approaches listed above. Efficient charge transport of the separated charges over tens of 

nanometers to the respective electrodes require sufficiently long pathways for radical 

ion pairs to permit rapid charge hopping even though the modular components are 

weakly interacting. Wasielewski and co-workers [83] designed D-D-A triad comprising 

of aminopyrene primary donor (APy) and a p-diaminobenzene secondary donor (DAB) 

attached to either one or both imide nitrogen atoms of PDI, generating DAB-APy-PDI 

and DABAPy-PDI-APy-DAB triads (Figure 1.23.). In toluene, both the triads exist as 

monomers, while in methylcyclohexane, ordered helical heptameric and hexameric self-

assembly is observed. Wide-angle X-ray scattering measurements of such triads 

concluded that the PDI molecules are π-stacked in a columnar fashion. This work 

demonstrated that electron hopping through the π-stacked PDI molecules is fast 

(a) (b)
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enough to compete effectively with charge recombination (40 ns) in these systems, 

making these materials suitable for artificial photosynthesis and organic photovoltaics 

[83]. 

Stephane Mery and Irene Burghardt [84] along with their coworkers 

demonstrated self-assembly of covalently bound DA block copolymers or co-oligomers 

which forms smectic liquid crystalline (LC) films at ambient temperatures emphasizing 

the importance of molecular ordering in dictating charge transport characteristics 

(Figure 1.24.). Siloxane functionalized novel class of covalently bound 

bisthiophene−PDI-bisthiophene; D-A-D co-oligomer aggregates were prepared which 

transforms into smectic films. To investigate ultrafast charge transfer dynamics, time-

resolved optical spectroscopy in solution and smectic films were employed. The studies 

concluded that DA system in solution exhibits ultrafast resonant energy transfer (∼ 130 

fs) followed by slower (∼ 2.7 ps) charge separation, while the film exhibits sub 

picosecond (∼ 60 fs) CT formation. Recombination to the ground state occurs within ∼ 

50 ps in the film, and triplet states appear on longer time scale >1 ns [85].  

Despite the efficient CT formation in the LC phase, recombination as well as 

triplet formation seems to severely limit the transient photocurrent [85]. A striking 

feature of the smectic LC phase is the large tilt angle (∼ 70°), between the molecular 

planes of D and A with the normal plane of the crystal. A very similar situation was 

observed to be existent in the slip-stacked donor−acceptor assemblies composed of 
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Figure 1.24. Schematic representation of modular components in bisthiophene-PDI-bisthiophene 

D-A-D triad self-assembly appended with siloxane functionality (adapted from the reference 84).  

oligo(p-phenylenevinylene) (OPV) and PDI units [86]. In such system, intermolecular 

charge transfer was found to be predominant, in contrast to H-aggregate assembly of 

the same donor−acceptor units possessing slower intramolecular charge transfer. More 

generally, the combined effects of excitonic and charge-transfer interactions may lead to 

the intriguing photophysical and charge transport properties that necessitate a detailed 

understanding of intermolecular packing [86]. 

Supramolecular polymerization of π-conjugated monomers could be exploited to 

make them more relevant in miniaturized organic device applications [87]. In fact, such 

strategy can offer precise organization of structural motifs, without altering features of 

polymers such as phase segregation, film formation etc.  Fernandez, Laquai and Ghosh 

[87] with their coworkers (Figure 1.25.) revealed for the first time H-bonding-initiated 

supramolecular polymerization of a melamine (M-1)-diaminonaphthalenediimide(NDI-

H) conjugates. The supramolecular polymerization of NDI-H was examined in a few 

organic solvents and gelation was observed in n-decane. The lack of gelation in the 

presence of M-1, possessing a complementary H-bonding motif of DAD type, suggests  
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Figure 1.25. Self-assembled 1,3,5-triphenylbenzene (a), PMI and (b) PDI light harvesting 

trefoils (adapted from the reference 87). 

that supramolecular polymerization by extended H-bonded chain formation among the 

imide groups of the NDI-H is crucial for the observed gelation to occur. The transient 

signal measured in THF at 600 and 652 nm decays with a lifetime of 200 ps and a bi- 

exponential decay which has a lifetime of 8.3 ps and 34 ps respectively. On the other 

hand, aggregated NDI-H in n-decane showed a kinetic profile that decays with a 

lifetime of 26 ps with an additional offset accounting for >10% signal intensity 

remaining even beyond 3 ns. Nanosecond transient absorption spectroscopic 

measurements revealed that the decay proceeds on the ns–ms timescale around 800 nm 

and is very slow extending beyond 100 ms which is ascribed to the delocalized charged 

states. The origin of the long lived signal is attributed to the delocalization of the excited 

state across several NDI-H J-aggregates.  

+
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Supramolecular polymers are a promising class of materials that could 

potentially be used for preparing organized films which can undergo photoinduced 

charge separation. Braunschweig and coworkers [78] developed a supramolecular 

polymer composed of a monodiamidopyridine diketopyrrolopyrrole (mDPP) electron 

donor and a perylenebisimide (PDI) electron acceptor that assembles into 2:1 mDPP:PDI 

helical supramolecular polymers (Figure 1.26.). mDPP:PDI forms a hierarchical self-

assembly governed by cooperative interactions involving π···π stacking and H-bonding. 

In solution, this mDPP:PDI supramolecular polymer undergoes ultrafast photoinduced 

charge separation into 𝑚𝐷𝑃𝑃.+:𝑃𝐷𝐼.− followed by a recombination τCR = 33 ps [78].  

In order to translate the emergent photoinduced charge separation observed in 

the solution state to solid state, the group have fabricated mDPP:PDI supramolecular 

 

Figure 1.26. Supramolecular polymer films composed of a 2:1 mixture of monodiamidopyridine 

diketopyrrolopyrrole (DPP) electron donors and perylenebisdiimide (PDI) electron acceptors 

(adapted from reference 78).  
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polymer thin films. Braunschweig and coworkers successfully demonstrated that 

supramolecular polymer structure is maintained in the solid state with molecular and 

micrometer length scales. The photoinduced charge separated states persist 1000-fold 

longer in the H-aggregates generated in the solid-state than in solution.  

1.9. Objective of the thesis 

Self-assembled organic multicomponent supramolecular architectures have 

attained widespread attention owing to their unique charge transport properties. 

Precise spatial organization of electronically complementary donor and acceptor entities 

play pivotal role in dictating the fate of photogenerated excitons in isolated and/or 

crowded environments. To install ordered and oriented ‘transport highways’ for 

efficient exciton migration at the supramolecular heterojunctions at the active layer of 

optoelectronic devices various strategies have been adopted.   

The thesis outlines novel approaches to achieve long-lived charge separated 

states in the aggregated state exploiting simpler structural designs. Chapter 1 illustrates 

modulation in geminate charge recombination of photogenerated excitons in non-

parallel segregated D-A stacks. Chapter 2 describes enhancement in the radical ion pair 

intermediate lifetime in the aggregated state relative to the monomeric state as a result 

of lower probability of charge annihilation across non-parallel trefoil stacks. Chapter 4 

deals with remarkable augmentation in the CTI lifetimes by eight orders of magnitude 

in the self-assembled state by virtue of delocalization of excitons through antiparallel 

dimeric stacks and/or structural heterogeneity arising as a result of non-symmetrical D-

D-A triad architecture. 



 

Chapter 2 

Nonparallel Stacks of Donor and Acceptor 

Chromophores Evade Geminate Charge Recombination 

 

Abstract 

We report a nonparallel stacked arrangement of donor−acceptor (D−A) pairs for 

prolonging the lifetime of photoinduced charge-separated states. Hydrogen−hydrogen steric 

repulsion in naphthalimide-naphthalene (NIN) dyad destabilizes the planar geometry between 

the constituent units in solution/ground state. Sterically imposed nonplanar geometry of the 

dyad allows the access of nonparallel arrangement of the donor and acceptor stacks having 

triclinic space group in the crystalline state. Antiparallel trajectory of excitons in nonparallel 

D−A stacks can result in lower probability of geminate charge recombination, upon 

photoexcitation, thereby resulting in a long-lived charge-separated state. Upon photoexcitation of 

the NIN dyad, electron transfer from naphthalene to the singlet excited state of naphthalimide 

moiety results in radical ion pair intermediates that survive >10,000-fold longer in the 

aggregated state (τcra > 1.2 ns) as compared to that of monomeric dyad (τcrm < 110 fs), monitored 

using femtosecond transient absorption spectroscopy. 

 

 

Mallia, A. R.; Salini, P. S.; Hariharan, M.  J. Am. Chem. Soc. 2015, 137, 15604-15607.   
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2.1. Introduction  

Modulating the behavior of photogenerated excitons [64, 88, 89] is crucial in the 

development of materials for artificial photosynthesis and photovoltaic device 

applications [90]. Precise spatial organization [25] of electronically complementary 

chromophores [58] is a prerequisite to afford long-lived photoinduced charge 

separation [59]. Generation of photoinduced long-lived charge separated states in 

isolated donor−acceptor (D−A) systems continues to possess enormous interest [91-102]. 

State-of-the-art theoretical [90, 103-105] and experimental [2, 106-109] investigations 

suggest that D−A systems that assemble to form extended architectures can effectively 

prolong the lifetimes of photogenerated excitons. Electron donors and acceptors tend to 

stack on one another by virtue of their electronic complementarity [25, 65, 110, 111], 

thereby trapping and instantaneously annihilating the photogenerated charge carriers 

through geminate charge recombination [65]. Attempts to circumvent the 

interdigitating arrangement of donor and acceptor include utilization of π−π stacking 

[112], hydrogen-bonded [77, 78, 113], cooperative [7, 71, 77, 114], metal−ligand 

interactions [114, 115], chiral auxiliaries [66, 116], and self-organizing surface-initiated 

polymerization [24, 27, 30, 80-82]. Such approaches have provided defined oligomers to 

large aggregates possessing parallel [112, 117], coaxial [65], contiguous [66], cylindrical 

[118], slipped [76], slipped-sandwich [119], double-helical [77, 120], or helix wrapped 

[121] columnar stacks [122] of D−A chromophores (Scheme 2.1.).  
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Scheme 2.1. Representative strategies adopted to spatially organize electron donors and 

acceptors for emergent properties. 

Our continued interest toward the design of near-orthogonally arranged D−A 

systems, for exploiting favorable photoprocesses in isolated [123, 124] and organized 

environment [31, 125], enabled us to restrict the co-facial arrangement [58, 59] of 

electronically complementary aromatic chromophores [25]. A significant energy barrier 

(∼100 kJ/ mol) [123] to rotation between naphthalene and naphthalimide units 

connected across single covalent bond enforces a nonplanar arrangement of the dyad in 

ACN solution. Spherical/ring-like architectures of the dyad formed in CHCl3, upon 

addition of hexane, crystallize as nonparallel stacks (Scheme 1g) of naphthalene and 

naphthalimide, in contrast to the disordered aggregates proposed for similar 

architectures [64, 76, 126, 127]. We herein report the first example of the formation of 

(a) (b) (c)

(e) (f) (g)

(h) (i)(d)
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long-lived charge-separated states (𝜏𝑎
𝑐𝑟 > 1.2 ns) from the molecular aggregates of 

nonparallel arrangement of segregated D−A stacks upon photoexcitation.  

2.2. Syntheses and Characterization of naphthalimide derivatives NI, NIPh and NIN 

Synthesis of NI: To a solution of 1,8-naphthalic anhydride (5.05 mmol) in 100 ml of 

water, 3-amino-1-propanol (50.5 mmol) was added and heated at 70 ⁰C for 5 h. The 

reaction mixture was then cooled, filtered, washed with water and dried. Purification 

by column chromatography (silica gel, EtOAc: petroleum ether 1:1) afforded NI (85%) 

as a white solid. m. p. - 123 ⁰C ; 1H NMR (500 MHz, CDCl3): δ = 8.54 - 8.52 (d, J = 8 Hz, 

2H), 8.16 - 8.14 (d, J = 9 Hz, 2H), 7.70 - 7.67 (m, 2H), 4.29 - 4.26 (t, J = 6.5 Hz, 2H), 3.54 - 

3.51 (t, J = 5.5 Hz, 2H), 1.93 - 1.91 (m, 2H); 13C NMR (125 MHz, CDCl3): δ = 164.89, 134.28, 

131.59, 128.18, 127.04, 122.32, 58.93, 36.83, 31.01; IR (KBr): 3477.66, 3059.10, 2966.52, 

2862.36, 1695.43, 1651.07, 1583.56, 1440.83, 1363.67, 1327.03, 1232.51, 1146.72, 1076.28, 

949.98, 842.89, 781.17, 542.00 cm-1; HR-MS (EI)-(m/z): 255.0682. Calcd. for C15H13NO3: 

255.0895; Anal. Calcd. for C15H13NO3: C, 70.58; H, 5.13; N, 5.49. Found: C, 70.60; H, 5.38; 

N, 5.32. 

Synthesis of NIPh and NIN: To a solution of 4-bromo-N-(3-hydroxypropyl)-

naphthalene-1,8-dicarboximide (1.1 mmol) in 40 ml THF, 20 ml of 2 M aqueous K2CO3 

solution was added under nitrogen atmosphere. To this solution, 1.1 mmol of 

corresponding aryl boronic acid was added followed by Pd(PPh3)4 (14.7 µmol). This 
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reaction mixture was heated at 70 °C for 12 h, after which it was extracted using 

dichloromethane. The solvent was removed under reduced pressure and the residue 

purified by column chromatography (silica gel, EtOAc: petroleum ether) to yield the 

products NIPh and NIN in 70 and 65% yield respectively. 

NIPh- m. p. 152 ⁰C ; 1H NMR (500 MHz, CDCl3): δ = 8.61 - 8.58 (m, 2H), 8.24 - 8.22 (m, 

1H), 7.67 - 7.64 (m, 2H), 7.50 - 7.43 (m, 5H), 4.33 - 4.31 (t, J = 6.15 Hz, 2H), 3.55 - 3.53 (t, J = 

5.6 Hz, 2H), 1.97 - 1.93 (m, 2H); 13C NMR (125 MHz, CDCl3): δ = 165.01, 164.82, 147.36, 

138.68, 133.07, 131.56, 131.21, 129.87, 128.72, 128.60, 127.95, 126.93, 122.50, 121.35, 58.91, 

36.83, 31.04; IR (KBr): 3547.09, 3057.17, 2958.80, 1695.43, 1651.07, 1585.49, 1440.83, 

1388.75, 1359.82, 1230.58, 1062.78, 785.03, 702.09, 542.00 cm-1; HR-MS (EI)-(m/z): 

331.3242. Calcd. for C21H17NO3: 331.1208; Anal. Calcd. for C21H17NO3: C, 76.12; H, 5.17; 

N, 4.23. Found: C, 76.30; H, 5.08; N, 4.32. 

NIN- m. p. 165 ⁰C ; 1H NMR (500 MHz, CDCl3): δ = 8.67- 8.66 (d, J = 5 Hz, 1H), 8.57- 8.56 

(d, J = 5 Hz, 1H), 7.96 - 7.91 (m, 2H), 7.75 - 7.73 (m, 2H), 7.58 - 7.41 (m, 4H), 7.28 - 7.21 (m, 

2H), 4.36 - 4.33 (t, J = 5 Hz, 2H), 3.58 - 3.56 (t, J = 5 Hz, 2H), 2.00 - 1.95 (m, 2H); 13C NMR 

(125 MHz, CDCl3): δ= 165.03, 164.90, 146.01, 136.16, 133.58, 133.38, 132.22, 131.70, 131.36, 

131.15, 129.07, 129.03, 128.46, 127.85, 126.98, 126.67, 126.28, 125.81, 125.29, 122.50, 121.86, 

58.91, 36.84, 31.07; IR (KBr): 3549.02, 3055.24, 2958.80, 1693.50, 1653.00, 1587.42, 1442.75, 

1381.03, 1352.10, 1230.58, 1174.65, 1049.28, 804.32, 781.17 cm-1; HR-MS (EI)-(m/z): 
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381.2326. Calcd. for C25H19NO3: 381.1365; Anal. Calcd. for C25H19NO3: C, 78.72; H, 5.02; 

N, 3.67. Found: C, 78.80; H, 5.09; N, 3.52.  

2.3. Crystal structure analyses of NIPh and NIN 

Suzuki−Miyaura cross-coupling of 4-bromonaphthalimide with the 

corresponding arylboronic acids offered naphthalimide-naphthalene (NIN) and 

naphthalimide-phenyl (NIPh) dyads (Figure 2.1.a). NIN and NIPh crystallize in triclinic 

(P1) and orthorhombic (Pbcn) space groups, from DCM:hexane (1:3) mixture, whereas 

Table 2.1. Crystal data and structure refinement of NI derivatives. 
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Figure 2.1. (a) Syntheses scheme for dyads NIPh and NIN with respective chemical structures. 

Packing arrangements of (b) NIPh (along c-axis) and (d) NIN (along b-axis). Perspective views 

of (c) NIPh and (e) NIN along c and a-axis, respectively. Self-assembled structures of (f) NIPh 

and (g) NIN, respectively along c-axis.  

NI crystallizes in monoclinic (P21/c) space group (Table 2.1). The phenyl (Ph) and 

naphthyl (N) groups are tilted by 63° and 68° with respect to the NI plane in NIPh and 
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NIN, respectively, suggesting non-parallel arrangement of constituents in the dyads 

(Figure 2.1.a). In addition, synergistic C−H•••π, π−π, and C−H•••O interactions along b-

axis further propagate nonparallel stacks resulting in donor-on-donor and acceptor-on-

acceptor arrangement in crystalline NIN (Figure 2.1.d-f). Nearest donor-to-donor and 

acceptor-to-acceptor π−π separations in NIN are found to be 3.76 and 3.55 Å 

respectively (Figure 2.1.gi). The intermolecular C−H•••O and C−H•••π interactions 

along a- axis constitute self-assembled structures in NIN (Figures 2.1.gii) that do not 

have nonparallel donor and acceptor stacks. In NIPh, C−H•••π interaction between 

methylene C−H of one molecule and the phenylic π-cloud of the adjacent one at a 

distance of 2.80 Å promotes the formation of an antiparallel stacked (3.60−3.89 Å; Figure 

2.1.fi) NIPh dimer. C−H•••O interaction between phenylic C−H and imidic oxygen at a 

distance of 2.62 Å and an angle of 170° connects two successive self-assembled dimers 

(Figure 2.1.fii). The successive self-assembled dimers are rotated relative to each other 

by an angle of 65° resulting in a double helical organization with a pitch of 15.18 Å 

incorporating eight molecules per turn (Figures 2.1.b-c, 2.2.d). 

Quantum theory of atoms in molecules [128-130] analysis (Figure 2.2.a) indicates 

strong dihydrogen interactions between (i) C−H moiety of NI and N units of adjacent 

dyad at a distance of 2.28 Å (Figure 2.2.b) and (ii) the methylene protons of 

hydroxypropyl side chains of neighboring dyads at a distance of 2.27 Å (Figure 2.2.c).  
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Figure 2.2. (a) QTAIM topological analysis of NIN. Self-assembled dimers of NIN formed by (b) 

C17-H17••• interaction with the distance of 2.82 Å, (c) O2-H3•••O3 hydrogen bonding 

interaction with the distance and angle of 2.30 Å and 132.8⁰ respectively and (d) double helical 

columnar arrangement of NIPh generated as a result of C-H•••and C-H•••O bonding 

interactions. (e-f) three  dimensional packing arrangement of NIN. 

However, the interactions discussed in Figure 2.2.b and 2.2.c do not contribute to the 

segregated stacking arrangement in NIN. The intermolecular hydrogen bonding 

interactions found in NIN between O3-H3•••O2 hydrogen bonding interaction with 
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the distance and angle of 2.30 Å and 132.8⁰ respectively drives the formation of parallel 

segregated NIN non-parallel stacks which can conduit the charge transfer intermediates 

more efficiently in comparison to the interdigitating/alternating arrangements. 

2.4. Morphological analyses 

Dynamic light scattering (DLS) experiments were performed to explore the 

existence and nature of NIN aggregates in solution (Figure 2.3.a). DLS measurements of 

0.01 mM NIN in CHCl3 indicate the existence of aggregates with an average 

hydrodynamic diameter (DH) of 350 nm. Successive increments (up to 1 mM) in 

concentration of NIN in CHCl3 exhibit a bimodal distribution with DH of 300 nm and 4.5 

μm (Figure 2.3.a). Non-equilibrated spherical aggregates that possess smaller DH 

transform to larger aggregates with an increase in the concentration of NIN. 

Morphological analyses of 0.1 mM NIN in CHCl3 using tapping mode AFM, SEM, TEM, 

and confocal microscopic techniques confirm the existence of spherical particles having 

an average size of 370−400 nm, which is in good agreement with the DLS measurement 

(Figures 2.3.b-i). At higher concentration (2 mM) of NIN in CHCl3, spherical particles 

having an average diameter of 1.45, 1.67, and 1.86 μm are observed from AFM, SEM, 

and confocal microscopic techniques (Figures 2.4.a-d).  

Co-existence of ring-like structures having an average diameter of 3.1 μm along 

with the larger spherical particles is observed. Ring-like architectures further transform 
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into discrete thick torroidal nanostructures (Figures 2.3.e-h, 2.4.e-s). Selected area 

electron diffraction (SAED) of NIN aggregates in CHCl3 indicates single-crystalline 

nature having hexagonal/cubic crystal system (Figure 2.2.j) [131]. The amphiphilic  

 

Figure 2.3. (a) Concentration-dependent particle size distribution of NIN from DLS; (b) 

tapping-mode AFM, (c) confocal microscopic image of 0.1 mM NIN excited at 405 nm; TEM 

images of (d) 0.1 and (e-g) 1 mM NIN; (h-i) SEM image of NIN in CHCl3 drop casted on carbon 

coated Cu substrate; (j) SAED pattern of NIN. (k-l) scheme representing time-dependent 

transformation of spherical aggregates into torroidal nanostructures.  
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nature of NIN enables the molecule to form bilayers in CHCl3 at higher concentrations 

resulting in small spherical architectures that transform to larger spherical/ring-like 

architectures, consistent with similar amphiphilic molecules [132-134]. Such bilayer 

assembly could maintain the donor-on-donor and acceptor-on-acceptor arrangement 

even in the aggregated state similar to that in the crystalline state (Figure 2.2.k-l).   

 

Figure 2.4. (a), (b), (c) and (d) represent AFM, SEM, TEM, and confocal fluorescence images of 

2 mM NIN drop casted from CHCl3 representing larger aggregates. (e-s) TEM images of 1 mM 

NIN drop casted from CHCl3 showing transformation of spherical aggregates to ring-like 

architectures. 
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2.5. Frontier molecular orbital analysis 

Having established the formation of nonparallel donor-on-donor and acceptor-

on-acceptor stacks in the aggregated state, we have evaluated the ability of the system 

to prolong the long lived charge-separated states. Frontier molecular orbital (FMO), 

UV−Vis, fluorescence, and cyclic voltammetric measurements are employed to 

investigate the extent of perturbations in electronic interactions between donors (N/Ph) 

and acceptor (NI) in the aggregated vs monomeric state of the dyads. FMO analyses  

 

Figure 2.5. Energy level diagram of NI derivatives calculated from B3LYP/6-311G**+ level of 

theory in Schrödinger Materials Science Suite using Jaguar DFT engine. 
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(Figure 2.5.) of NIN and NIPh show that the electron density of HOMO is distributed in 

NI and N/Ph units, while electron density of LUMO is completely localized on NI unit. 

This is clearly suggestive of the presence of charge-transfer (CT) interaction between the 

constituents in the ground state consistent with 4-substituted naphthalimide derivatives 

reported earlier [135-137]. Similar theoretical examinations for the HOMO−LUMO 

energy gap (Eg, Figure 2.6.) for the di/tetrameric vs monomeric NIN indicated a  

 

Figure 2.6. Frontier molecular orbital (FMO) analysis of NIN (mono, di and tetramer) 

calculated from B3LYP-D3/6-311G**+ level of theory from crystal structure in Schrödinger 

Materials Science Suite using Jaguar DFT engine.  
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decrease in the Eg suggestive of the possibility of more favorable photoinduced charge 

separation in the aggregate when compared to the monomer [138, 139]. 

2.6. Steady-state absorption and emission measurements 

UV−Vis absorption spectra of NIN and NIPh in ACN exhibit bands centered 

around 270−280 and 350−353 nm, respectively (Figure 2.7.a). Both the short and long 

wavelength transitions are red-shifted (∼ 8 − 11 nm) compared to that of NI. The longer 

wavelength band in NIN and NIPh arises from a π−π* (HOMO→LUMO) transition that 

has CT character [137], while the shorter wavelength band corresponds to a n−π* 

(HOMO-1→LUMO) transition. Upon excitation at 340 nm, NIN and NIPh in ACN 

exhibit broad emission centered at 570 and 430 nm respectively (Figure 2.7.b). Time-

correlated single photon counting measurements performed for NIN and NIPh in ACN 

exciting the samples at 375 nm displayed fluorescence lifetime of 4.15 ns and 3.55 ns 

respectively (Figure 2.7.c). A significant red-shift (∼ 185 nm) in the emission maximum 

of NIN in ACN, compared to NI, further confirms a very strong CT character in NIN 

(Figure 2.7.d-f).  

Solvent polarity dependent spectral investigations established negligible changes 

in the absorption maxima and a substantial bathochromic shift of 125 and 27 nm, 

respectively, in the emission maxima (Figures 2.7.g-h) of NIN and NIPh respectively. 

With an increase in solvent polarity, a 49% enhancement in fluorescence quantum yield  
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Figure 2.7.  Normalized (a) absorption spectra, (b) emission spectra (exc = 340 nm) of N, NI and NIN in 

ACN, (c) excitation spectra for NI, NIN and NIPh recorded in ACN and collected at respective emission 

maxima, (d) absorption spectra of benzene (B), NI and NIPh, (e) emission spectra of NI and NIPh (exc = 

340 nm) and (f) fluorescence lifetime decay profiles of NI, NIN and NIPh (exc = 340 nm). Arrow 

indicates the characteristic feature corresponding to aggregate. Solvent polarity dependent normalized (g) 

absorption spectra, (h) emission spectra, (i) Lippert-Mataga plot of NIN, concentration dependent 

normalized (j) absorption spectra, (k) emission spectra (exc = 340 nm) and (l) excitation spectra collected 

at 470 nm of NIN in CHCl3. 
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Table 2.2. Photophysical properties of NI derivatives. 

  

of NIPh is observed, which could be due to the decrease in the non- radiative rate 

constant (Table 2.2). The difference between excited- and ground-state dipole moments 

in NIN and NIPh is estimated to be 8.02 and 4.17 D, respectively, employing 

Lippert−Mataga (LM) equation (Figure 2.7.i, see appendix). The degree of charge 

separation in NIN and NIPh is determined to be 38.61% and 21.10%, respectively, from 

the centers of the spin density distributions [140] and L-M plots (see appendix) [141]. At 

higher concentrations (0.125 mM) of NIN in CHCl3, a bathochromic shift of ∼ 20 nm in 

UV−Vis, emission, and excitation measurements suggests the possibility of aggregation 

in NIN (Figure 2.7.j−l). Solvent polarity dependent absorption and emission spectral 

investigations corresponding to NIPh are illustrated in Figure 2.8.a-b. Under similar 

conditions, NIPh in CHCl3 exhibits no characteristic features corresponding to self-

aggregation (Figure 2.8.c-d) in comparison to NIN.  

Solvent abs, 

nm

ems, 

nm

f Lifetime 

t, ns (c2)

kr

(ns)-1

knr

(ns)-1

NIPh Toluene 357 417 0.005 3.302 (1.03) 0.001 0.301

CHCl3 359 426 0.433 3.321 (1.03) 0.131 0.171

ACN 354 430 0.303 3.551 (1.17) 0.085 0.196

MeOH 356 440 0.403 4.710 (1.11) 0.086 0.127

NIN Toluene 355 443 0.165 1.721 (1.02) 0.096 0.485

CHCl3 359 469 0.113 1.473 (1.01) 0.768 0.602

ACN 355 570 0.124 4.154 (1.11) 0.029 0.211

MeOH 357 610 0.158 4.350 (1.18) 0.036 0.193
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Figure 2.8. Solvent polarity dependent normalized (a) absorption spectra, (b) emission spectra 

(exc = 340 nm), concentration dependent (c) absorption spectra, and (d) emission spectra (exc = 

340 nm) of NIPh in CHCl3.  

2.7. Transient absorption spectroscopic measurements 

A favorable ΔGET of −0.78 eV (see appendix for Rehm−Weller analysis) [40] for 

photoinduced electron transfer from N to singlet excited state of NI (1NI*) in NIN 

prompted us to employ femtosecond and nanosecond transient absorption (fTA and 

nTA) techniques [31, 96] to investigate the existence of charge-transfer intermediates 

(CTIs) in the monomeric vs aggregated state of NIN. Upon excitation at 355 nm, nTA 

spectra of NIN in ACN/CHCl3 exhibit absorption bands centered at 400 and 480 nm  
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Figure 2.9. Nanosecond transient absorption spectra of (a) NI, (b) NIPh, (c) NIN (exc = 355 

nm) in ACN and (d), (e), (f) represent corresponding right singular vectors obtained from 

singular value decomposition analysis.  

having a lifetime of 3.36 μs (Figure 2.9. and Table 2.3) that is characteristic of triplet 

absorption of NI (3NI*) chromophore [142, 143]. Lack of observation of CTIs from nTA 

experiments of NIPh and NIN states that even if CTIs do exist in either ACN or CHCl3 

they recombine within the pulse width of the instrument ( 8-10 ns). The fTA 

measurement of NIN in ACN has positive absorption centered at 440 and 600 nm. NIN 

in ACN yielded single principal component having a lifetime of 1.99 ns, which could be 

attributed to the naphthalene T1(π−π*) transition (Figures 2.10.a,c) [144, 145]. Absence of  
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Table 2.3. Lifetimes obtained from SVD analysis of nanosecond laser flash photolysis of 

NI derivatives in ACN (exc = 355 nm).    

 Lifetime (s) 

under N2  under O2 

NI 5.64 1.00 

NIPh 2.69 0.54 

NIN 3.36 0.75 

 

CTIs in nTA/fTA measurements with significant population of triplet excited state of 

N/NI substantiates ultrafast charge separation [76, 77] followed by geminate charge 

recombination resulting in the formation of 3N*/3NI* [123, 140], upon photoexcitation of 

NI, consistent with earlier reported similar D−A systems.  

 

Figure 2.10. Femtosecond transient absorption spectra of 5 mM NIN in (a) ACN and (b) 

CHCl3. (c and d) Right singular vectors obtained from singular value decomposition. 

(a) (b)

(c) (d)
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Upon excitation at 400 nm, fTA spectra of aggregated NIN in CHCl3 exhibit 

positive absorption bands at 420, 550, 710, and 1020 nm (Figure 2.10.b,d) that consist of 

four principal components obtained by singular value decomposition (SVD) followed 

by global analyses (Table 2.4). Right singular vector at 420 nm possessing a lifetime of 

1.52 ns corresponds to the naphthalimide radical anion (NI•−) [143], a twin absorption 

centered at 430 and 560 nm corresponds to naphthalene T1(π−π*) transition [144, 145] 

that decays with a lifetime of 2.02 ns (see appendix), while the third right singular 

vector at 710 nm, having a lifetime of 2.53 ns, corresponds to naphthalene radical cation 

(N•+) [146]. We also observed a positive band centered at 1020 nm, a feature that is not  

 

Figure 2.11. fTA spectra of NIPh in (a) ACN, (b) CHCl3 and (c), (d) represent corresponding 

right singular vectors obtained from global analyses.  
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found in monomeric NIN, which undergoes time-dependent shift of ∼ 60 nm. Positive 

band centered at 1020 nm having a lifetime >1.2 ns [147] corresponds to naphthalene 

dimer radical cation (N2•+) as reported earlier [146].  

Observed time-dependent shift in the peak corresponding to N2•+ could be 

attributed to the evolution of a radical cation with discrete π−π stacks of naphthalene, 

as observed in π−π stacks of perylenimide [123]. In contrast, fTA measurements of NIPh 

in ACN and CHCl3 exhibit a positive absorption band centered around 550 nm which 

could be attributed to the single excited state of NI (1NI*). SVD analysis followed by  

 

Figure 2.12. Right singular vectors obtained from global analyses for NIPh in (a) ACN and (b) 

CHCl3 respectively and NIN in (c) ACN (d) CHCl3 respectively. 
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Table 2.4. Lifetime obtained from global analyses of fTA spectra of NIN and NIPh (exc = 400 

nm). 

 

global analysis of NIPh in monomeric and aggregated state afforded one principal 

component centered at 500 nm having a lifetime of 1.17 and 1.98 ns respectively, 

corresponding to 1NI* (Figure 2.11-12, Table 2.4) [148, 149].  

2.8. Electrochemical measurements 

 Cyclic voltammetric (CV) measurements of (0.1 M n-Bu4NPF6 in ACN) NI in 

ACN exhibited reversible reduction potential around -1.33 V. CV of NIN and NIPh 

(Figure 13a and Table 2.5) displayed oxidation peaks at 1.54 and 2.48 V, while reduction 

peaks appeared at −1.33 and −1.30 V respectively. Ph/N substitution at fourth position 

of NI induced significant perturbations in the oxidation potentials as compared to 

unsubstituted NI, while reduction potentials (Ered = −1.33 V vs SCE) exhibited negligible 

change as observed earlier [137]. At higher concentrations (15 mM, Figure 2.13.b-c), 

reduction of NIN in CHCl3 occurs 133 mV more positive compared to that at lower  

Solvent Lifetime (ns)

T1 (*) 

NIN ACN - 1.99 - - -

CHCl3 1.52 2.02 2.53 > 1.2 -

NIPh ACN - - - - 1.17

CHCl3 - - - - 1.98
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 Figure 2.13. (a) Cyclic voltammograms of NI, NIPh and NIN in ACN, (b) concentration 

dependent (1-15 mM) cyclic voltammetric measurements of NIN in CHCl3 and (c) a plot 

showing variation of reduction potential of NIN with concentration. 

concentrations (1 mM). In contrast, NIPh under similar conditions (data not shown) 

exhibited concentration-independent redox behavior. Facile electrochemical reduction 

of aggregated NIN relative to monomer suggests alteration in thermodynamic 

feasibility for photoinduced charge separation/recombination in the monomeric vs. 

aggregated NIN. Such perturbations in the redox properties are a direct consequence of 

delocalization of hole and electron in the NIN assembly consistent with the observation 

of N2•+ using fTA spectroscopy [146].  
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Table 2.5. Geometry optimized (B3LYP/6-311G**+ level of theory) calculations and redox 

properties of NIPh and NIN using in Schrödinger Materials Science Suite using Jaguar DFT 

engine. 

                        Energy (eV) Eg (eV) 

(ELUMO-EHOMO) 

Redox Potential (V) 

HOMO-1 HOMO LUMO LUMO+1 Eox Ered 

NIPh -7.31 -6.38 -3.28 -1.27 3.10 2.48 -1.30 

NIN -6.64 -6.14 -3.29 -1.54 2.85 1.54 -1.33 

 

A Jablonski diagram (Figure 2.14.) depicting these excited state photoprocesses 

are illustrated below [41, 150]. Photoexcitation of NIN using laser pulse of 355 nm (nTA) 

and 400 nm (fTA) causes selective excitation of NI which promotes instantaneous 

 

Figure 2.14. Jablonski diagram depicting excited state energy levels of naphthalene (N), 

naphthalimide (NI) and the charge separated state of NIN. aExperimental (in eV) and btheoretical 

(in eV) energies corresponding to each levels are provided; theoretical calculations were 

performed at B3LYP/6-311G**+ level of theory using Gaussian-09 program suite.  
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electron transfer from N to NI generating charge transfer intermediates namely N.+and 

NI.− (E = 2.87 eV) [150].The geminate pairs thus generated undergo geminate charge 

recombination, a deleterious process populating the triplet excited state of either NI 

(3NI*) or N (3N*). The operation of this mechanism is confirmed from the evidence that 

triplet state of N is populated albeit the excitation of NI (indirect excitation) [123, 140]. 

Triplet excited state of naphthalene (kISC’ > 9 x 1012 s-1, 3N*) and naphthalimide (kISC”, 

3NI*) was probed using femtosecond and nanosecond transient absorption 

spectroscopic measurements strongly suggesting the possibility of charge 

separationgeminate charge recombinationtriplet formation before relaxing to the 

ground state in monomeric NIN (kISC’ >>> kISC”).  

2.9. Conclusion 

In summary, a nonparallel segregated D−A stacked arrangement of a dyad 

formed by naphthalimide and naphthalene that undergo self-assembly in CHCl3 by 

virtue of co-operative weak interactions is reported. The self-assembled D−A 

architecture thus generated can enhance the survival time of CTIs, upon 

photoexcitation, by >104 fold (𝜏𝑐𝑟
𝑎 /𝜏𝑐𝑟

𝑚) in comparison to the monomeric NIN. Observed 

long-lived CTIs in the aggregated vs monomeric state of NIN possessing simple 

components could be corroborated to the synergistic effects induced by (i) nonplanar 
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arrangement of the D−A pair and (ii) the delocalization of excitons across the 

nonparallel D−A stacks.  

Significant smaller increases (Table 2.6) in the survival time of CTIs, ∼1.5, 3, >100 

and >150-fold are observed in the aggregated state for cylindrical melamine-

perylenediimide (PDI) [83], chlorophyll-pyromellitimide-naphthalenediimide [151], 

guanine-PDI G-quartet [114], and diketopyrrolopyrrole (DPP)-PDI [77], respectively, in  

Table 2.6. A comparative account of the charge recombination lifetimes of photo-generated 

radical ion pair intermediates in the monomeric (𝜏𝑐𝑟
𝑚) and aggregated state (𝜏𝑐𝑟

𝑎 ) reported in 

various literatures. 
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solution, relative to the respective monomeric dyads. In thin films, a 1000-fold 

enhancement in the survival time of CTIs was observed for DPP-PDI when compared to 

the monomer [76, 78]. Solvent vapor annealed thin films of PDI-DPP-PDI reported by 

Wasielewski et al. [76] yielded CTI lifetime of 4 μs. Simple design and ease of 

processing exploiting synergistic effects offered by various non-bonded interactions 

make our strategy superior in moderating the behavior of CTIs in the aggregated state 

compared to the earlier “emergence-upon-assembly” approaches [77, 152]. Self-

assembled nonparallel D−A architectures that possess a potential barrier for charge 

recombination with enhanced survival time of CTIs (𝜏𝑐𝑟
𝑎  > 1.2 ns) could serve as 

promising scaffold for light harvesting, molecular electronics, and novel 

photofunctional applications. 



 

Chapter 3 

Self-Assembled Harvesting Donor-Acceptor Trefoils: 

Long-Lived Charge Separated State Through 

Aggregation 

 

Abstract 

Organic photonic nanostructures, capable of efficient light harvesting and storage, 

provide new avenues in constructing solution processable solar cells and photovoltaic devices. 

Here, we demonstrate a 104-fold enhancement in the photoinduced charge recombination lifetime 

in the aggregated state of donor-acceptor (D-A) dyads and trefoils comprised of triphenylamine-

naphthalimide (TN). The D-A dyads and trefoils undergo self-assembly in THF forming 

spherical/vesicular architectures dictated by weak co-operative intermolecular interactions in 

contrast to monomer in CH3CN. Observed long-lived charge transfer intermediates in the 

aggregated state of TN conjugates could be attributed to the delocalization of photogenerated 

excitons through non-parallel D-A stacks. D-A molecular aggregates thus evolved could serve as 

promising scaffolds for light harvesting, molecular electronics and photofunctional applications. 

 

 

 

110 fs 
(ACN)

2.52 ns 
(THF) 

or

Spherical/vesicular
aggregates
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3.1. Introduction  

Molecular engineering of photoconductive organic frameworks are 

indispensable for the development of photon-to-energy converters and organic 

photovoltaics (OPVs) [88, 153]. Taking cue from natural photosynthetic reaction center, 

[3] plethora of approaches aims at precise spatial organization of donor (D) and 

acceptor (A) modular fragments into hierarchical superstructures [26]. Non-covalent 

interactions such as electrostatic [66], dipole-dipole [65], ion-dipole [67], H-bonding [77, 

113], π-π interactions [65, 74] etc. act in concert in stitching molecules together. Multi-

chromophoric arrays of organic molecules that self-assemble into ordered phase-

segregated D-A frameworks [2] can ensure unrestricted ambipolar charge transport of 

photogenerated excitons [154]. Realization of isotropic photoinduced charge transport 

[42] in symmetrical D-A molecular scaffolds instigated construction of easily tailorable 

superstructures at nanoscopic dimensions. Self-assembled C3-symmetrical 

triphenylamine(T)-perylenediimide(PDI) [155], decacyclene triimides (DTI) [72, 73], 

1,3,5-triphenylbenzene(P)-perylenemonoimide(PMI)/PDI [71], Melamine(M)-PDI, 

hexaazatriphenylene-porphyrrins, triphenylborane mesogens [156], tetrahedral 

tetraphenylmethane-PDI [155], ethynyl-P-linked chlorophylls [69, 70, 157] and 

adamentyl-naphthalenediimide(NDI) conjugates have been introduced as porous 

organic materials and/or for excitation energy and/or electron transfer. C3-symmetrical 

D-A conjugates for enhancing the survival time of charge transfer intermediates (CTIs) 
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with emergent photoinduced electron transfer properties in the aggregated state 

relative to the monomeric state remain less explored till date.  

 Triphenylamine (T) is a well-identified hole transporting material with exquisite 

hole transporting properties exploited in OPVs. Naphthalimide (N), a less explored 

rylene monoimide possessing versatile electron accepting properties could serve as an 

electron acceptor in constructing triphenylamine-naphthalimide (TN) D-A conjugates. 

Our ongoing interests [129, 158, 159] towards the design of twisted D-A architectures 

[31, 158], for delaying the rate of charge recombination encouraged us in exploring C3-

symmetric TN conjugates for extended charge separation (Figure 3.1.). To examine the 

self-assembly properties of TN conjugates, hydrophyllic 1-hydroxy-2-amino-butyl (OH) 

and hydrophobic diisopropylaniline (DI) end groups are introduced as the side chains 

on N. The TN conjugates undergo self-assembly in THF forming spherical/vesicular 

aggregates, in contrast to monomer in acetonitrile (ACN). We herein report the first 

example of the formation of long-lived charge-separated states (𝜏𝑐𝑟
𝑎  > 2.52 ns) from the 

molecular aggregates of C3-symmetrical trefoils of TN conjugates upon photoexcitation. 

3.2. Syntheses and Characterization of TN Conjugates 

Synthesis of NOH: 4-Bromo-1,8-naphthalic anhydride ( 0.50 g, 1.8 mmol, 1 eq.) was dissolved 

in 10 ml DMF  and added 10 ml of dioxane. To this R(-)-2-amino-1-butanol (0.34 ml, 3.6 mmol, 2 

eq.) was added. The reaction was refluxed with constant stirring for 24 hrs followed by bringing 

the reaction temperature to the room temperature. Product was precipitated from the reaction 
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mixture by the addition of water (50 ml) followed by filtration and the product was thoroughly 

washed with methanol/water (1:1) solution.  The crude product thus obtained was subjected to 

column chromatography (SiO2, acetone:DCM, 1:9) to afford a white solid (69%, m. p. = 173 oC). 

1H NMR (500MHz, CDCl3): δ=8.59 (m, 1H), 8.52 (m, 1H), 8.35 (d, J = 10 Hz, 1H), 7.98 (d, J = 5 Hz, 

1H), 7.80 (m, 1H), 5.23 (m, 1H), 4.16 (m, 1H), 3.91 (m, 1H), 2.01 (m, 2H), 0.91 (t, J = 15 Hz, 3H); 

13C NMR (125 MHz, CDCl3): δ=164.82, 133.35, 132.37, 131.56, 131.17, 130.55, 129.10, 128.15, 

123.13, 122.24, 77.27, 63.59, 57.32, 21.30, 11.00; IR (KBr): 3512.37, 3086.11, 2964.59, 2875.86, 

1695.43, 1654.92, 1581.63, 1363.67, 1240.23, 1047.35, 975.98, 779.24 cm-1. HR-MS (EI)-(m/z): 347.01. 

Calcd for C16H14BrNO3: 346.50; Anal. Calcd for C16H14BrNO3: C, 55.19; H, 4.05; N, 4.02. Found: C, 

55.30; H, 3.89; N, 3.95. 

Synthesis of NDI: To a solution of 1,8-naphthalic anhydride (5.05 mmol) in 100 ml of acetic 

acid, 2,6-diisopropylaniline (50.5 mmol) was added and heated at 110 ⁰C for 5 h. The reaction 

mixture was then cooled, filtered, washed with water and dried. Purification by column 

chromatography (silica gel, ethylacetate:hexane, 3:7) afforded NBr as a white solid (95%, m. p. 

130 ⁰C); 1H NMR (500 MHz, CDCl3): δ = 8.66 (d, J = 10 Hz, 1H), 8.60 (d, J = 10 Hz, 1H), 8.42 (d, J = 

10 Hz, 1H), 8.04 (d, J = 10 Hz, 1H), 7.84 (t, J = 15 Hz, 1H), 7.42 (t, J = 15 Hz, 1H), 7.26 (d, J = 10 Hz, 

2H), 2.66 (m, 2H), 1.08 (d, J = 5 Hz, 12H); 13C NMR (125 MHz, CDCl3): δ = 133.61, 132.59, 131.75, 

131.21, 130.94, 130.66, 130.56, 129.70, 129.63, 128.20, 124.07, 123.19, 122.31, 29.18, 23.96; IR (KBr): 

2962.66, 2866.22, 1710.86, 1672.28, 1587.42, 1460.11, 1352.10, 1238.30, 1186.22, 962.48, 900.76, 

783.10, 511.14 cm-1; HR-MS (EI)-(m/z): 435.0389. Calcd. for C24H22BrNO2: 435.0895; Anal. Calcd. 

for C24H22BrNO2: C, 66.03; H, 5.11; N, 3.17. Found: C, 66.06; H, 5.08; N, 3.21. 
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Synthesis of TNOH: To a solution of 4-bromo-N-(-1-(hydroxymethyl)propyl)-naphthalene-1,8-

dicarboximide (1.1 mmol) in 40 ml THF, 20 ml of 2 M aqueous K2CO3 solution was added under 

nitrogen atmosphere. To this solution, 1.1 mmol of 4-(diphenylamino)phenylboronic acid was 

added followed by Pd(PPh3)4 (14.7 µmol). The reaction mixture was heated at 70 °C for 12 h. 

The reaction mixture was allowed to cool down, and then it was extracted with 

dichloromethane. The solvent was removed under reduced pressure and the residue purified 

by column chromatography (silica gel, EtOAc:hexane, 5:5) to afford yellow amorphous TNOH 

powder (88%). m. p. 370 ⁰C; 1H NMR (500 MHz, CDCl3): δ = 8.67 (d, J = 8.5 Hz, 2H), 8.45 (d, J = 

8.5 Hz, 1H), 8.08 (d, J = 8 Hz, 2H), 7.87 (t, J = 10 Hz, 2H), 7.76 (t, J = 10 Hz, 2H), 7.40 (d, J = 10 Hz, 

2H), 7.36 (d, J = 10 Hz, 2H), 7.24 (d, J = 8.5 Hz, 4H), 7.14 (d, J = 8.5 Hz, 2H), 5.35 (m, 1H), 4.26 (m, 

1H), 4.03 (m, 1H), 2.12 (m, 2H), 1.03 (m, 3H); 13C NMR (125 MHz, CDCl3): δ = 148.44, 147.33, 

146.98, 133.41, 133.02, 131.78, 131.21, 130.79, 129.92, 129.50, 128.99, 128.19, 127.76, 126.77, 125.08, 

122.88, 122.47, 63.91, 57.03, 21.24, 11.02; IR (KBr): 3518.16, 3059.10, 2962.66, 1695.43, 1647.21, 

1585.49, 1490.97, 1396.46, 1355.96, 1319.31, 1278.81, 1238.30, 1182.36, 1058.92, 783.10, 754.17, 

696.30 cm-1. HR-MS (EI)-(m/z): 513.2166. Calcd. for C34H28N2O3: 512.2108; Anal. Calcd. for 

C34H28N2O3: C, 79.67; H, 5.51; N, 5.46. Found: C, 79.65; H, 5.08; N, 5.49. 

Synthesis of TNDI: To a solution of 4-bromo-N-(2,6-diisopropyl)-naphthalene-1,8-

dicarboximide (1.1 mmol) in 30 ml THF, 15 ml of 2 M aqueous K2CO3 solution was added under 

nitrogen atmosphere. To this solution, 1.1 mmol of 4-(diphenylamino)phenylboronic acid was 

added followed by Pd(PPh3)4. The reaction mixture was heated at 70 °C for 12 h. The reaction 

mixture is then allowed to cool down, and further extracted with dichloromethane. The solvent 
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was removed under reduced pressure and the residue is purified by column chromatography 

(silica gel, DCM:hexane, 4:6) to afford yellow amorphous TNDI in moderate yield (92%). 1H 

NMR (500 MHz, CDCl3): δ = 8.73 (d, J = 10 Hz, 2H), 8.52 (t, J = 10 Hz, 1H), 7.81 (t, J = 15 Hz, 2H), 

7.51 (t, J = 15 Hz, 1H), 7.44 (d, J = 10 Hz, 2H), 7.38 (m, 6H), 7.28 (m, 6H), 7.15 (t, J = 15 Hz, 2H), 

2.81 (m, 2H), 1.20 (m, 12H); 13C NMR (125 MHz, CDCl3): δ = 164.40, 148.44, 147.34, 145.70, 133.14, 

131.71, 131.45, 130.30, 129.52, 127.77, 126.77, 125.12, 124.02, 123.71, 122.48, 121.32, 29.16, 24.01. IR 

(KBr): 3030.17, 2960.73, 2866.22, 1703.14, 1664.57, 1585.49, 1489.05, 1357.89, 1278.81, 1236.37, 

1188.15, 835.18, 754.17, 696.30 cm-1. HR-MS (EI)-(m/z): 513.2166. Calcd. for C34H28N2O3: 512.2108; 

Anal. Calcd. for C34H28N2O3: C, 79.67; H, 5.51; N, 5.46. Found: C, 79.65; H, 5.08; N, 5.49. 

 

Scheme 2.1. (i) Acetic acid; 110 oC; 5 h, (ii) Pd(PPh3)4; Anhyd. THF; 2 M K2CO3; 70 oC; 12 h.   

Synthesis of T: Tris-(4-bromophenyl)-amine (0.54 g, 2.9 mmol, 1 eq) was dissolved in 4 ml of 

THF; followed by cooling it to -78 °C. n-BuLi (5.2 mmol, 1.79 eq, 3.25 ml)  was added dropwise 
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and kept at -78 °C for 1 hour. 2-isopropoxy-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolane (26 mmol, 

8.9 eq, 4.86 ml) was added drop wise. After addition, the reaction temperature was elevated to 

room temperature and stirring was continued overnight.  5 ml of H2O was added to quench the 

reaction. The water layer was extracted with methylene chloride for 2-3 times and the combined 

organic layers were dried over Na2SO4. After the volatile solvent was removed under reduced 

pressure, it was subjected to purification by column chromatography (SiO2, EtOAc:hexane, 2:8) 

to yield the product T as white crystals. (50%, m. p. > 300 oC). 1H NMR (500MHz, CDCl3): δ = 

7.61 (d, J = 8 Hz, 6H), 7.02 (d, J = 8 Hz, 6H), 1.233 (s, 36H), 13C NMR (125 MHz, CDCl3): δ = 149.8, 

135.9, 123.5, 83.7, 24.9. IR (KBr): 2980.02, 1597.06, 1359.82, 1321.24, 1284.59, 1143.79, 1091.71, 

860.25, 657.73 cm-1. (m/Z): 623.4502. Calcd for C36H48B3NO6: 623.2165; Anal. Calcd for 

C36H48B3NO6: C, 69.38; H, 7.76; N, 2.25. Found: C, 69.01; H, 7.50; N, 2.18. 

Synthesis of TN(OH)3: 4-bromo-N-(-1-(hydroxymethyl)propyl)-naphthalene-1,8-dicarboximide 

(93 mg, 0.256 mmol, 3.2 eq.) was dissolved in 30 ml anhydrous THF and stirred in a N2 

atmosphere for 5 minutes. To this 15 ml of 2 M aqueous K2CO3 was added and stirred. T (50 mg, 

0.08 mmol, 1 eq.) was added and stirred in N2 atmosphere again for 5 minutes.  Pd(PPh3)4 (0.89 

mg, 0.01 mmol) was added and the temperatures was increased to 70 oC, and refluxed for 12 

hrs. THF was removed by rotary evaporation and compound was extracted using DCM. The 

DCM layer was dried and the crude product obtained was subjected to column 

chromatography (SiO2, acetone:DCM, 1:9) to afford an orange fluorescent solid (90%, m. p. > 300 

oC). 1H NMR (500MHz, CDCl3): δ = 8.61 (m, 6H), 8.38 (d, J = 8.25 Hz, 3H), 7.72 (d, J = 9.5 Hz, 6H), 

7.48 (d, J = 8.3 Hz, 6H), 7.42(d, J = 8.3 Hz, 6H), 5.27 (d, J = 6 Hz, 3H), 4.19 (t, J = 12 Hz, 3H), 3.94 (t, 
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J = 12 Hz, 3H), 2.06 (m, 6H), 1.98 (s, 3H), 0.98 (t, J = 9 Hz, 9H). 13C NMR (125 MHz, CDCl3): δ = 

165.4, 147.5, 146.9, 133.8, 132.7, 131.6, 131.3, 129.8, 128.9, 127.9, 126.9, 124.4, 123.0, 121.6, 63.8, 

57.1, 21.3, 11.0. IR: 3462.22, 2926.01, 2873.94, 1697.36, 1651.07, 1583.56, 1504.48, 1462.04, 1396.46, 

1354.03, 1319.31, 1238.30, 1184.29, 1056.99, 837.11, 785.03, 759.95 cm-1. HR-MS (EI)-(m/z): 

1047.3961: Calcd. for C66H54N4O9: 1047.1621; Anal. Calcd. for C66H54N4O9: C, 75.70; H, 5.20; N, 

5.35. Found: C, 75.66; H, 5.18; N, 5.39. 

Synthesis of TN(DI)3: The 4-bromo-N-(2,6-diisopropyl)-naphthalene-1,8-dicarboximide (104.4 

mg, 0.256 mmol, 3.2 eq.) was dissolved in 30 ml anhydrous THF and stirred in a N2 atmosphere 

for 5 minutes. To this 15 ml of 2 M aqueous K2CO3 was added and stirred. T (50 mg, 0.08 mmol, 

1 eq.) was added and stirred in N2 atmosphere again for 5 minutes.  Pd(PPh3)4 (0.89 mg, 0.01 

mmol) was added and the temperatures was increased to 70 oC, and refluxed for 12 hrs. THF 

was removed by rotary evaporation and compound was extracted using DCM. The DCM layer 

was dried and the crude product obtained was subjected to column chromatography (SiO2, 

DCM: hexane, 6:4) to afford an orange fluorescent solid (82%, m. p. > 300 oC). 1H NMR (500 

MHz, CDCl3): δ = 8.68 (q, J = 13 Hz, 6H), 8.46 (d, J = 8 Hz, 2H), 7.77 (d, J = 8.5 Hz, 4H), 7.72 (d, J = 

7 Hz, 2H), 7.53 (d, J = 8.5 Hz, 4H), 7.48 (m, 5H), 7.44 (m, 5H), 7.33 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 

8.5 Hz, 6H), 2.71 (m, 6H), 1.42 (s, 36H). 13C NMR (125 MHz, CDCl3): δ = 163.28, 147.5, 146.9, 

132.93, 131.81, 130.79, 130.40, 130.24, 130.12, 129.80, 129.24, 128.48, 126.89, 125.93, 123.47, 123.03, 

122.82, 122.08, 120.70, 29.17, 22.97. IR: 2923.25, 2861.53, 1708.09, 1667.59, 1586.58, 1503.64, 

1463.13, 1358.98, 1316.54, 1237.46, 1187.31, 836.27, 784.19 cm-1. HR-MS (EI)-(m/z): 1311.6026: 
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Calcd. for C90H78N4O6: 1311.6125; Anal. Calcd. for C90H78N4O6: C, 82.42; H, 5.99; N, 4.27. Found: 

C, 82.38; H, 5.95; N, 5.94.  

 

Scheme 3.2. (i) Acetic acid; 110 oC; 5 h, (ii) Pd(PPh3)4; Anhyd. THF; 2 M K2CO3; 70 oC; 12 h.   

Palladium (0) catalyzed Suzuki-Miyaura cross-coupling reaction of NOH and 

NDI with 4-(diphenylamino)phenylboronic acid furnished TNOH and TNDI dyads 

respectively in moderate yields (Scheme 3.1., Figure 3.1.). Suzuki coupling of NOH and 

NDI with tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amine (T) yielded 

the trefoils TN(OH)3 and TN(DI)3 respectively in low to higher yields (Scheme 3.2., 

Figure 3.1.). Slow evaporation of TNDI from 1:3 dichloromethane: hexane mixture  
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 Figure 3.1. Synthesis scheme of triphenylamine-naphthalimide dyads and trefoils.  

under ambient conditions rendered orange plate like crystals of TNDI. Single-crystal X-

ray diffraction analyses of TNDI resulted in solvent free crystals belonging to 

monoclinic P42/n crystal system (Table A3.1., appendix). The dihedral angle and C-C 

bond length between triphenylamine (T) and naphthalimide (NDI) units in TNDI are 

44° and 1.49 Å respectively (Figure 3.1.-2.). π−π interaction between T and NDI units at 

a distance of 3.39 Å constitutes twisted self-assembled dimers in TNDI (Figure 3.2.a). (i) 

edge-to-face (dH••• = 2.80 Å) and (ii) dihydrogen interactions [129, 130] (dH•••H = 2.39 Å) 

between T units together with C-H•••O interaction (dH•••O = 2.63 Å) between T and 

NDI units along b-axis dictate two-dimensional sheet like arrangement in TNDI (Figure  
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Figure 3.2. (a) π−π, (b) C-H•••O and (c) C-H•••H-C interactions observed in crystalline 

TNDI. (d), (e) two dimensional solid state arrangement in TNDI. (f) pore size distribution 

analyses in two dimensions for TNDI.  

3.2.b-e).Examination of pore size distribution in TNDI indicated the presence of voids 

occupying 0.9% volume of the unit cell with a void volume of 59.7 Å3. The TN 

conjugates explored in the current investigation could find potential application in 

constructing materials for gas adsorption and storage (Figure 3.2.f) consistent with the 

recent reports. 
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3.3. Hirshfeld surface and electrostatic surface potential maps 

Hirshfeld surface (HS) [160] and electrostatic surface potential (ESP) [161] maps 

was generated for TNDI derivative (Figures 3.3.a-c). Isodensity (0.0002 e/a. u.) surface 

was used to construct ESP with color codes varying from red to blue representing 

increasing electrostatic potential from negative to positive respectively. The intense red 

region constitutes electron deficient carbonyl oxygen atoms corresponding to negative 

electrostatic potential localized on oxygen atom. Electron donating nature of T moiety is 

described by the light blue domains which forms a belt around the aromatic rings and 

are strong positive potential regions (Figure 3.3.c). Examination of 2D-fingerprint plots  

 

Figure 3.3. (a) Hirshfeld surface analyses of TNDI. (d), (e), (f), (g) describes two-dimensional 

fingerprint plots representing π−π, C•••H, H•••H and O•••H interactions. (b) and (c) 

indicates dnorm and electrostatic surface potential maps of TNDI respectively. 

(b) (c)(a)

(e) (f)(d) (g)

C-C C-H H-H O-H
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obtained from HS analyses establishes that −, C−H•••, C−H•••H-C and C−H•••O 

interactions dictate packing arrangement in TNDI (Figures 3.3.d-g). A pair of wings and 

sharp spikes observed in the 2D-fingerprint plot of TNDI could be attributed to 

C−H•••O and C−H••• interactions respectively (Figures 3.3.f-g). A value of 

[(%C•••H)/(%C•••C)] = 30.56 for TNDI, indicates the formation of a herringbone 

arrangement (4.5) in the crystalline lattice. The presence of diagnostic intense red 

and orange hot-spots observed in distinct HS (dnorm) maps for TNDI (Figure 3.3.b) 

represents existence of short intermolecular interactions consistent with the crystal 

structure.  

3.4. Morphological analyses  

Dynamic light scattering (DLS) experiments were performed to investigate the 

nature of aggregation in THF solution of TN conjugates (Figure 3.4., first column). DLS 

measurements of 0.5 mM TNOH, TNDI, TN(OH)3 and TN(DI)3 in THF exhibit bimodal 

particle size distribution with an average hydrodynamic diameter (DH) of 727 nm, 1.22 

m, 467 nm and 700 nm respectively as tabulated in Table 3.1. Morphological analyses 

of 0.5 mM TN conjugates in THF employing tapping mode atomic force (AFM), 

confocal, scanning (SEM) and tunneling (TEM) electron microscopy further confirmed 

the presence of spherical/vesicular aggregates, consistent with the DLS measurements 

(Table 3.1, Figure 3.4.). Selected area electron diffraction measurements of TN  
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Table 3.1. Particle size distribution of TNOH, TNDI, TN(OH)3 and TN(DI)3 in THF 

obtained from DLS, SEM, TEM, AFM and confocal measurements. 

 DLS 

(Size, nm) 

SEM 

(Size, nm) 

TEM 

(Size, nm) 

AFM 

(Size, nm) 

Confocal 

(Size, nm) 

TNOH 727, 5500 236 437 370 279 

TNDI 1220, 5200 526 672, 1150 845, 1150 660 

TN(OH)3 467, 5250 272 500 271 260 

TN(DI)3 700 451 322 773 476 

 

conjugates as drop casted from THF solution suggests polycrystalline nature (Figures 

3.4., fifth column). The histograms representing particle size distribution of 

spherical/vesicular aggregates obtained from various morphological analyses are 

shown in Figure 3.5.a-d. The TN conjugates TNOH and TN(OH)3 are amphiphilic in 

nature. The amphiphilicity administered by hydrophilic hydroxyl groups and 

hydrophobic aromatic units in TNOH and TN(OH)3 enforces the formation of bilayers 

in THF through intermolecular hydrogen bonding interactions. TNOH and TN(OH)3  

undergo formation of  spherical/vesicular aggregates consistent with similar 

amphiphilic molecules.  

The mechanism of self-assembly can be envisaged by considering the steric bulk 

offered by the triphenylamine unit to naphthalimide units. The triphenylamine unit in  
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Figure 3.4. Morphological analyses of TN conjugates. Column 1; dynamic light scattering 

experiments, column 2; SEM, column 3; TEM, column 4; AFM, column 5; confocal fluorescence 

microscopic measurements exciting the samples at 405 nm and column 6; selected area electron 

diffraction experiments of 0.5 mM TN conjugates as drop-casted from THF. Row 1, row 2, row 3 

and row 4 correspond to morphological analyses of TNOH, TNDI, TN(OH)3 and TN(DI)3 

respectively. 

TN conjugates possesses propeller skeleton which enforces N units to be canted out of 

the plane by an angle of 55o obstructing extended -columnar arrangement of 

naphthalimide units. The steric bulk imposed by the T units along with co-operative 

non-covalent C-H•••O, C-H•••H-C and C-H••• intermolecular interactions as 

observed in the crystal structure installs ‘pin-wheel’ arrangement in TN conjugates 

which further promotes formation of spherical/vesicular architectures in THF (Figure  
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Figure 3.5. Particle size distribution analyses of TN conjugates obtained from (a) SEM, (b) 

TEM, (c) AFM and (d) confocal fluorescence microscopic measurements respectively. (e) 

mechanism of formation of spherical/vesicular aggregates of TN conjugates in THF. 

3.5.e). It is pertinent to note that the amphiphilicity of TN conjugates do not play major 

role in dictating the morphology, rather the steric bulk imposed by T unit predominates 

because of which the donor T and the acceptor N units in TN dyads and trefoils are 

aligned in different planes with a dihedral angle of 44o and 55o respectively.    

3.5. Frontier molecular orbital analyses 

 Having established the presence of spherical/vesicular aggregates in THF 

solution, we explored the propensity of self-assembled TN conjugates in moderating the  
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Figure 3.6. Representative frontier molecular orbital energy diagram of TNDI and TN(DI)3 

constructed employing B3LYP/6-311G+** level of theory. 

rate of charge recombination. Existence of perturbations in the electronic interactions 

between D and A units in the monomeric vs. aggregated states was examined 

employing frontier molecular orbital (FMO) analysis, UV-Vis, fluorescence and cyclic 

voltammetric measurements. A representative FMO analyses of TNDI and TN(DI)3 

(Table 3.2, Figure 3.6.) indicate that the electron density of HOMO is distributed 

between the donor T and the acceptor NDI units for TNDI and TN(DI)3, whereas  
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Table 3.2. Geometry optimized (B3LYP/6-311G**+ level of theory) calculations and 

redox properties of representative TN conjugates [TNDI and TN(DI)3]. 

                        Energy (eV) Eg (eV) 

(ELUMO-EHOMO) 

Redox Potential (V) 

HOMO-1 HOMO LUMO LUMO+1 Eox Ered 

TNDI -6.45 -5.57 -2.71 -1.36 2.86 1.17 -1.22 

TN(DI)3 -6.32 -5.68 -2.73 -2.73 2.94 0.94 -1.17 

 

electron density of LUMO is solely localized on NDI unit for both TNDI and TN(DI)3. 

This observation clearly indicates the possibility of charge transfer (CT) interactions 

[136] existing between electronically complimentary T and NDI units in the ground 

state. Substitution at fourth position of naphthalimide induces significant perturbations 

in the ionization potentials relative to the unsubstituted NI, while electron affinity 

shows negligible changes as observed from the theoretical predictions [137]. 

3.6. Steady-state absorption and fluorescence measurements  

 UV-Vis absorption spectrum of T and N in ACN (Figure 3.7.a) exhibit peak 

centered at 310 nm for T unit and two absorption bands at 340 and 360 nm for N unit. 

The fluorescence spectrum of T and N in ACN has emission peaks centered at 360 and 

390 nm, when excited at 310 and 340 nm respectively. The spectral overlap between 

emission spectrum of T and absorption spectrum of N demonstrates plausible energy 

transfer from T to N when T is being excited (Figure 3.7.b). The TN conjugates could 
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exhibit light harvesting properties wherein T acts as the donor and N the acceptor. 

However focus of the present thesis is limited to electron transfer processes in the  

 

Figure 3.7. Steady-state (a) UV-Vis and fluorescence measurements of T and N in ACN. (b) 

spectral overlap of emission spectrum of T with absorption spectrum of N in ACN illustrating 

light harvesting properties. (c) absorption and (d) emission spectrum of TN conjugates in ACN. 

(e) excitation spectra of TN conjugates monitored at respective emission maxima and (f) time-

resolved fluorescence decay profile of TN conjugates in ACN excited at 440 nm. 
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monomeric vs. aggregated state and hence light harvesting properties are not described. 

Steady-state UV-Vis absorption spectrum of TN conjugates display absorption bands 

centered at 310 nm and 410-420 nm with a shoulder around 340 nm. The short 

wavelength absorption band at 310 nm is attributed to * transition corresponding 

to the T unit, whereas significantly red-shifted band around 410 - 420 nm is due to the 

CT interactions [136, 162] in TN conjugates in the grounds state as evidenced from FMO 

analyses (Figures 3.7.c). The shoulder band around 340 nm could be due to the HOMO-

1LUMO transition observed in N unit. The emission spectrum of TN conjugates in 

ACN (Figure 3.7.d) exhibit emission maxima centered around 605 - 630 nm when 

excited at 425 nm. Significant bathochromic shift in emission maxima (ca. 200 nm) of TN 

conjugates when compared to the constituents T and N units suggests possibility of 

strong CT interaction.  

Excitation spectra (Figure 3.7.e) of TN conjugates in ACN resembles 

corresponding absorption spectra ensuring the emissive nature of charge transfer 

species formed, when collected at respective emission maxima. This observation further 

confirms absence of electronic perturbations in the ground state of TN dyads and 

trefoils. Time correlated single photon counting measurements of TN conjugates when 

excited at 440 nm in ACN, exhibited a bi-exponential decay profile. The longer 

component possessing a lifetime of 2.51 - 2.56 ns corresponds to the fluorescence 

lifetime of the chromophore while shorter component with a lifetime of 0.17 - 0.38 ns 
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could be attributed to the CT states formed via photoinduced electron transfer (PET) 

from T to N units in TN conjugates (Figure 3.7.f) respectively. 

3.6. Solvent-polarity and concentration dependent absorption and fluorescence 

measurements  

 

Figure 3.8. Solvent polarity dependent (a-d) absorption and (e-h) emission spectra of TNOH, 

TNDI, TN(OH)3 and TN(DI)3 respectively. 
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Solvent polarity dependent UV-Vis absorption measurements of TN conjugates 

established negligible changes in the absorption maxima (Table 3.3, Figures 3.8.a-d). In 

contrast, TNOH, TNDI, TN(OH)3 and TN(DI)3 displayed a substantial bathochromic  

Table 3.3. Solvent polarity dependent photophysical measurements of TNOH, TNDI, 

TN(OH)3 and TN(DI)3.  

Solvent TNOH TNDI TN(OH)3 TN(DI)3 

a (nm) b (nm) tc (ns) a (nm) b (nm) tc (ns) a (nm) b (nm) tc (ns) a (nm) b (nm) tc (ns) 

Hexane 415 477 3.92 413 467 4.05 414 500 4.65 405 456 2.55 

Toluene 412 534 5.36 424 511 4.96 426 529 4.85 415 516 3.65 

DCM 417 656 2.63 421 591 5.39 415 590 5.52 427 562 6.99 

CHCl3 421 611 5.65 431 606 7.43 427 635 6.67 430 585 6.27 

THF 417 624 0.68 433 620 1.25 408 618 1.86 427 613 6.47 

ACN 423 711 2.56 

(17%), 

0.17 

(83%) 

434 636  3.74 

(12%), 

0.14 

(88%) 

425 635 2.51 

(5%), 

0.36 

(95%) 

428 600 0.38 

(87%), 

0.62 

(13%) 

MeOH 421 672 1.26 

(37%), 

0.29 

(63%) 

431 675 2.99 

(99%), 

0.19 

(1%)  

431 638 1.69 

(59%), 

0.32 

(41%) 

428 690  0.1d 

DMSO 428 722 2.41 

(8%), 

0.22 

(92%) 

435 700 2.64 

(41%), 

9.30 

(44%), 

0.19 

(15%) 

431 696 0.43 434 711 0.14 

(10%), 

0.39 

(90%) 

a - absorption; b - emission; c - time-resolved fluorescence measurements performed exciting the samples at 440 nm; d - within the pulse 

width of the instrument. 
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Figure 3.9. Solvent polarity dependent (a-d) time-resolved fluorescence decay profiles excited at 

440 nm and (e-h) Lippert- Mataga plots of TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively. 
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shift of 240, 235, 200 and 255 nm respectively, (Table 3.3, Figures 3.8.e-h) in the emission 

maxima with increasing solvent polarity. Solvent polarity dependent time-resolved 

fluorescence decay (tf) measurements of TN conjugates displayed a mono-exponential 

decay in non-polar solvents, while in polar solvents a bi-exponential decay profile is 

observed when excited at 440 nm (Table 3.3, Figure 3.9.). In nonpolar solvents PET is 

less favored and the decay corresponds to the tf of the respective molecule whereas, 

polar solvents facilitate stabilization of CT interactions. The species corresponding to 

the longer component is attributed to the tf of the respective TN derivatives, whereas 

the shorter component could be due to the CT states confirming existence of CT states 

in polar solvents (Table 3.3, Figures 3.9.a-d). Subsequently, with increasing solvent 

polarity TNOH, TNDI, TN(OH)3 and TN(DI)3 exhibited 70, 83, 44 and 61% reduction in 

fluorescence quantum yield (f, Table 3.3) respectively.  

The observed decrease in f for TN conjugates with increase in solvent polarity 

demonstrates the possibility of photoinduced electron transfer in the dyad and trefoils. 

The difference between excited and ground-state dipole moment () in TNOH, TNDI, 

TN(OH)3 and TN(DI)3 is estimated to be 10.02, 11.59, 11.08 and 9.45 D respectively 

employing Lippert−Mataga equation (Equation 3.1., Figures 3.9.e-h) [141]. The degree of 

charge separation in TNOH, TNDI, TN(OH)3 and TN(DI)3 is determined to be 25.05, 

26.70, 24.98 and 22.14 % respectively, from the centers of the spin density distributions 

[140] and Lippert-Mataga plots (see appendix). 
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                                          𝜗𝐴̅̅ ̅ − ϑF̅̅ ̅ =  
2

hc
(
∈−1

2∈+1
−

n2−1

2n2+1
)
(μe−μg)

2

a3
+ constant                                    (3.1.) 

wherein, 𝜗𝐴̅̅̅̅ − ϑF̅̅ ̅ is the Stokes shift between absorption and emission intensity in  

 

Figure 3.10. Concentration dependent (a-d) absorption and (e-h) emission measurements (exc = 

420 nm) of TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively in THF.  
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respective solvents expressed in wavenumbers (cm-1), ‘h’ the Planck’s constant in ergs 

(6.626x10-27 ergs),  ‘c’ the speed of light in cm/s (3x1010 cm/s) and ‘a’ the Onsager cavity  

 

Figure 3.11. Concentration dependent excitation spectral measurements of TN conjugates in (a-

d) THF and (e-h) ACN.  
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radius in which the fluorophores resides. 

Concentration dependent absorption spectra of TNOH, TNDI, TN(OH)3 and 

TN(DI)3 in THF exhibited 9, 6, 5 and 7 nm bathochromic shift in the absorption band  

 

Figure 3.12. Concentration dependent (a-d) absorption and (e-h) emission measurements (exc = 

420 nm) of TNOH, TNDI, TN(OH)3 and TN(DI)3 respectively in ACN. 
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centered around 300 - 320 nm respectively (Figures 10a-d). Correspondingly, 

concentration dependent fluorescence measurements of TNOH, TNDI, TN(OH)3 and 

TN(DI)3 in THF showed 20, 15, 25 and 30 nm red-shift in the emission maxima 

respectively (Figures 3.1.0e-h) suggesting the probability of aggregation at higher 

concentrations (≥ 0.3 mM). Concentration dependent excitation spectral measurements 

(Figures 3.11.a-b) of TNOH and TNDI in THF displayed a broad band around 350 - 450 

nm with increasing concentration from 0.03 to 0.35 mM. Similarly, for TN(OH)3 and 

TN(DI)3 in THF, appearance of two new red-shifted bands at 365 and 455 nm with 

increasing concentration from 0.04 to 0.4 mM indicates presence of aggregates at higher 

concentrations (Figures 3.11.c-d). In contrast, concentration-dependent absorption, 

emission and excitation measurements of TN conjugates in ACN did not show 

aggregate formation (Figures 3.11.e-h, 3.12.). 

3.8. Transient absorption experiments  

The thermodynamic feasibility of PET, from T to N, in TN conjugates is 

evaluated employing Rehm-Weller analysis. A favourable Gibb’s free energy 

GET) of -0.96 eV for PET is observed for TN conjugates upon photoexcitation of 

N. Nanosecond and femtosecond transient absorption (nTA and fTA) 

spectroscopic measurements were employed to examine the presence of CTIs in 

the monomeric and aggregated state of the TN conjugates. Upon photoexcitation 

of TN conjugates at 355 nm, nTA spectra of TNOH and TNDI in ACN  



Chapter 3- Self-Assembled Harvesting Donor-Acceptor Trefoils: Long-Lived Charge Separated State 

Through Aggregation 
129 

 

 

Figure 3.13. Nanosecond transient absorption (exc = 355 nm) spectroscopic measurements 

of TNOH, TNDI, TN(OH)3 and TN(DI)3 in the monomeric (a-d) aggregated state (e-h).  

(monomeric state), exhibited absorption centred at 555 and 570 nm respectively 

with a lifetime of 0.87 and 0.57 s (Figures 3.13.a-b, Table 3.4) respectively. nTA 

spectra of TN(OH)3 and TN(DI)3 in ACN displayed positive absorption centered  
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Table 3.4. Lifetimes of TN derivatives obtained from kinetic analyses of nTA spectra 

(exc = 355 nm). 

 TNOH TNDI TN(OH)3 TN(DI)3 

N2 

purging 

(ts) 

O2 

purging 

(t, ns) 

N2 

purging 

(ts) 

O2 

purging 

(t, ns) 

N2 

purging 

(ts) 

O2 

purging 

(t, ns) 

N2 

purging 

(ts) 

O2 

purging 

(t, ns) 

nTA ACN 0.87 96.83 0.57 29.21 1.87 9.20 1.54 16.32 

THF 0.38 35.62 2.89 10.83 3.42 2.38 5.36 40.54 

 

at 555 and 571 nm possessing lifetime of 1.87 and 0.57 s (Figures 3.13.c-d, Table 

3.4, Figures A3.1, appendix) respectively. nTA spectra of TNOH, TNDI, TN(OH)3 

and TN(DI)3 in THF (aggregated state) showed a positive absorption peak  

 

Figure 3.14. fTA measurements of (a) TNOH, (b) TNDI, (c) TN(OH)3 and (d) TN(DI)3 respectively in 

ACN (exc = 400 nm).  
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centred at 580, 578, 585 and 580 nm having a lifetime of 0.38, 2.89, 3.42 and 5.36 s 

(Figures 3.13.e-h, A3.2, Table 3.4, appendix) respectively. The positive absorption 

band centered around 555-580 nm observed in the nTA measurements of 

monomeric and aggregated state of TN conjugates is attributed to the triplet 

absorption of T (3T*) [163]. nTA measurements of TN derivatives in the 

monomeric and/or aggregated state failed to detect the presence of CTIs, upon 

excitation at 355 nm. Lack of signals corresponding to the CTIs from nTA 

measurements of TN conjugates, could be attributed to the ultrafast charge  

 

Figure 3.15. Species associated decay spectra (SADS) obtained for (a,e) TNOH, (b,f) TNDI, (c,g) 

TN(OH)3 and (d,h) TN(DI)3 respectively after singular value decomposition (SVD)  and global analysis 

of fTA spectra in ACN.  
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separation/recombination occurring faster than the time resolution of the instrument (10 

ns) leading to the population of triplet of T (3T*) [163]. 

fTA spectra of TN conjugates in ACN display absorption peak centered around 

530 - 540 nm (Figure 3.14.). Singular value decomposition (SVD) of ΔA versus time and  

 

Figure 3.16. fTA (exc = 400 nm) spectroscopic measurements of TN(OH)3 and TN(DI)3 in 

the aggregated state. fTA spectra of (a) TN(OH)3 and (b) TN(DI)3; SADS spectra of (c) 

TN(OH)3 and (d) TN(DI)3 in THF obtained after global analyses. Lower panel of (a) and 

(b) shows photoprocesses occurring in TN(OH)3 and TN(DI)3 after 1 - 2 ps of 

photoexcitation respectively while second panel shows the photoprocesses occurring in 

TN(OH)3 and TN(DI)3 after 2.5 ps - 2.5 ns of photoexcitation respectively. 
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wavelength based three-dimensional map of monomeric and aggregated TN conjugates 

obtained from the fTA measurements is demonstrated in Figures 3.15. The species 

associated decay spectra (SADS) obtained from SVD and global analyses for TNOH, 

TNDI, TN(OH)3 and TN(DI)3 in the monomeric state has two principal components 

centered at 490 and 540 nm respectively (Figure 3.15.a-d). The positive absorption bands 

centered at 490 and 540 nm are ascribed to the triplet absorption of N (3N*) and T 

(3T*)[163] units respectively. The lifetime of the principal components (Table 3.5, Figure 

3.15.e-h) obtained from SVD analyses for TN conjugates in the monomeric state are 

tabulated in Table 3.5.  

  The fTA spectra of TN conjugates in the aggregated state consist of positive 

absorption bands centered at 545 nm and a twin absorption around 470 and 580 

nm respectively (Figures 3.16.a-b, A3.3, appendix). Upon photoexcitation of TN 

Table 3.5. Lifetimes of TN derivatives obtained from kinetic analyses of fTA 

spectra (exc = 400 nm). 

 ACN (t, ps) THF (t) 

V1 V2 V1 (ns) V2 (ps) 

TNOH 121.98 10.28 0.83 504.46 

TNDI 136.76 175.61 0.10 3.38 

TN(OH)3 421.39 223.45 2.52 2.94 

TN(DI)3 315.22 263.41 1.07 384.90 

  



134 Chapter 3- Self-Assembled Harvesting Donor-Acceptor Trefoils: Long-Lived Charge Separated State Through 

Aggregation 

 

conjugates at 400 nm, ultrafast charge separation results in the generation of radical 

anion of N (𝑁 .−) [158] after 1 - 2 ps of the laser pulse [Figures 3.16.a-b, A3.3a-d (lower 

panel), appendix]. Subsequently, the photogenerated excitons populates the triplet state 

of T (3T*) [163] through geminate charge recombination. The SADS spectra of TN 

conjugates obtained after SVD and global analyses comprise of two principal 

components centered at 550 and 460 nm respectively that are attributed to the triplet 

absorption of T (3T*) and radical anion of N (𝑁 .−) [164, 165] respectively (Figure A3.4, 

appendix). The kinetic profiles associated with the principal components are described 

in Figure A3.4, appendix and the corresponding lifetime is tabulated in Table 3.5.  

3.9. Electrochemical measurements 

 To examine the redox properties displayed by the TN conjugates, cyclic 

voltammetric measurements were performed in ACN with n-Bu4NPF6 as the 

supporting electrolyte (Figure 3.17.). Cyclic voltammograms (CV) of 1 mM 

TNOH exhibits oxidation peak at 1.24 V and two reduction peaks at -1.81 and -

1.19 V (reversible). CV of 1 mM TNDI possesses oxidation peak at 1.17 V, and 

two reduction peaks at -1.81 and -1.22 V (reversible). CV of 1 mM TN(OH)3 

consists of oxidation peak at 0.94 V with reduction peaks at -1.69 and -1.22 V 

(reversible). CV of 1 mM TN(DI)3 display oxidation peak at 0.89 V and reduction 

peaks at -1.72 and -1.17 V (reversible). Comparison of cyclic voltammograms of 
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TN conjugates with the model compounds T and N in ACN established that 

oxidation peaks around 0.89 - 1.24 V could be due to the oxidation of A unit, 

while reduction peaks around -1.1 to -1.22 V and -1.69 to -1.81 V are corroborated 

to the reduction of N unit. 

 Upon photoexcitation of N (ex = 400 nm) in ACN, ultrafast photoinduced 

electron transfer from T to N unit GET = -1.09 eV) results in ultrafast charge 

separation/recombination (tcs = tcr ≤ 110 fs) in the monomeric state. 

Photoexcitation (ex = 400 nm) of TN conjugates in THF (aggregated state) 

 

Figure 3.17. (a) cyclic voltammetric measurements of TN conjugates in ACN and (b) 

concentration dependent cyclic voltammetric measurements of TN(DI)3 in THF. 
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generates CTIs namely (𝑇 .+) and (𝑁 .−) following 1-2 ps of laser pulse. The 

photogenerated excitons in TNOH and TNDI recombine with a lifetime of tcr = 

0.10 and 0.83 ns respectively in THF, whereas charge recombination lifetime of 

CTIs in TN(OH)3 and TN(DI)3 is enumerated to be tcr = 1.07 and 2.52 ns 

respectively. Remarkable increase (ca. 104-fold) in the survival time of CTIs in the 

aggregated state of TN conjugates compared to the monomeric state (Table 3.6) 

could be attributed to the delocalization of excitons across spherical/vesicular 

nano-architectures. Following PET from T to N, the CTIs formed undergo 

geminate charge recombination populating the triplet of T (3T*) [163], 

ascertaining charge recombination leading to the triplet formation mechanism 

responsible for the excited state deactivation, consistent with the earlier reports 

[140, 158].  

  Persistence of CS states by four orders of magnitude more in the 

aggregated state of TN conjugates when compared to the monomeric state could 

be ascribed to the favourable supramolecular arrangement of the donor–acceptor 

systems for ultrafast charge separation followed by slow charge recombination. A 

significant decrease in the rate of charge recombination in the aggregated state 

could be a consequence of the extended charge delocalisation through self-

assembled spherical/vesicular scaffolds aided by non-covalent interactions 

(Figure 3.5.e). 
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Table 3.6. A comparative account of the C3-symmterical donor-acceptor 

molecular architectures reported in various literatures. 

 

3.10. Conculsion 

In summary, twisted donor-acceptor triphenylamine-naphthalimide (TN) dyads 

and trefoils for extended charge separated states upon self-assembly is illustrated. TN 

conjugates undergo self-assembly in THF through synergetic  and H-bonding 

interactions. Solvent polarity dependent absorption and emission measurements in 

conjunction with Lippert-Mataga analyses established the presence of ground state CT 

interactions. Concentration dependent photophysical measurements along with 

morphological analyses in THF demonstrated existence of spherical/vesicular 

aggregates. Following photoexcitation of N unit, TN dyads and trefoils in the 

aggregated state display radical ion pair intermediates with long-lived charge separated 

Contributed by C3-symmetrical architecture Reference Purpose

Our data Triphenylamine-naphthalimide dyads 

and trefoils

Comparison of photoinduced 

electron transfer in the 

aggregated state.

F. Wudl and coworkers decacyclene triimides (DTI) (i). Angew. Chem. Int. Ed. 2013, 52, 1446-

1451.

(ii). Angew. Chem. Int. Ed. 2015, 54, 

6775-6779.

Photoinduced electron transfer 

in the monomeric state.

M. R. Wasielewski and 

coworkers

1,3,5-triphenylbenzene(P)-

perylenemonoimide(PMI)

J. Phys. Chem. Lett. 2014, 5, 1608-1615. Excitation energy transfer in the 

aggregated state.

M. R. Wasielewski and 

coworkers

P-PDI J. Am. Chem. Soc. 2006, 128, 1782-1783. Photoinduced electron transfer 

in the aggregated state in 

presence of TEA.

M. R. Wasielewski and 

coworkers

tetrahedral tetraphenylmethane-PDI J. Phys. Chem. C. 2014, 118, 16941-

16950.

Excitation energy transfer in the 

aggregated state.

M. R. Wasielewski and 

coworkers

ethynyl-P-linked chlorophylls (i). Angew. Chem. Int. Ed. 2006, 45, 7979-

7982.

(ii). Chem. Commun. 2010, 46, 401-403.

Excitation energy transfer in the 

aggregated state.
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lifetime (𝜏𝑐𝑟
𝑎 )  of ca. 1.07 and 2.52 ns compared to the (𝜏𝑐𝑟

𝑚  ≤ 110 fs) monomer in ACN, as 

observed from nTA and fTA spectroscopic measurements. A 104−fold enhancement in 

the lifetime of CTIs in the aggregated state when compared to the monomeric TN could 

be due to the favorable arrangement that stabilizes photogenerated excitons in a self-

assembled supramolecular architecture, a feature that is not feasible in non-assembled 

D–A systems. 

 



 

Chapter 4 

Colossal Enhancement in the Lifetime of Charge 

Separated States in Self-Assembled Twisted Non-

Symmetric Donor-Acceptor Triad 

 

Abstract 

Organic materials which can self-assemble into higher order superstructures gained extensive 

applications in artificial light harvesting systems, solution processable bulk-heterojunction solar cells and 

photo-functional devices owing to their unique charge transport properties. In this report, we demonstrate 

a self-assembled non-symmetric donor-acceptor triad composed of triphenylamine, anthracene and 

naphthalimide units, for achieving long-lived charge separation via aggregation. Steric hindrance 

imposed by diisopropyl groups of naphthalimide and propeller shaped triphenylamine unit obstruct 

planarization in TAN. Quantum theory of atoms in molecules analyses demonstrated the presence of 

synergetic C-H•••C-H•••H-C, and C−O•••O−C interactions between the constituent units of 

adjacent TAN molecules in the crystalline state. The nonplanar geometry of TAN triad in the monoclinic 

space group dictates a unique antiparallel arrangement between the adjacent TAN units along b-axis. 

Solvent polarity dependent Lippert-Mataga and spin density distribution analyses of TAN established the 

presence of charge transfer interactions in the ground state. Femtosecond and nanosecond transient 

absorption measurements of TAN revealed ca. 108-fold increase in the lifetime of charge separated state in 

the aggregated TAN (𝜏𝑐𝑟
𝑎  = 20 s) in CHCl3 when compared to that in monomeric TAN (𝜏𝑐𝑟

𝑚  < 110 fs) in 

CH3CN. Extension in lifetime of charge separated state in the self-assembled state is attributed to the 

delocalization of excitons across stacked antiparallel dimers of TAN. 
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4.1. Introduction 

Self-assembled π-conjugated donor-acceptor molecular architectures have 

gained widespread consideration owing to their distinct charge transport properties [26, 

90]. Stimulated by peculiar chromophoric arrangements in natural photosynthetic 

systems (PS) [1, 2, 106, 111], enormous designs have been demonstrated to generate 

electron donor-acceptor (D-A) systems [7, 64, 107] for efficient energy conversion [2, 7, 

107]. Optimization [28, 104, 106, 166, 167] of stoichiometry and distance between the 

complementary redox gradients [24, 79, 81] is vital for persistent charge transfer 

intermediates (CTIs) in monomeric D-A systems [88, 108]. In D-A aggregates, precise 

organization [4, 7, 24, 89, 168, 169] of modular components is quintessential in 

regulating the rate of charge recombination. To install oriented “transport highways” 

for efficient exciton migration, in D-A dyads [86, 170, 171], emergence-upon-assembly 

approach [77, 112, 113, 172-175] have been employed by several groups [176, 177]. 

Supramolecular [115] J-aggregates of bisthiophene(BT)-perylenediimide(PDI)-

bisthiophene [84-86], melamine(M)-naphthalenediimide(NDI)-melamine [87], double 

helical arrangement of diketopyrrolopyrrole(DPP)-PDI-diketopyrrolopyrrole [77, 78], 

hydrogen-bonded oligo(p-phenylenevinylene)[OPV]−PDI−oligo(p-phenylenevinylene) 

[75, 178], columnar anthracene(An)–PDI–anthracene [179], slip-stacked PDI-DPP-DPP 

[76] triads and oriented push-pull triple-channel surface architectures [27, 80] have been 

demonstrated for extending the lifetimes of photogenerated excitons in the aggregated 
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state. To date, aggregated non-symmetric D-D-A triads for surviving CTIs have not 

been explored. 

In our earlier contributions, we have successfully demonstrated attenuation in 

the rate of charge recombination in i) vesicular scaffold [31] and ii) nonparallel stacks 

[158] of D-A bichromophores [123, 159]. Realization of long-lived charge separated (CS) 

states [87, 95] in a self-assembled naphthalene-naphthalimide (NIN) dyad, compared to 

the monomeric NIN, could be due to the delocalization of excitons through individual 

D and A stacks oriented in different spatial planes. In contrast, a homologous dyad 

containing anthracene and naphthalimide (AN) showed ultrafast charge recombination 

(< 110 fs) in monomeric/aggregated state. Contrary to NIN, absence of donor-on-donor 

and/or acceptor-on-acceptor arrangement in the AN dyad could be responsible for 

short-lived CTIs in the aggregate state. Lack of long-lived CS states in aggregated AN 

dyad prompted us to design and synthesize a non-symmetrical triphenylamine-

anthracene-naphthalimide (TAN) D-D-A triad. We herein report the first example of an 

aggregated non-symmetric D-D-A triad TAN for prolonging the CS state (ca. 108-fold) 

upon photoexcitation when compared to ultrafast charge recombination in monomeric 

TAN (𝜏𝑐𝑟
𝑚  < 110 fs). Formation of long-lived charge separated states (𝜏𝑐𝑟

𝑎  = 20 s) could 

arise from intermolecular electron hopping across naphthalimide units in the stacked 

antiparallel aggregates of TAN. 
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4.2. Syntheses and characterization of naphthalimide derivatives AN and TAN 

Synthesis of ANBr: To a solution of 4-bromo-N-(2,6-diisopropylaniline)-naphthalene-

1,8-dicarboximide (1.1 mmol, Please refer the synthesis of NDI for NBr) in 40 ml THF, 

20 ml of 2 M aqueous K2CO3 solution was added under nitrogen atmosphere. To this 

solution, 1.1 mmol of anthracene-9-bromo-10-boronic acid was added followed by 

Pd(PPh3)4 (14.7 µmol). The reaction mixture was heated at 70 °C for 12 h. The reaction 

mixture was then cooled after which it was extracted using dichloromethane. The 

solvent was removed under reduced pressure and the residue purified by column 

chromatography (silica gel, chloroform: petroleum ether, 4:6) to yield ANBr as yellow 

powder (60%). m. p. 372 ⁰C; 1H NMR (500 MHz, CDCl3): δ = 8.79 - 8.78 (d, J = 5 Hz, 1H), 

8.63 - 8.62 (d, J = 5 Hz, 2H), 8.58 – 8.59 (d, J = 5 Hz, 1H), 7.79 – 7.77 (d, J = 10 Hz, 1H), 7.55 

- 7.53 (t, J = 10 Hz, 2H), 7.43 - 7.41 (t, J = 10 Hz, 3H), 7.30 - 7.26 (m, 6H), 2.83 - 2.78 (m,  

 

Scheme 4.1. (i) Acetic acid; 110 oC; 5 h, (ii) Pd[(PPh3)4]; Anhyd. THF; 2 M K2CO3; 70 oC; 12 h.   
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 2H), 1.17 - 1.15 (d, J = 10 Hz, 12H); 13C NMR (125 MHz, CDCl3): δ = 163.23, 163.17, 

144.72, 143.43, 132.15, 131.22, 131.12, 130.91, 130.30, 130.27, 129.81, 129.64, 129.38, 128.54, 

128.09, 127.67, 127.10, 126.21, 125.29, 125.12, 124.43, 124.16, 123.06, 122.01, 121.50, 28.18, 

23.07; IR (KBr): 2960.73, 2868.15, 1705.07, 1666.50, 1587.42, 1438.90, 1361.74, 1336.67, 

1236.37, 1190.08, 908.47, 785.02 cm-1; HR-MS (EI)-(m/z): 612.2423. Calcd. for 

C38H30BrNO2: 611.5925; Anal. Calcd. for C38H30BrNO2: C, 74.52; H, 4.95; N, 2.30. Found: 

C, 73.50; H, 4.99; N, 2.28. 

Synthesis of AN: To a solution of 4-bromo-N-(2,6-diisopropylaniline)-naphthalene-1,8-

dicarboximide (1.1 mmol) in 40 ml THF, 20 ml of 2 M aqueous K2CO3 solution was 

added under nitrogen atmosphere. To this solution, 1.1 mmol of corresponding 

anthracene-9-boronic acid was added followed by Pd(PPh3)4 (14.7 µmol). The reaction 

mixture was heated at 70 °C for 12 h. The reaction mixture was allowed to cool down, 

and then it was extracted with dichloromethane. The solvent was removed under 

reduced pressure and the residue purified by column chromatography (silica gel, 

EtOAc: petroleum ether) to afford AN as yellow solid (68%). m. p. 370 ⁰C; 1H NMR (500 

MHz, CDCl3): δ = 8.80 - 8.78 (d, J = 10 Hz, 1H), 8.61 - 8.59 (d, J = 10 Hz, 2H), 8.09 - 8.07 (d, 

J = 10 Hz, 2H), 7.82 - 7.80 (d, J = 10 Hz, 1H), 7.45 - 7.42 (t, J = 6.15 Hz, 5H), 7.31 - 7.29 (d, J 

= 5.6 Hz, 4H), 7.27 – 7.26 (d, J = 10 Hz, 2H), 2.84 - 2.79 (m, 2H), 1.18 - 1.16 (d, J = 5 Hz, 

12H); 13C NMR (125 MHz, CDCl3): δ = 165.01, 164.82, 147.36, 138.68, 133.07, 131.56, 

131.21, 129.87, 128.72, 128.60, 127.95, 126.93, 122.50, 121.35, 58.91, 36.83, 31.04; IR (KBr): 
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3051.39, 2960.73, 2924.09, 2866.22, 1705.07, 1666.50, 1585.49, 1444.68, 1361.74, 1359.82, 

1236.37, 1190.08, 900.76, 788.89, 734.88 cm-1; HR-MS (EI)-(m/z): 532.8628. Calcd. for 

C38H31NO2: 533.3224; Anal. Calcd. for C38H31NO2: C, 85.52; H, 5.87; N, 2.62. Found: C, 

85.57; H, 5.83; N, 2.64. 

Synthesis of TAN: To a solution of ANBr (1.1 mmol) in 40 ml THF, 20 ml of 2 M 

aqueous K2CO3 solution was added under nitrogen atmosphere. To this solution, 1.1 

mmol of 4-(diphenylamino) phenylboronic acid was added followed by Pd(PPh3)4 (14.7 

µmol). The reaction mixture was heated at 70 °C for 12 h. The reaction mixture was 

allowed to cool down and was then extracted using dichloromethane. The solvent was 

removed under reduced pressure and the residue purified by column chromatography 

(silica gel, chloroform: petroleum ether, 3:7) to yield TAN as a yellow solid (83%). m. p. 

379 ⁰C; 1H NMR (500 MHz, CDCl3): δ = 8.82 - 8.81 (d, J = 5 Hz, 1H), 8.62 - 8.61 (d, J = 5 

Hz, 1H), 7.90 - 7.87 (d, J = 15 Hz, 3H), 7.86 - 7.84 (d, J = 10 Hz, 1H), 7.67-7.63 (m, 4H), 

7.62-7.59 (d, J = 10 Hz, 2H), 7.58 - 7.57 (d, J = 10 Hz, 2H), 7.49-7.47 (d, J = 10 Hz, 2H), 7.46-

7.42 (m, 4H), 7.41-7.37 (m, 2H), 7.37-7.35 (d, J = 10 Hz, 2H), 7.33-7.32 (d, J = 10 Hz, 2H), 

7.28 - 7.24 (m, 2H), 7.05 - 7.03 (t, J = 10 Hz, 2H), 2.85 - 2.80 (m, 2H), 1.19 - 1.17 (d, J = 5 Hz, 

12H); 13C NMR (125 MHz, CDCl3): δ= 164.28, 147.75, 147.47, 145.76, 144.89, 138.75, 

132.28, 132.10, 131.99, 131.92, 131.39, 130.86, 130.56, 130.42, 130.11, 129.58, 129.46, 129.16, 

127.52, 127.28, 126.33, 125.98, 125.27, 124.10, 123.29, 122.93, 122.88, 29.22, 24.13, 24.11; IR 

(KBr): 3062.96, 2962.66, 2927.94, 2868.15, 1710.86, 1670.35, 1589.34, 1489.05, 1354.03, 
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1274.95, 1234.44, 1190.08, 765.74, 696.30, 511.14 cm-1; HR-MS (EI)-(m/z): 776.1976. Calcd. 

for C56H44N2O2: 776.3403; Anal. Calcd. for C56H44N2O2: C, 86.57; H, 5.72; N, 3.61. Found: 

C, 86.60; H, 5.77; N, 3.59.  

4.3. Crystal structure analyses 

Palladium (0) catalyzed Suzuki-Miyaura reaction of 4-bromonaphthalimide with 

9-anthraceneboronic acid rendered anthracene-naphthalimide (AN) dyad with a  

Table 4.1. Crystal data and structure refinement of ANBr and TAN. 

Unit cell parameters  ANBr TAN 

Empirical formula C38H31BrNO2 C56H44N2O2 

Formula weight 532.81 776.93 

a (Å) : 9.0127(3) 14.5976(7) 

b (Å) : 23.8445(9) 9.3958(5) 

c (Å) : 14.2725(6) 31.7732(16) 

alpha: 90⁰ 90⁰ 

beta: 103.919(2)⁰ 102.659(3)⁰ 

gamma: 90⁰ 90⁰ 

Volume (Å
3
) : 2977.14 4251.96 

Crystal system Monoclinic Monoclinic 

Space group: P21/n P21/n 

Calculated density 

(mg/m
3
): 

1.370 1.214 

Z: 4 4 

Temperature (K) : 296(2) 296(2) 

R (F, %): 4.57 8.59 

Rw (F
2
):  1.050 1.018 

CCDC Number 1479113 1479058 
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Figure 4.1. (a) Synthesis scheme for dyad ANBr and the triad TAN with respective chemical 

structures. Packing arrangements of (b) ANBr (along a-axis) and (c) TAN (along b-axis). Self-

assembled structures of (d) ANBr and (e) TAN along a and b-axis, respectively.  

moderate yield (68%). Cross-coupling of ANBr with 4-(diphenylamino)phenylboronic  

acid offered the triad TAN in 83% yield (Figure 4.1.a, Scheme 4.1.). Slow evaporation of 

ANBr and TAN from 1:3 dichloromethane:hexane mixture under ambient conditions 
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furnished yellow crystals of ANBr [180] and TAN. Single crystal X-ray diffraction 

analyses of ANBr and TAN resulted in solvent free crystals belonging to monoclinic 

P21/n crystal system (Table 4.1). The dihedral angle and C-C bond length between 

anthracene (A) and naphthalimide (N) units in ANBr is 87° and 1.51 Å respectively 

suggesting a near-orthogonal arrangement of constituent chromophores in the dyad 

(Figures 4.1.a,b). X-ray structure and quantum theory of atoms in molecules [181, 182] 

(QTAIM; Figure 4.2.a-b and Table 4.2) analysis of ANBr indicates presence of C-

H•••interaction between i) A and N (dH•••C = 2.75 Å) units and ii) N and N (dC•••H = 

2.68 Å) units along a-axis (Figures 4.1.b,d, 4.2.c-d). The unique C-O•••Br interaction  

Table 4.2. Calculated topological properties of the electron density for the 

intermolecular interaction in ANBr and TAN.  

Description Interaction d,a (Å) (r),b eA-3 2r(r),c eA-5 DE, kJ/mol 

 

ANBr 

(dimer1) 

 

 

ANBr 

(dimer2) 

C36•••H78 2.864 0.038735 0.393484 3.3737 

C104•••H62 2.828 0.043344 0.472095 4.1483 

O70•••H68* 2.733 0.045409 0.603457 5.0934 

O142•••H140* 2.733 0.045342 0.603626 5.0934 

Br72•••O142 3.245 0.046833 0.638376 5.8154 

Br72••• H102 3.296 0.021817 0.255495 1.8772 

Br72•••H122 3.368 0.020865 0.215298 1.7065 

H140•••O142 2.733 0.045294 0.604421 5.0934 

H68 •••O70 2.733 0.045382 0.603288 5.0934 
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TAN C20•••H172 2.701 0.048324 0.540704 4.5683 

C14•••H170 2.602 0.061011 0.686984 5.7367 

C118•••H66 2.601 0.061011 0.687008 5.7367 

C124•••H68 2.703 0.048324 0.540704 4.5683 

a-distance, b-electron density at the BCP and c-Laplacian of the electron density 

at the BCP. *Though the distance is more than the van der Waals radii, QTAIM 

exhibited density at (3,-1) BCP. 

 

(dO•••Br = 3.24 Å) and C-H•••H-C interaction (dH•••H = 2.34 Å) along a-axis dictate two  

 

Figure 4.2. QTAIM topological analyses of ANBr describing (a) C-H•••π and (b) C-O•••Br 

interactions. (c), (d) represents self-assembled dimers in ANBr formed as a result of C-H•••π 

and C-O•••Br interactions respectively. (e) describes wave-like arrangement observed in ANBr. 
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dimensional wave-like arrangement in ANBr (Figure 4.2.e). Lack of − stacking 

interactions between identical units eliminates the possibility of electron donor-on-

donor (A-on-A) and/or acceptor-on-acceptor (N-on-N) arrangement in ANBr. In 

contrast, nonparallel stacks resulting in donor-on-donor and acceptor-on-acceptor 

arrangement was observed in a related dyad NIN possessing naphthalimide and 

naphthalene units as reported in our earlier work.  

In the triad TAN, the dihedral angle and C-C bond length between i) A and N 

and ii) (triphenylamine) T and A units are i) 79°and 1.55 Å and ii) 79° and 1.49 Å   

 

Figure 4.3. QTAIM topological analyses of TAN representing (a) C-H•••π interaction. (b) 

describes self-assembled dimers in TAN formed through C-H•••π interaction. (c) perspective 

view of the packing in TAN along c-axis.  

H172

C20 C14

H169

H66 H68

C118 C124

b

c

a

(b) (c)

c

a

b

(a)



150 Chapter 4- Colossal Enhancement in the Lifetime of Charge Separated States in Self-Assembled Twisted Non-

Symmetric Donor-Acceptor Triad 

 

respectively suggesting a non-parallel arrangement [126] of the adjacent constituent 

units (Figures 4.1.a,c and e). Dimers in TAN are constituted through co-operative edge-

to-face (C-H•••dH•••C = 3.62 Å, Figure 4.3.a interaction between N and A aromatic 

cores and unique O•••O (imidic oxygen, dO•••O = 2.93 Å) interaction [183], as evidenced 

by QTAIM analysis (Figures 4.1.c,e, 4.3.a, Table 4.2). C-H•••interaction between N 

and A at a distance of 2.70 Å are also observed between two units of TAN. Dihydrogen 

(C-H•••H-C) interaction between methyl hydrogen of diisopropyl unit and (i) phenyl 

hydrogens of T (dH•••H = 2.37 Å) moiety, and (ii) hydrogen atom of A (dH•••H = 2.28 Å) 

along with C-H••• interactions govern the close- packed arrangement in TAN (Figure 

4.3.b). 

Table 4.3. Represents percentage of intermolecular interactions and packing motifs in 

ANBr and TAN obtained from Hirshfeld surface analyses.  

 %C•••C %C•••H %H•••H %O•••H = [(% C•••H)/(% 

C•••C)] 

Packing motif 

ANBr 2.6 27.5 54.4 6.9 10.57 Herringbone 

TAN 3.4 23.4 67.7 4.5 6.8 Herringbone 

 

4.4. Hirshfeld surface analyses  

Packing motifs responsible for the distinct packing arrangement of ANBr and 

TAN in the crystalline state are investigated employing Hirshfeld surface (HS) [160]  
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Figure 4.4. (a), (c) 2D-fingerprint plots for ANBr, TAN respectively and (b), (d) Hirshfeld 

surface (dnorm) for ANBr, TAN respectively obtained from Hirshfeld surface analyses. 

and two- dimensional (2D) fingerprint analyses (Figure 4.4.). Examination of 2D-fingerprint 

plots (Figures 4a,c) obtained from HS analyses establishes that −, C−H••• dihydrogen 

(C−H•••H-C) and C−H•••O interactions dictate packing arrangement in ANBr and TAN. The 

sharp spikes and a pair of wings observed in the 2D-fingerprint plot of ANBr is attributed to 

C−H••• and C−H•••O interactions, whereas in TAN it corresponds to dihydrogen 

interaction (Table 4.3, Figure 4.5.). A value [184] of [(%C•••H)/(%C•••C)] = 10.57 and 

6.8 for ANBr and TAN respectively (Table 4.3), indicates the formation of a herringbone 

arrangement (4.5) in the respective crystalline lattice (Table 4.3, Figure 4.4.e-f). The 

presence of diagnostic intense red and orange hot-spots observed in distinct HS (dnorm)  
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Figure 4.5. Two-dimensional fingerprint plots of ANBr and TAN determined from Hirshfeld 

surface (HS) analyses. (a), (e) represents C•••C, (b), (f) depicts C•••H, (c), (g) describes 

H•••H and (d), (h) represents O•••H interactions observed in ANBr (first row) and TAN 

(second row)  respectively as established from HS analyses. 

maps for ANBr and TAN (Figures 4.4.b,d) indicates the existence of short 

intermolecular interactions consistent with the crystal structure. 

4.5. Morphological analyses  

Dynamic light scattering (DLS) experiments were performed to investigate the 

nature of aggregation in CHCl3 solution of AN and TAN. DLS measurements of 0.8 mM 

AN in CHCl3 exhibit a bimodal particle size distribution with an average hydrodynamic 

diameter (DH) of 560 nm and 4.13 m respectively (Figure 4.6.a, Table 4.4). DLS 

measurements of 1 mM TAN in CHCl3 displayed bimodal particle size distribution  
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Figure 4.6. Morphological analyses of AN (first row) and TAN (second row) in CHCl3. Size 

distribution obtained from (a), (e) DLS, (b), (f) SEM; (c), (g) TEM and (d), (h) SAED pattern of 

0.8 mM AN and 1 mM TAN respectively as dropcasted from CHCl3. Additional TEM images of 

(i-l) 0.8 mM AN and (m-p) 1 mM TAN as dropcasted from CHCl3 respectively.  

possessing DH of 1.60 m and 5.56 m respectively (Figure 4.6.e, Table 4.4). 

Morphological analyses of 0.8 mM AN and 1 mM TAN in CHCl3 using scanning and 

tunneling electron microscopy further confirmed coexistence of small and large ring-

like architectures, consistent with the DLS measurements (Figures 4.6.b-c, 4.6.f-g, 4.6.i-p, 

A4.1, Table 4.4). Selected area electron diffraction (SAED) measurements of AN and 

TAN as drop casted from CHCl3 displayed bright distinct spots validating the 

crystalline nature of AN and TAN (Figures 4.6.d,h). 
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Table 4.4. Particle size distribution of AN and TAN obtained from DLS, SEM and TEM 

measurements. 

 Particle size from DLS 

(m) 

Particle size from SEM 

(m) 

Particle size from TEM 

(m) 

AN in CHCl3 0.56, 4.13 1.54 and 11.59 0.64 and 1.294 

TAN in CHCl3 1.60, 5.56 0.49 and 2.13 1.74 and 2.89 

  

4.6. Frontier molecular orbital analyses 

Having demonstrated the presence of crystalline TAN aggregates in CHCl3 

solution, we explored the propensity of the self-assembled TAN triad in regulating the 

rate of charge recombination. We employed frontier molecular orbital (FMO) analysis, 

UV-Vis, fluorescence and cyclic voltammetric measurements to examine the amount of 

perturbations in electronic interactions between donors and acceptor moieties in the 

aggregated vs. monomeric state of the dyad AN and triad TAN. FMO analyses of ANBr 

and TAN (Figure 4.7., Table 4.5) establish that the electron density of HOMO is 

distributed in A and N for ANBr, and A and T units in TAN, whereas electron density 

of LUMO is solely localized on N unit for both ANBr and TAN. This observation 

indicates the possibility of charge transfer interactions [162, 185] existing between the 

constituents of AN and TAN in the ground state. The FMO investigations performed on 

dimeric ANBr and TAN showed that the difference between LUMO and HOMO energy 



Chapter 4- Colossal Enhancement in the Lifetime of Charge Separated States in Self-Assembled 

Twisted Non-Symmetric Donor-Acceptor Triad 
155 

 

levels is reduced. The observed bathochromic shift in the emission maxima could be 

attributed to the decrease in the energy gap upon aggregation. 

Table 4.5. Geometry optimized (B3LYP/6-311G**+ level of theory) calculations and redox 

properties of AN and TAN using Schrödinger Materials Science Suite using Jaguar DFT engine. 

                        Energy (eV) Eg (eV) 

(ELUMO-EHOMO) 

Redox Potential (V) 

HOMO-1 HOMO LUMO LUMO+1 Eox Ered 

AN -6.41 -5.86 -2.74 -2.40 3.12 2.08 -1.30 

TAN -5.64 -5.36 -2.93 -2.10 3.26 1.81 -1.33 

 

 

Figure 4.7. Frontier molecular orbital analyses of ANBr and TAN performed at B3LYP/6-

31G+** level of theory.  
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4.7. Steady-state absorption and fluorescence measurements 

UV-Vis absorption spectrum of AN in ACN (Figure 4.8.a) exhibit bands centered 

at 260 and 350-395 nm with a shoulder band around 400 nm. The short wavelength 

absorption band is attributed to n* (HOMO-1LUMO) transition corresponding to 

N unit, whereas long wavelength band around 350-395 nm is due to * transition 

observed in A. The absorption spectrum of TAN (Figure 4.8.a) in ACN comprises of 

absorption bands centered at 263, 310 and 350 - 395 nm with a shoulder band around 

420 nm. The absorption band around 280 - 300 nm is due to n* (HOMO-1LUMO) 

transition observed in N unit [137], the peak at 310 nm corresponds to the * 

transition in T, whereas the band around 350 - 395 nm is due to * transition in A. 

Extended shoulder band observed around 400 nm for AN and 420 nm for TAN is 

attributed to the charge transfer (CT) interactions [29] between the constituent 

chromophores in the ground state [162]. A red-shift of 20 nm corresponding to the 

shoulder band in TAN, relative to AN is attributed to the enhancement in the ground 

state CT interactions in TAN by the incorporation of T (secondary donor) unit.  

The emission spectrum of AN in ACN (Figure 4.8.b) consists of a shoulder band 

around 500 nm and an intense broad band at 620 nm when excited at 440 nm. 

Remarkable red-shift (ca. 200 nm) in the emission maximum of the peak at 620 nm in 

AN compared to A and N units indicates the presence of CT interactions between the 

constituent units, whereas the band around 500 nm arise from localized emission (LE). 
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Figure 4.8. (a) absorption, (b) emission spectra (ex = 440 nm), (c) excitation spectra and (d) 

time correlated single photon counting decay profiles (ex = 375 nm) of AN and TAN in ACN. 

The emission spectrum of TAN in ACN (Figure 4.8.b) exhibits LE band around 500 nm 

and broad CT band centered at 700 nm when excited at 440 nm. Similar to AN, CT band 

in TAN is red-shifted by ca. 280 nm compared to A and N subunits, confirming the 

existence of strong CT interactions. Excitation spectra (Figure 4.8.c) of AN and TAN in 

ACN resembles corresponding absorption spectra establishing emissive nature of 

charge transfer species formed, when collected at respective emission maxima. Time 

correlated single photon counting measurements (Figure 4.8.d, Table 4.6) of AN and 
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TAN in ACN, exhibit bi and tri exponential decay respectively, with an average 

fluorescence lifetime of 3.03 and 11.13 ns, when excited at 375 nm.  

Table 4.6. Solvent dependent photophysical measurements of AN and TAN. 

Solvent AN TAN 

Lifetime (ns) f kr 

(108 s-1) 

knr 

(108 s-1) 

Lifetime (ns) f kr 

(108 s-1) 

knr 

(108 s-1) t1 (%) t2 (%) tavg t1 (%) t2 (%) t3 (%) tavg 

Hexane 2.49 - 2.48 0.61 2.46 1.55 2.60 

(23) 

4.40 

(77) 

- 4.13 0.44 1.06 1.36 

Toluene 1.89 - 1.89 0.56 2.96 2.33 2.96  

(68) 

5.17  

(32) 

- 3.94 0.41 1.04 1.49 

CHCl3 1.24 - 1.24 0.23 1.85 6.21 1.12  

(72) 

5.44  

(28) 

- 3.92 0.05 0.13 2.42 

THF 0.08 

 (68) 

2.22  

(32) 

2.06 0.20 0.97 3.88 1.32  

(57) 

3.47  

(43) 

- 2.75 0.03 0.11 3.52 

ACN 0.07  

(83) 

3.33 

 (17) 

3.03 0.09 0.29 3.01 3.10  

(22) 

10.54  

(39) 

4.50  

(39) 

11.13 0.02 0.018 0.88 

MeOH 0.09  

(51) 

1.71  

(49) 

1.62 0.05 0.31 5.86 2.99  

(22) 

11.86  

(43) 

0.68  

(35) 

10.44 0.009 0.0086 0.94 
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4.8. Solvent and concentration dependent absorption and fluorescence measurements 

Solvent polarity dependent UV-Vis absorption measurements of AN and TAN 

established negligible changes in the absorption maxima (Figures 4.9.a,c). In contrast,  

 

Figure 4.9. Solvent polarity dependent (a), (c) absorption and (b), (d) emission spectra and (e), 

(f) Lippert-Mataga plots of AN and TAN respectively. 
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AN and TAN indicated a substantial bathochromic shift of 175 and 235 nm respectively, 

(Figures 4.9.b,d) in the emission maxima with increasing solvent polarity. With increase 

in the solvent polarity, a 12 and 48-fold decrease in fluorescence quantum yield (f) of 

AN and TAN (Table 4.6) respectively, is observed. The reduction in f of AN and TAN 

with an increase in solvent polarity establishes the possibility of photoinduced electron 

transfer [186] in the dyad AN and the triad TAN. The difference between excited and 

ground state dipole moments () in AN and TAN (Figures 4.9.e-f) is evaluated to be 

4.26 and 5.74 D, respectively, employing Lippert-Mataga [141] equation (Equation 4.1.). 

                                𝜗𝐴̅̅ ̅ − ϑF̅̅ ̅ =  
2

hc
(
∈−1

2∈+1
−

n2−1

2n2+1
)
(μe−μg)

2

a3
+ constant                     (4.1.) 

wherein, 𝜗𝐴̅̅ ̅ − ϑF̅̅ ̅  is the Stokes shift between absorption and emission intensity in 

respective solvents expressed in wavenumbers (cm-1), ‘h’ the Planck’s constant in ergs 

(6.626x10-27 ergs),  ‘c’ the speed of light in cm/s (3x1010 cm/s) and ‘a’ the Onsager cavity 

radius in which the fluorophores resides. 

From the centers of spin density distributions and Lippert-Mataga plots charge 

dependent excitation spectral measurements of AN and TAN in CHCl3 (Figures 4.10.a- 

d) revealed the probability of aggregation at higher concentrations (≥ 0.5 mM). In 

CHCl3, as the concentration of AN increases from 0.5 to 0.8 mM, the intensity of 

separation in AN and TAN is estimated to be 73% and 60% respectively. Concentration 

absorption band around 300-420 nm decreases, in the excitation spectra. Further 

increment in the concentration up to 1.3 mM resulted in the appearance of a new red- 
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Figure 4.10. Concentration dependent absorption spectra (a), (c) of AN and (b), (d) of TAN in 

CHCl3 and ACN respectively. Concentration dependent excitation spectra of (e) AN, (f) TAN in 

CHCl3. Concentration dependent excitation spectra of (g) AN and (h) TAN in ACN. 
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shifted broad band around 440 nm confirming the presence of AN aggregate at higher 

concentrations. Similar concentration-dependent changes in the excitation spectra for 

TAN in CHCl3 at higher concentrations indicate the possibility of the dimeric 

arrangement, similar to that in the crystalline state (Figures 4.10.e-h). In contrast, AN 

and TAN in ACN did not show aggregate formation.   

The thermodynamic feasibility of photoinduced electron transfer (PET), between 

the donor units (A and/or T) and acceptor unit N, in AN and TAN, is evaluated 

employing Rehm-Weller analysis [40].  

∆𝐺𝐸𝑇 = 𝐸𝑂𝑥 − 𝐸𝑅𝑒𝑑 − 𝐸𝑠 − 
𝑒0
2

𝑟𝐷𝐴𝜀𝑠
+ 𝑆                                      (4.2.) 

where ‘e’ is the electronic charge, ‘𝑟𝐷𝐴' is the centroid to centroid distance between the 

donor and the acceptor. From crystal structure of ANBr, ‘𝑟𝐷𝐴' between A and N in AN is 

estimated to be 5.47 Å (Figure 4.11.). In TAN '𝑟𝐷𝐴' between A and N is found to be 5.40  

 

Figure 4.11. Represents centroid to centroid distance between donor and acceptor units in AnBr 

and TAN. shows the centroids of A, N and T units of dyad ANBr and TAN. 

12.34 A0

5.40 A0

5.47 A0

(a) (b)

(   )



Chapter 4- Colossal Enhancement in the Lifetime of Charge Separated States in Self-Assembled 

Twisted Non-Symmetric Donor-Acceptor Triad 
163 

 

Å, while '𝑟𝐷𝐴' between T and N is calculated to be and 12.34 Å from crystal structure 

(Figure 4.11.). ‘s’ is the static dielectric constant of the solvent in which the redox 

potentials are being measured (ACN in this case, s = 38.8), and ‘S’ is the difference 

between the ion pair energy in the polar solvent, in which redox potentials are 

measured and other less polar solvents in which the electron-transfer rate constants are 

measured and in a polar solvent such as ACN, 
𝒆𝟎
𝟐

𝒓𝑫𝑨𝜺𝒔
 S  0 [118].  

The oxidation potentials (EOx) of anthracene (A) and triphenylamine (T) are 

found to be 1.31 [187] and 1.05 V [188] respectively, while naphthalimide has a 

reduction potential (ERed) of -1.33 V, against saturated calomel electrode (SCE). The 

singlet excited state energy (Es) of the acceptor (NI) is estimated to be 3.17 V. A 

favorable Gibb’s free energy (GET) of -0.47 eV for PET from singlet excited state of A 

(1A*) to N is observed for AN, upon photoexcitation of A. Furthermore, GET for PET 

from A to N and T to N in TAN are calculated to be -0.48 and -1.09 eV respectively 

(Figures A4.2-4.3, appendix).  

4.9. Transient absorption experiments 

Nanosecond and femtosecond transient absorption (nTA and fTA) spectroscopic 

measurements [31, 79, 158] were employed to explore the presence of CTIs in the 

monomeric and aggregated state of the dyad AN and triad TAN. Upon photoexcitation  
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Figure 4.12. (a), (b) nanosecond (ex = 355 nm) and (c), (d) femtosecond (ex = 400 nm) transient 

absorption spectra of 3 M AN, TAN in ACN respectively. 

of AN at 355 nm, nTA spectra of AN in the monomeric ([AN] = 3 M in ACN) state 

exhibited positive absorption centered at 430 nm with a lifetime of 1.08 s (Figure 4.12.a, 

A4.4, Table 4.7). nTA spectra of aggregated state ([AN] = 3 mM in CHCl3) displayed a 

positive absorption centered at 430 nm having a lifetime of 8.98 s (Figure 4.13.a, Table 

4.7, Figure A4.4, appendix). The absorption peak centered at 430 nm in the monomeric 

and aggregated state of AN could be attributed to the triplet absorption of anthracene 

(3A*) [189]. nTA spectra of 3 M TAN in ACN (monomeric) excited at 355 nm, possess a 

positive absorption at 490 nm, that is characteristic of triplet state absorption of N (3N*)  
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Figure 4.13. (a), (b) nanosecond (ex = 355 nm) and (c), (d) femtosecond (ex = 400 nm) 

transient absorption spectra of 3 mM AN and TAN in CHCl3 respectively.  

[142, 143] with lifetime of 1.57 s (Figure 4.12.c, Table 4.7). nTA measurement of 

aggregated TAN (3 mM in CHCl3) has four absorption bands centered at 420, 490, 660 

and 710 nm respectively (Figures 4.13.b, Table 4.7). The positive absorption peak 

centered at 420 nm with a lifetime of 2.51 s corresponds to the radical anion of N (𝑁 .−) 

[142, 158, 165], while a positive absorption band at 490 nm having a lifetime of 1.27 s 

corresponds to the triplet absorption of N (3N*) [123, 142]. The band at 660 nm with a 

lifetime of 11 s could be attributed to the radical cation of T (𝐴.+) [190], whereas the 

absorption peak featured at 710 nm that decays with a lifetime of  20 s could be  
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Figure 4.14. Nanosecond transient decay profiles corresponding to (a) radical anion of  (𝑁.−), (b) 

triplet absorption of N (3N*), (c) radical cation of T (T.+) and (d) radical cation of A ( 𝐴.++) 

observed in aggregated state of TAN.  

attributed to the radical cation of anthracene (𝐴.+, Figure 4.14.) [171]. Observation of 

triplet absorption of N and A (3N* and 3A*) from nTA measurements, upon 

photoexcitation of N, establishes the possibility of ultrafast charge separation, followed 

by geminate charge recombination resulting in the population of 3N*/3A* (Figures A4.2-

4.3, appendix) [140, 191]. 
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fTA spectra of monomeric AN excited at 400 nm consist of positive absorption bands 

centered around 446 and 500 nm possessing a lifetime of 1.78 and 2.71 ns respectively 

(Table 4.7, Figure 4.12.c). The fTA spectra of aggregated AN displays absorption peaks 

at 443 and 500 nm with a lifetime of 2.35 and 2.99 ns respectively (Table 4.7, Figures 

4.13.c). The positive absorption bands at 443 nm correspond to the triplet state 

absorption of A (3A*) [189], while the positive absorption at 500 nm is due to the triplet 

absorption of N (3N*) [123, 158, 165] respectively. The fTA spectra of monomeric TAN 

(Table 4.7, Figures 4.12.d, A4.5, appendix) consists of positive absorption bands featured 

at 481 and 580 nm with lifetimes 0.6 and 0.5 ps respectively. The positive absorption at 

481 and 580 nm is ascribed to the triplet absorptions due to N aggregated TAN (Table 

4.7, Figure 4.13.d, 15) possesses positive absorption features at (3N*) [165] and T (3T*) 

Table 4.7. Lifetimes of AN and TAN obtained from kinetic analyses of nTA and fTA 

spectra (exc  = 400 nm for fTA and 355 nm for nTA measurements).  

 nTA [lifetime, s (, nm)] fTA [lifetime, ns (, nm)] 

AN (in ACN) 1.08 (440) 1.78 (443), 2.71 (500) 

AN (in CHCl3) 8.98 (440) 2.35 (443), 2.92 (500) 

TAN (in ACN) 1.57 (490) 0.0061 (480), 0.0049 (580) 

TAN(in CHCl3) 2.51 (410), 1.27 (490),  

11.01 (660), 20.01 (710) 

2.05 (440), 1.31 (500), 1.27 (580), 

1.34 (642), 1.19 (700), 2.23 (720) 
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Figure 4.15. Femtosecond transient decay profiles of (a) TAN in the aggregated state.  

Experimental (black trace) and simulated (red trace) light induced continuous wave electron 

paramagnetic resonance spectra of 3 mM of TAN (b) at 298 K and (c) 77 K  in CHCl3.  

[163] units respectively in the triad TAN. The fTA spectra of 440, 500, 580, 642, 700 and 

720 nm that are ascribed to the triplet absorption of A (3A*), N (3N*), T (3T*), radical 

cation of T (𝑇 .+) [190], radical cation of A  (𝐴.+) [171] and singlet excited state of A (1A*) 

[189] respectively (Figure 4.13.a, Table 4.7). The lifetime of triplet excited states and 

radical ion-pair intermediates are tabulated in Table 4.7. 

The results obtained from fTA measurements are in good agreement with the 

nTA measurements demonstrating that CTIs exist only in the aggregated state of TAN 
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in CHCl3 unlike monomeric AN/TAN and aggregated AN. Light-induced continuous 

wave electron paramagnetic resonance (CW-EPR) measurements were employed to 

examine the presence of radical ion pair intermediates in TAN (Figures 4.15.b-c). A 

characteristic steady-state first derivative EPR spectrum is obtained for 3 mM TAN in 

CHCl3 at 77 K with intense symmetric lines (g ~ 2.0094). Appearance of hyperfine 

resolved spectrum in the aggregated state at 77 K could be due to the interaction of 

nuclear spins with the radical ion pair intermediates upon photoexcitation of TAN [87].  

4.10. Electrochemical measurements 

To examine the redox properties displayed by the twisted dyad AN and triad 

TAN, cyclic voltammetric (CV) measurements were performed in ACN with n-Bu4NPF6 

as the supporting electrolyte. Cyclic voltammograms of 0.8 mM AN in ACN exhibits 

oxidation peak at 1.42 V, and two reduction peaks at -1.25 and -1.17 V (reversible) 

respectively. Comparison of cyclic voltammograms of AN with the model compounds 

A and N in ACN (Figures 4.16.a-b) revealed that oxidation peak at 1.42 V is due to the A 

unit, while reduction peaks at -1.25 V and -1.17 V are due to the N unit. Cyclic 

voltammogram of 0.8 mM TAN in ACN exhibit two reversible oxidation potentials at 

1.02 V and 1.32 V and reduction potentials at -1.27 V and -1.19 V (reversible). The 

oxidation peaks 1.02 V and 1.32 V could be attributed to the oxidation of T and A units 

respectively while the reduction peaks at-1.27 V and -1.19 V could be due to the 

reduction of N (Figure 4.16.a-b). 
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Figure 4.16. Cyclic voltammetric measurements of (a) model compounds A, N and T and (b) 0.8 

mM AN and TAN in ACN. Concentration dependent (c) cyclic and (d) square wave 

voltammetric measurements of TAN in CHCl3.  

Concentration dependent cyclic and square wave voltammetric (CDCV and CDSWV 

respectively) measurements were performed to investigate electrochemical redox 

properties exhibited by AN and TAN in the aggregated state (CHCl3). With increase in 

concentration of TAN from 1 mM to 4 mM, the oxidation corresponding to A unit of 
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TAN in CHCl3 becomes more feasible by 210 mV (Figures 4.16.c, Table A4.1, appendix). 

CDCV experiments of TAN in CHCl3 demonstrated a difference of 212 mV in the 

oxidation potential corresponding to A unit (Eox, Figures 4.16.c, Table A4.1, appendix) 

at higher concentration ([TAN] = 4 mM) as compared to the lower concentration ([TAN] 

= 1 mM). CDSWV measurements of 4 mM TAN in CHCl3 displayed significant 

reduction in the oxidation potential of A unit (Eox = 221 mV, Figures 4.16.d, Table A4.1, 

appendix) in TAN compared to the lower concentration ([TAN] = 1 mM) establishes 

facile electrochemical oxidation of A in the aggregated state compared to the 

monomeric state (Figure 4.17.).  

 

Figure 4.17. Concentration dependent (a) cyclic and (b) square wave voltammetric 

measurements of AN in CHCl3. 
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The greater ease with which the aggregated TAN could be oxidized relative to 

the monomeric TAN suggests a favorable alteration in thermodynamic feasibility for 

photoinduced charge separation/recombination in the monomeric vs. aggregated state. 

Such perturbations observed in redox behavior of TAN are the direct consequence of 

delocalization of charge carriers across the aggregated TAN as indicated in Figure 4.18. 

In contrast, CDCV and CDSWV measurements of AN showed negligible changes in the 

redox behavior of constituent chromophores upon aggregation (Figure 4.17.). 

Observation of 3N*/3A*/3T* in the monomeric/aggregated AN and TAN, upon 

photoexcitation of N (ex = 355 nm) and A (ex = 400 nm) from nTA/fTA measurements 

 

Figure 4.18. Scheme represents heterogeneity in structure responsible for differences in charge 

recombination rates observed in TAN. 
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indicate the possibility of ultrafast CS followed by geminate charge recombination 

populating triplet state of N/A/T (Figures A4.2–4.3) [140]. Presence of 3A* in monomeric 

and aggregated AN from nTA measurements, upon photoexcitation of N at 355 nm, 

validates ultrafast CS followed by geminate recombination leading to the formation of 

3A* [192]. This is further confirmed from fTA measurements of monomeric/aggregated 

AN, wherein photoexcitation of A at 400 nm, generate 3N*/3A*. Upon photoexcitation of 

N at 355 nm, triplet-triplet energy transfer from N to A could also result in population 

of 3A*. Photoexcitation of N in the monomeric state of TAN generates 3N* as observed 

through nTA measurements, whereas photoexcitation of A populates 3N*/3T*, as 

observed using fTA measurements. Upon photoexcitation of A at 400 nm, formation of 

3N*/3T* in monomeric TAN observed from fTA measurements further establishes triplet 

formation via charge recombination of CTIs.  

Persistence of charge separated (CS) states, by 108-fold in the aggregated TAN in 

comparison to monomeric/aggregated AN and monomeric TAN could be attributed to 

the delocalization of photogenerated excitons across aggregates. Upon photoexcitation 

of A, intramolecular electron transfer  from 1A* to N unit, in monomeric/aggregated AN 

and monomeric TAN could generate (GET = -0.48 eV) CTIs, namely 𝐴.+and 𝑁 .−. The 

generated CS states,  𝐴.+ and 𝑁 .− undergo ultrafast geminate charge recombination ( 

110 fs, Figure 4.18.a). Subsequently, hole transfer from 𝐴.+ to T could result in hole 

residing on T and electron localized on N in monomeric TAN. Enhancement in the 
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survival time of CTIs from 𝜏𝑐𝑟
𝑚   110 fs in monomeric TAN to 𝜏𝑐𝑟

𝑎  = 1.34 ns, 11 s and 

20 s in the aggregated state of TAN could be due to the delocalization via 

intermolecular charge transfer (Figures 4.18.b-c). The different survival time for CS 

states could arise from charge recombination occurring in smaller/larger aggregate 

domains and/or structural heterogeneity[193] in the aggregated TAN (Figures 4.18.). 

Observation of 3N*/3T* in the aggregated state of TAN from fTA measurements, upon 

excitation of A further corroborates triplet formation via geminate charge 

recombination. Presence of 3A* in aggregated state of TAN could arise via i) direct 

excitation at 400 nm (fTA) and/or ii) geminate recombination of CS states.  

Small increment in the charge separation lifetime (𝜏𝑐𝑠
𝑎 ) of ca. 200 and 20-/22-fold 

were observed in the aggregated An-PDI-An and liquid crystalline BT-PDI-BT 

respectively relative to the monomeric state. Enhancement (Table 4.8) in the charge 

recombination lifetime (𝜏𝑐𝑟
𝑎 ) of CTIs in the aggregated state relative to the monomeric 

state is defined by a factor  For J-aggregates of M-NDI-M (≈500000), solvent 

vapor annealed thin films of PDI-DPP-PDI (≈ 11765), helical DPP-PDI-DPP (≈ 1000 

and >150), and liquid crystalline BT-PDI-BT (≈ 18) remarkable enhancement in is 

achieved by various groups. We have demonstrated a colossal enhancement ca. 108-

fold in through assembling simple modular components via bottom-up approach. 

Observed long-lived CS states in the aggregated vs. monomeric TAN could be ascribed 
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Table 4.8. A comparative account of the charge recombination lifetimes of photo-

generated radical ion pair intermediates in the monomeric (𝜏𝑐𝑟
𝑚) and aggregated state. 

(𝜏𝑐𝑟
𝑎 ) reported in various literatures in symmetric donor-acceptor triad. 

 

to the intermolecular hopping of electron through acceptor (N) domains (Figure 4.18.) 

consistent with the long-lived CS states reported in liquid crystalline BT-PDI-BT triad 

by Burghardt and co-workers (Table 4.8).  

4.11. Conclusion  

In summary, twisted non-symmetrical triphenylamine-anthracene-

naphthalimide (TAN) D-D-A triad for prolonging the charge separated states upon 

aggregation is reported. TAN triad undergoes self-assembly in CHCl3 owing to weak 

co-operative interactions. Solvent polarity dependent absorption and emission 

measurements demonstrated the presence of ground state CT interactions. 

Photophysical and electrochemical measurements establish delocalization/hopping of 

charge carriers through smaller and larger aggregate domains of TAN in the self-

 Charge Recombination lifetime comparison

 Contributed by Supramolecular triad architecture Reference 𝜏𝑐𝑟
𝑚  𝜏𝑐𝑟

𝑎  =𝜏𝑐𝑟
𝑎 𝜏𝑐𝑟

𝑚  

1 Our data Crystalline Triphenylamine-Anthracene-

Naphthalimide 

 <110 fs 1.34 nsb/ 

20 sc 

12200b/ 

181800000c 

1 Burghardt and coworkers J-aggregated Bisthiophene-PDI-Bisthiophene J. Phys. Chem. Lett. 2016, 7, 1327 N.D. 50 ps  

2 Fernandez, Laquai, Ghosh and 

coworkers 

J-aggregated Melamine-NDI-Melamine Chem. Sci., 2016, 7, 1115 200 ps 3 nsb/     

100 sc 

15 b / 500000 c 

3 Wasielewski and coworkers Slip-stacked PDI-DPP-PDI Chem. Sci. 2015, 6, 402 340 ps 6 nsd/ 

4 se 

18d/ 

11765e 

4 Scott, Braunshweig and coworkers Helical DPP-PDI-DPP J. Phys. Chem. C 2015, 119, 19584 33 ps 32 nsf 1000f 

5 Braunshweig and coworkers Helical DPP-PDI-DPP J. Am. Chem. Soc. 2014, 136, 7809 <200 fs 30 ps >150 

6 Mery and coworkers 

Haacke and coworkers 

Liquid Crystalline Bisthiophene-PDI-Bisthiophene J. Am. Chem. Soc. 2014, 136, 5981      

Phys. Chem. Chem. Phys. 2012, 14, 273 

55 ps 1 ns 18 

7 Wasielewski and coworkers Columnar DAB-APy-PDI-APy-DAB J. Am. Chem. Soc. 2009, 131, 11919 - 40 ns - 

8 Würthner, Meijer and coworkers Chiral OPV-PDI-OPV J. Am. Chem. Soc. 2002, 124, 10252 300 ps 60 ps 0.2 

m
monomeric state; 

a
aggregated state; 

b 
from

 
fTA and 

c
 nTA measurements; 

d
unannealed aggregated thin film; 

e
CH2Cl2 annealed thin film; 

f
polymer thin film 

 Charge Separation lifetime comparison  

  Contributed by Supramolecular triad architecture Reference 𝜏𝑐𝑠
𝑚  𝜏𝑐𝑠

𝑎  ’= 𝜏𝑐𝑠
𝑚 𝜏𝑐𝑠

𝑎  

1 Fukuzumi and coworkers Anthracene-PDI-Anthracene J. Phys. Chem. C 2013, 117, 12438 83 ps 0.4  ps 200 

2 Haacke and coworkers Liquid Crystalline Bisthiophene−PDI-Bisthiophene Phys. Chem. Chem. Phys. 2012, 14, 273 3 ps 60 fsb 20 

3 Burghardt and coworkers J-aggregated Bisthiophene−PDI-Bisthiophene J. Phys. Chem. Lett. 2016, 7, 1327 2.7 ps 60 fs 22 

b
inter and intra molecular CT state. 
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assembled state relative to the monomeric state. Following photoexcitation of A, the 

triad TAN in the aggregated state exhibit extended charge separated lifetime (𝜏𝑐𝑟
𝑎 ) of ca. 

20s compared to the (𝜏𝑐𝑟
𝑚  ≤ 110 fs) monomer in ACN, as monitored using nTA and fTA 

spectroscopic techniques. A 108−fold enhancement in the lifetime of CTIs in the 

aggregated state when compared to the monomeric TAN could be due to the sequential 

intra- and inter-molecular electron transfer. Observed long-lived CTIs in the aggregated 

vs monomeric state of TAN possessing D-D-A components could be attributed to the 

combined effects of i) nonplanar arrangement of the constituent units and/or ii) the 

delocalization of excitons across the naphthalimide (electron acceptor) units in the 

stacked antiparallel dimeric arrangement of TAN. Emergence-upon-assembly approach, 

thus explored, could be considered as a unique strategy for the construction of ordered 

and oriented multicomponent architectures to develop organic photovoltaics and 

photofunctional materials. 



 

Appendix 

Materials and Methods 

1,8-naphthalic anhydride, 4-bromo-1,8-naphthalic anhydride (95%), 3-amino-1-propanol 

(≥ 99%), 1-naphthylboronic acid (≥ 95%), phenylboronic acid (95%), Tris-(4-bromophenyl)-amine 

(94%), 2-isopropoxy-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolane (≥ 96%), R(-)-2-amino-1-butanol, 

2,6-diisopropylaniline (97%), 4-(diphenylamino)phenylboronic acid  and 

tetrakis(triphenylphosphine)palladium(0) (99%) were purchased from Sigma Aldrich and used 

as such without further purification. Melting points (mp) were obtained using a capillary 

melting point apparatus and are reported without correction. IR spectra were recorded on a 

Shimadzu IR Prestige-21 FT-IR spectrometer as neat KBr pellets for all the derivatives. 1H and 

13C NMR spectra were measured on a 500 MHz and 125 MHz Bruker advanced DPX 

spectrometer respectively and 1,1,1,1-tetramethylsilane (TMS) is used as the internal standard 

for 1H and 13C NMR measurements. CHN analyses were carried out on an Elementar vario 

MICRO cube Elemental Analyzer. All values recorded in elemental analyses are given in 

percentages. High Resolution Mass Spectra (HRMS) were recorded on Agilent 6538 Ultra High 

Definition (UHD) Accurate-Mass Q-TOF-LC/MS system using either atmospheric pressure 

chemical ionization (APCI) or electrospray ionization (ESI) mode. Photophysical measurements 

of the derivatives were carried out in a cuvette of 3 mm path length unless otherwise 

mentioned. Absorption and emission spectra were recorded on Shimadzu UV-3600 UV-VIS-NIR 

and Horiba Jobin Yvon Fluorolog spectrometers respectively. Solution state [123] fluorescence 

relative quantum yield measurements were performed using a reference dye having 

considerable emission spectral overlap with the emission spectrum of the sample. Lifetime 

measurements were carried out in an IBH picosecond time correlated single photon counting 

(TCSPC) system . Pulse width of the excitation (exc = 375 nm) source is determined to be <100 

ps. The fluorescence decay profiles were de-convoluted using IBH data station software version 

2.1, and fitted with exponential decay, minimizing the χ2 values.  
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X-ray crystallography: Single crystals of the synthesized derivatives were grown by slow 

evaporation of dichloromethane: hexane (1:3). X-ray diffraction experiments were performed 

choosing high-quality crystals of approximately 0.20 × 0.15 × 0.10 mm3 dimension. 

Crystallographic data collected are presented in the supporting information, Table S1. Single 

crystals were mounted using oil (Infineum V8512) on a glass fiber. All measurements were 

made on a CCD area detector with graphite monochromatic MoKα radiation. The data were 

collected using Bruker APEXII detector and processed using APEX2 from Bruker. All structures 

were solved by direct methods and expanded using Fourier techniques. The non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were included in idealized positions, but 

not refined.  

 

Nanosecond transient absorption (nTA) measurements: Nanosecond laser flash photolysis 

experiments [195] of the argon purged solutions of the derivatives in ACN (monomeric) and 

CHCl3, THF (aggregated state) were carried out in an Applied Photophysics Model LKS-60 laser 

kinetic spectrometer using the third harmonic (355 nm, pulse duration ≈ 10 ns) of a Quanta Ray 

INDI-40-10 series pulsed Nd:YAG laser as the excitation source  . 

 

Femtosecond pump-probe transient absorption (fTA) technique [196]: Spectra-physics 

Tsunami Oscillator (80 MHz, 800 nm) was used as seed for a Spectra-Physics Spitfire 

Regenerative amplifier (1 KHz, 4 mJ). A fraction of the amplified output was used to generate 

400 nm pump pulse. Residual 800 nm pulse was sent through a delay line inside an Excipro 

pump-probe spectrometer from CDP Systems. A rotating CaF2 plate (2 mm thickness) was used 

to generate continuum of white light from the delayed 800 nm pulses. The continuum of white 

light was split into two and the streams were used as probe and pump pulses. Transient 

absorption spectra were recorded using a dual diode array detector with a 200 nm detection 

window with an optical delay of 1.6 fs. Near infrared measurements were performed using a 

multichannel infrared detector that scans from 900 to 1600 nm. Sample solutions were prepared 

in a rotating sample cell with 4 mm path length. IRF was determined by solvent (10% benzene 

in methanol) two photon absorption and was found to be approximately 110 fs at about 530 nm. 
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Energy per pulse incident on the sample was attenuated employing 80% neutral density filter 

when required. 

fTA measurements of the derivatives presented in the thesis were carried out by exciting 

the respective sample at 400 nm, 200 nJ, ~110 fs pulses, unless otherwise mentioned. fTA 

measurements of AN and TAN were performed maintaining the absorbance in the range 0.1-

0.2, having satisfactory signal/noise ratio. To evaluate the photo-stability of the samples in the 

monomeric and aggregated state during the transient measurements steady state absorption 

spectrum is recorded before and after the laser irradiation. Observed high photo-stability of the 

samples could be attributed to i) rotating sample cell used during the measurements and/or ii) 

exceptional stability of the derivatives. Self-assembled solution of the derivatives in CHCl3 and 

THF were excited with 400 nm, 200 nJ, ~110 fs pulses, to moderate singlet-singlet annihilation 

[114] that is often observed in multi-chromophoric assemblies. All the features observed in the 

fTA measurements are laser intensity independent, ruling out the assignment of kinetic 

components to singlet−singlet annihilation.  

 

Dynamic light scattering (DLS): Dynamic light scattering (DLS) measurement of the 

derivatives was performed on a Malvern Zeta Sizer Nano Zs equipped with 655 nm laser. The 

aggregated solutions of the derivatives for DLS analysis were prepared in CHCl3 and THF, and 

the experiment was carried out in a 3 mL square glass cuvette at 25 ⁰C at a back scattering angle 

of 173⁰. 

 

Transmission electron microscopy (TEM): TEM measurements were carried out on FEI Tecnai 

30 G2 high resolution transmission electron microscope and JEOL 2010 with an accelerating 

voltage of 100 kV. The samples were prepared by drop casting CHCl3 or THF solution of the 

derivatives, on a 400 mesh carbon-coated copper grid (Ted Pella, Inc.) at ambient conditions and 

allowing the excess solvent to evaporate under air in dust free conditions. TEM images were 

obtained without staining. The average diameter of the particles was determined from the 

Lorentzian fit of the histogram of the particle size distribution curves.  
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Scanning electron microscopy (SEM): FE-SEM measurements of the derivatives CHCl3 and 

THF was carried out on FEI Nova NanoSEM 450 (FEG type), drop casting the aggregates from 

CHCl3 and THF on the flat surface of silicon wafer or glass and allowing to evaporate the excess 

solvent under air in dust free conditions. The sample was further subjected to thin chromium 

sputtering using JEOL JFC-1100 fine coater to increase the signal/noise ratio. The probing side 

was inserted into JEOL JSM-5600 LV scanning electron microscope for obtaining the images. 

The average diameter of the particles was determined from the Lorentzian fit of the size 

distribution curve. 

 

Cyclic Voltammetry (CV): Electrochemical measurements of the derivatives under 

investigation were performed on a BASi (Bioanalytical Systems, Inc.) C-3 cell stand controlled 

by Epsilon electrochemical workstation. A three electrode system is then constructed 

constituting a glassy carbon as the working electrode, a platinum-wire as the counter electrode, 

and an Ag/Ag+ (3 M NaCl) as the reference electrode. The electrochemical measurements were 

conducted under nitrogen atmosphere (5 psi, 10 minutes) in a deoxygenated anhydrous 

acetonitrile of tetra-n-butylammonium hexafluorophosphate (supporting electrolyte, 0.1 M) for 

monomer, and in CHCl3 or THF for aggregate with a scan rate of 50–100 mV s−1. Calibration of 

the instrument was performed using the ferrocene/ferrocenium (Fc/Fc+) redox couple as an 

external standard and measured under same condition before and after the measurement of 

samples. The energy level of Fc/Fc+ was assumed to be –4.8 eV with respect to vacuum[197]. 

The half-wave potential of Fc/Fc+ was estimated to be 0.5 V with reference to the Ag/Ag+ 

electrode.  

The HOMO and LUMO energy levels were calculated from the following equations: 

   EHOMO = −(Eox
onset + 4.8) eV  and     (A.1.) 

                                ELUMO = −(Ered
onset + 4.8) eV                    (A.2.) 

respectively, where Eoxonset and Eredonset are the onset oxidation and reduction potentials relative 

to the Ag/Ag+ reference electrode.  

The electrochemical energy gap (Eg) is estimated as follows: 
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           Eg = (ELUMO − EHOMO) eV                                 (A.3.) 

where ELUMO and EHOMO are the corresponding to HOMO and LUMO energy levels calculated 

after converting the values in Ag/Ag+ with respect to the standard calomel electrode (SCE) 

convention. 

 

Determination of fluorescence quantum yield, radiative and non-radiative rate constants: 

Solution state fluorescence quantum yields of NI derivatives were calculated by relative 

quantum yield method as follows [198],  

    ⏀s = ⏀ref(
Is

Iref
)(

ODref

ODs
)(

ns

nref
)2                                                    (A.4.) 

wherein, ⏀s and ⏀ref are the quantum yields of sample and reference respectively, Is and Iref 

are the area under the emission spectrum for sample and reference respectively. ODs and ODref 

are the absorbances of sample and reference respectively at the excitation wavelength. ns and 

nref are the refractive index of the solvent in which sample and reference are taken.  

Radiative (kr) and non-radiative (knr) rate constants from the singlet excited states are 

calculated from the fluorescence quantum yields, ⏀f.  

⏀f =
kr

kr+knr
                                            (A.5.) 

The rate constants kr and knr can be evaluated by measuring fluorescence lifetimes (tf) from 

TCSPC measurements. The following equations depict relation between⏀f, tf, kr and knr. 

            kr =
⏀f

τf
     and                                               (A.6.) 

      knr =
1−⏀f

τf
                                                                                   (A.7.) 

a change in ⏀f could be attributed to the changes in either kr/knr. The enhancement in the 

quantum yield (⏀f) with increased solvent polarity is due to the stabilization of the excited 

states by virtue of interaction with the solvent dipoles and decrease in the non-radiative (knr) 

rate constant. 

Determination of degree of charge separation from Lippert-Mataga plot [198]: The origin of 

solvent polarity dependent Stokes shifts could be explained using Lippert-Mataga (L-M) plots 

and Onsager’s reaction field model, approximating that a dipole is placed at the center of a 

vacuum cavity in a homogeneous dielectric medium. The interaction between the solvent and 
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fluorophores affect the energy difference between the ground and excited states and hence the 

dipoles associated with them. The difference in excited (e) and ground state (g) dipole 

moments could be expressed as a function of refractive index (n) and dielectric constant (∈) of 

the medium under consideration and is described as L-M equation as follows, 

    𝜗𝐴̅̅ ̅ − ϑF̅̅ ̅ =  
2

hc
(
∈−1

2∈+1
−

n2−1

2n2+1
)
(μe−μg)

2

a3
+ Constant                                (A.8.) 

wherein, 𝜗𝐴̅̅ ̅ − 𝜗𝐹̅̅ ̅ is the Stokes shift between absorption and emission intensity in respective 

solvents expressed in wavenumbers (cm-1), ‘h’ the Planck’s constant in ergs (6.626x10-27 ergs),  ‘c’ 

the speed of light in cm/s (3x1010 cm/s) and ‘a’ the Onsager cavity radius in which the 

fluorophores resides. 

A plot of 𝜗𝐴̅̅ ̅ − 𝜗𝐹̅̅ ̅against solvent polarisability parameter, ∆𝑓 = (
∈−1

2∈+1
−

n2−1

2n2+1
) 

yields slope equal to
2(𝜇𝑒−𝜇𝑔)

2

ℎ𝑐𝑎3
, from which difference in excited and ground state dipolemoment 

(e-g) could be evaluated as, e-g =√𝑠𝑙𝑜𝑝𝑒 ×
ℎ𝑐𝑎3

2
. The Onsager cavity radius is estimated from 

theoretical calculations using B3LYP/6-3111G**+ level of theory.  

L-M equation demonstrates the sensitivity of a molecule to the solvent polarity arising 

due to the changes in the excited state dipole moment relative to the ground state dipole 

moment. If the net change in dipole moment is zero (i.e. eg = 0) [199], absorption and 

emission maxima of the chromophore should not change with solvent polarity. While, if the 

excited state dipole moment is larger than the ground state (i. e. e > g, positive slope for L-M 

plot), the absorption and emission maxima are anticipated to red shift with increased solvent 

polarity. The compounds which display such behavior possess charge transfer (CT) with (*) 

excited states. Furthermore, if the dipole moment of the excited state decreases with respect to 

the ground state upon excitation (e < g, negative slope for L-M plot), the absorption and 

emission maxima are expected to show blue shift with increased solvent polarity. This occurs in 

molecules with (n*) excited states. 

The degree of charge separation is estimated as follows, one Debye (1 D) unit is 1.0 x 10-

18 esu cm. 4.8 D is the dipole moment that results from a charge separation of one unit charge 

(4.8 x 10-10 esu) by 1 Å (10-8 cm). Conversion of expressed in Debye into esu Å units is 

achieved dividing by a factor of 4.8 esu-1Å-1 which can provide the experimental charge 
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separation in the molecule. Degree of charge separation (theoretical) in the molecule is obtained 

from centers of spin density distributions [200].  

Rehm–Weller Analysis [198]: The change in free energy for the photoinduced electron transfer 

(ΔGET) from D to the singlet excited state of A (exciting either D/A) was estimated employing 

Rehm–Weller equation, as follows. 

 ∆𝐺𝐸𝑇 = 𝐸𝑂𝑥 − 𝐸𝑅𝑒𝑑 − 𝐸𝑠 − 
𝑒0
2

𝑟𝜀𝑠
+ 𝑆                           (A.9.) 

where ‘e ’ is the electronic charge, ‘r’ is the centroid to centroid distance between the donor and 

the acceptor. ‘r’ for the derivatives were estimated from the center-to-center distance as 

obtained from the crystal structure analyses. ‘s’ is the static dielectric constant of the solvent in 

which the redox potentials are being measured (ACN in this case, s = 38.8), and ‘S’ is the 

difference between the ion pair energy in the solvent, in which redox potentials are measured, 

and in a polar solvent such as ACN, S ≈ 0.  

Light induced continuous wave- electron paramagnetic resonance (CW-EPR) spectroscopy: 

Continuous wave EPR (CW-EPR) measurements with X band (8.75-9.65 GHz) were carried 

using JEOL JES-FA200 ESR spectrometer at room temperature and liquid nitrogen (77 K) 

temperatures. Samples were prepared by loading the CHCl3 solutions of AN and TAN in quartz 

cuvettes with inner and outer diameter 4 and 5 mm respectively, followed by subjecting them to 

nitrogen purging cycles and later sealed using a rubber septum. Samples were photoexcited 

inside the EPR cavity with a USHIO Optical Modulex-XENON lamp-ES-UXL 500 with an input 

current of 20 amperes.  

Quantum Theory of Atoms and Molecules [201, 202]: The wave functions of the derivatives 

whose analyses have to be performed were obtained employing the geometries taken from the 

crystal structure using Gaussian package [203] at B3LYP/6-311G**+ level of theory. Quantum 

theory of atoms in molecules (QTAIM) analysis helps to understand the description of 

interatomic interaction in the single crystal X-ray structure. A bond is defined along the bond 

line between two nuclei, called a bond path, along which electron density is concentrated. In a 

three dimensional space there are four types of critical points, corresponding to non-degenerate 

points: termed (3, -3), (3, -1), (3, +1) and (3, +3). The (3, -3) and (3, +3) types represent a 
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maximum (which corresponds to a nuclear position) and a minimum, respectively. While (3, -1) 

and (3, +1) types represent saddle points called bond critical points and the ring critical points, 

respectively. There is also a second set of special gradient paths conjugated to the bond paths 

which starts at infinity but terminates at the bond critical point instead of being attracted to a 

nucleus. Therefore, this bundle of paths does not belong to any atom and form a surface called 

the interatomic surface.  

The bond critical point (BCP) is a point along the bond path at the interatomic surface, 

where the shared electron density reaches a minimum. The physical characteristics of the BCPs 

[the electron density at BCP, (rBCP), and its Laplacian, 
(rBCP)] reveal the approximate 

measure of the amount of electron density built up in the bonding region and as such could be 

taken as characteristic of the bond. When 
(rBCP) < 0 and is large in magnitude, (rBCP) is 

also large which means that there is a concentration of electronic charge in the internuclear 

region. This is also an indication of a sharing of electronic charge between both nuclei that 

defines the covalent (polar) bond. When 
(rBCP) < 0 there is a depletion of electronic charge 

in the internuclear region. Using the AIM 2000 software package, the electron density was 

integrated over atomic basins according to QTAIM using PROAIM, and thus the BCP data and 

the molecular graphs were obtained. 

Hirshfeld Analysis [160, 204]: Important intermolecular interactions within the crystal structure 

of the derivatives were identified through Hirshfeld surface analysis using Crystal Explorer 3.1. 

The Hirshfeld surface is defined as a set of points in 3D space where the ratio of promolecule 

and procrystal electron densities is equal to 0.5. The exploration of intermolecular contacts is 

provided by mapping normalized contact distances (dnorm), which is a function of a closest 

distance from the point to the nuclei interior (di) and exterior (de) to the surface as well as on 

the van der Waals radii (rvdw). 2D fingerprint which were generated by deriving from the 

Hirshfeld surface by plotting the fraction of points on the surface as the function of di and de 

which provide a visual summary of intermolecular contacts within the crystal. 

Materials Science Suite: Materials Science Suite 2015-1 provides diverse set of tools for 

predicting and computing reactivity and properties of chemical systems. It encompasses tools to 
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facilitate in generating all the steps in a chemical simulation, including structure generation, 

property prediction followed by data analyses. The core simulation engine, Jaguar[205] is a high 

performance ab intio quantum mechanical package commercially produced and maintained by 

Schrodinger Inc. Employing pseudospectral approach, Jaguar estimates the Coulomb and 

exchange terms, providing significant advantages of exact exchange terms.  

Geometry optimization and single point energy calculations for monomer, dimer and 

tetramer were performed at B3LYP/6-311G**+ level of theory using the crystal structure data, 

for Frontier molecular orbital (FMO) analyses. Energy gap is determined as the difference 

between energies of LUMO and HOMO as described in equation3. Energy level diagram is 

plotted using the energies obtained from FMO analyses.  

 

Additional figures from chapter-2 

 

Figure A2.1. Particle size distribution of NIN obtained from (a-b) AFM, (c-d) confocal, (e-f) 

SEM and (g-h) TEM measurements. 
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Figure A2.2. Solvent polarity dependent fluorescence lifetime decay profiles of (a) NIPh and (b) 

NIN (exc = 340 nm) and collected at respective emission maxima. 

 

Figure A2.3. Steady state UV-Vis absorption spectra of NIN in (a) ACN and (b) CHCl3 before 

and after fTA measurements.  

 

Additional figures from chapter-3 

Table A3.1. Crystal data and structure refinement of TNDI. 

Unit cell parameters  TNDI 

Empirical formula C42H36N2O2 

Formula weight 600.73 

a (Å) : 23.1475(13) 
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b (Å) : 23.1475(13) 

c (Å) : 12.6145(9) 

A 

alpha: 90⁰ 

beta: 90⁰ 

gamma: 90⁰ 

Volume (Å3) : 6758.9(7) 

Crystal system Tetragonal 

Space group: P4(2)/n 

Calculated density 

(mg/m3): 

1.181 

Z: 8 

Temperature (K) : 296(2) 

R (F, %): 9.58 

Rw (F2):  1.066 

CCDC Number 1490062 
 

 

 

Figure A3.1. Kinetic decay profiles of TNOH, TNDI, TN(OH)3 and TN(DI)3 in the 

monomeric state (ACN) obtained from nTA measurements.  
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Figure A3.2. Kinetic decay profiles of TNOH, TNDI, TN(OH)3 and TN(DI)3 in the 

aggregated state (THF) obtained from nTA measurements.  

 

 

 

Figure A3.3. fTA measurements of (a) TNOH, (b) TNDI, (c) TN(OH)3 and (d) TN(DI)3 

respectively in THF. 
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Figure A3.4. Species associated decay spectra obtained for (a) TNOH, (b) TNDI, (c) TN(OH)3 and (d) 

TN(OH)3 respectively after SVD and global analysis of fTA spectra in THF. (e-h) represents 

corresponding left singular vectors. 

 

Figure A3.5. Steady-state UV-Vis absorption spectra of (a) TNOH, (b) TNDI, (c) TN(OH)3 and 

(d) TN(DI)3 in THF recorded before and after laser irradiation. 
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Additional figures from Chapter-4 

Table A4.1. Concentration dependent cyclic (CDCV) and square wave (CDSWV) voltammetric 

measurements of TAN in CHCl3. 

 CV of TAN (Potential, V) SW of TAN (Potential, V) 

1 mM 1.323 0.936 -0.833 1.533 1.094 -1.218 

2 mM 1.138 0.949 -0.720 1.427 1.069 -1.279 

3 mM 1.116 0.939 -0.719 1.376 1.044 -1.373 

4 mM 1.111 0.940 -0.729 1.312 0.976 -1.446 

 

 

 

Figure A4.1. Size distribution of (a), (c) AN and (b), (d) TAN obtained from SEM (first row) 

and TEM (second row) analyses. 
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Figure 4.2. Jablonski diagram of dyad and triad representing various photoprocesses upon 

photoexcitation at 355 and 400 nm. 

 

Figure A4.3. Jablonski diagram of triad TAN representing various photoprocesses upon 

photoexcitation at 355 nm. 
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Figure A4.4. Nanosecond transient decay profiles corresponding to (a) monomeric AN, (b) 

aggregated AN and (c) monomeric TAN. 

 

Figure A4.5. Femtosecond transient decay profiles of monomeric (a) AN, (c) TAN in ACN and 

(b) aggregated AN in CHCl3.  
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